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High-precision long-distance remote sensing
using chirped-pulse interferometry.

A.B.Vankov and V.E.Yashin

Institute for Laser Physics, Birzhevaya line, 12, 199034 St.Petersburg, Russia
e-mail; yashin@ilph.spb.su

ABSTRACT

The use of a new method of interferometry of chirped pulse for precise remote measurement of lengths and velosities is
proposed, evaluated and tested in experiments. The potentialities of the method in comparison with conventional methods
are considered, and its possible applications are discussed.

Keywords: chirped pulses, remote sensing, interferometry, range finders, lidars.
1. INTRODUCTION

Pulsed lidars and laser range finders with pulse duration from micro- to nanoseconds are currently extensively used for
measuring distances and velocities'. Such durations impose substantial restrictions on resolution of such systems. A
change to pica- and femtosecond duration ranges is restrained by manifistation of different nonlinear effects accompanying
the propagation of pulses with high peak power in the air. These effects can be suppressed using the method proposed in’. It
uses pulse lengthening in time by diffraction gratings6 and subsequent compression of the pulse reflected from a target. The
measurement of its time delay relative to a reference pulse makes it possible to measure distances with submillimeter
accuracy. However, the employment of this method in practice requires expensive high-sensitive instruments with high time
resolution, such as a streak camera, or a high radiation power in the case of employment of an autocorrelator.

On the other hand, it is known that distances can be precisely measured by interferometric methods. However,
interferometry of narrow-band radiation, which provides a high accuracy, gives no way of measuring distances in a wide
range. Similar problems associated with a limited coherence length of broadband radiation’. These problems can be partially
solved using methods of two-wave interferometry in combination with heterodyne measurements®, However, these methods
call for extremely stable laser sources. Moreover, such advantages of the pulse method as high sensitivity and,
consequently, large measurable distances are lost in this case.

In the papers™'® it is shown that the combination of pulsed and interferometric methods supplemented with the use of
special wide-band chirped pulses makes it possible to combine the advantages of these two methods of distance
measurement. The method, which was referred to as the interferometry of chirped pulses, can be used to measure not only
distances, but velocities of objects as well, which makes it possible to design laser radars and lidars.

2. PRINCIPLE OF THE METHOD

The principle of the method consists in recording and analysing an interference pattern formed by two pulses, a reference
pulse and a pulse reflected from an object, with frequency modulation that is linear in time. One can easily obtain such
pulses by means of lengthening an initial short pulse with the use of diffraction gratings®. Such pulses are extensively used
in the chirped pulse amplification technique (CPA)'. 1t is important that such nonlinear processes as small-scale self-
focusing accompanying the pulse propagation are efficiently suppressed for relatively long pulses (0.5-3 ns) formed in this
way. The interference pattern formed by two light waves with quadratically varying phases in the Michelson interferometer
is not steady state, because the pulse frequency varies in time. However, the temporal Fourier transformation is stationary

Laser Optics 2000: Ultrafast Optics and Superstrong Laser Fields, Alexander A. Andreay,
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and carries information on pulse phase at a given moment of time, which makes possible precise measuring of distances. Let

us analyze the general case of interference of two linearly chirped pulses.
The electric fields of two light waves with Gaussian intensity profiles and quadratically varying phases are described by the

expressions

ED(t) = Arexp( -Bat” Jexp( (ot +@1)) Q)]
E@y(t) = Agexp( -Bo(t-1)" Jexp( i(c2(t-1)"+92))

where Ap, are the amplitudes of light waves, -, are the half-widths of the Gaussian envelopes, © is the mutual

time delay, o, , are the rates of frequency variation, and @, , are initial phases.
The Fourier transform of the resulting wave is described by the expression

{o)= IE,, P=AKn exp(-K{'B,m2)+A§2K§2nexp(-K24B2m2)+2A,A2K1 Kmexp(-K{‘B|m2/2)exp(-K24BZm2/2) cos(wTtw
K\ *-K, YAy ++arctg(o/By)-arctg(ci/Bi) 01-92) @

2 2-1/4
where K =(ot2™+812")

Let us consider some particular cases of this expression important for practical cases.
The pulses have the same amplitudes, A1=A2, and chirp rates, al=o2, but are separated it time by the interval t. This gives

I(0) = A’K, 47 exp(-K,‘B0%) cos(@t+1-92)  (3)

The pulses are characterized by the time delay T and have the same chirp rates a,=a, but different amplitudes A;#A,. In this
case

I(0) =K *rnexp(-K,*B107)(A P+A2+2A A c08(0T+01-92))  (4)

The pulses are characterized by the time delay 1 and have the same amplitudes A;=A, but different chirp rates o, %0 . This
gives

(0)=A 1K 2exp(-K *B102)+K2exp(-K,*B102)+2K Koexp(-K, *B1o*/2)exp(-K,*Bi10*/2)cos(0t+0 (K K, y4+
arctg(ay/By)-arctg(a/B)+@i-02)  (5)

Expressions (3) and (4) shows that the spectral expansion contains information on the time delay of two interfering pulses.
The period of spectral modulation Ae is inversely proportial to the mutual time delay of the pulses:

=21/A®

Therefore, one can measure with high accuracy the period of spectral modulation and calculate the distance to an object.
The contrast of the corresponding oscillations can be determined from expression (4)

o)™/ (o)™ =(A+A) /(A-A)  (6)

One can see from expression (6) that the maximum contrast (the maximum measurement accuracy) can be obtained by way
of equalizing amplitudes of the reference and object beams, although this is not the necessary condition of measurements.

2 Proc. SPIE Vol. 4352




3. EXPERIMENT

The optical schematic of the device based on this method is shown in Fig.1. The chirped pulse with duration of about 500
picosecond (ps) and energy of 0.5 pJ after the master oscillator (MO) on Nd:glass with mode locking and stretcher is sent
into a Q-switched regenerative amplifier (RA) with negative feedback. A part of the pulse train from this amplifier is
directed at the target then comes back and interferes with pulses present in the amplifier. The spectral information on this
interference is analysed at the output of RA by a diffraction grating and CCD camera.

Fig.1. Schematic of the regenerative
amplifier for remote sensing.

6 3 1-Nd:glass rod, 2,3-mirrors, 4,5-Pockels
A | 3 cells, 6-lens, 7-polariser, 8-aperture
DV 9,10,12-mirrors, 11-object, 13
V 8l j']"[ diffraction grating, 14-lens, 15-CCD
camera
14 13

As a result of interference of overlapped chirped pulses displaced in time by interval T a temporal amplitude modulation
arises which easily can be observed in the radiation spectrum, as'it is shown in Fig.2. It is easy to show, that the period Aw
of these spectral modulations is dentically connected with the time delay: =2n/A®

Fig.2. Spectrum of interfering chirped
- T T v T T T puises at the output of the regenerative
] amplifier

L 1 A 1 L I L

0 2 4 6 8 10 12 ALA
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Thus, it is possible to precisely measure the temporal shift, and consequently distance to an object I=ct, by measuring the
period of spectral modulations. The model tests carried out with the initial picosecond pulse and 450 ps pulse length after
stretching have shown an opportunity of measurement of distances with accuracy of 0.1 mm (see Fig. 3).
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4. POTENTIALITIES OF THE METHOD

Using results of calculations and experiments we shall discuss potentials of the considered method of distance and velosity
measurement.
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Limiting precision of measurement

The limiting precision and resolution of the given method are determined by the reciprocal width of the harmonic function
envelope. Note that envelope width represents the spectral width A of a laser pulse. Thus, the theoretical limit of an
absolute error of distance determination is given by the quantity o=c/A®, where ¢ is light velosity and Ao the spectral
width of the used pulse. This conclusion is confirmed by the results of experiment. So, for example, for the Nd:YLF laser
medium the accuracy of measurements is about 1 mm, for Nd:glass 0.2 mm, and for Ti:ALO; 30 um. The same accuracy is
obtained in the case of employment a pulse compressor followed by an autocorrelator or a streak camera [5] under the
condition that the initial pulse is bandwidth limited. In the represented technique only a diffraction grating, lens and CCD-
camera are used. In this case, sensitivity to weak reflected pulses is increased by several orders of magnitude in comparison
with sensitivity of the correlation method, the range of measurable distances being several times wider.

Sensitivity to Weak Reflected Pulses.

Rejection of the use of instruments with high time resolution sharply increases the sensitivity of the method to weak
reflected signals. Indeed, only noise and sensitivity of a CCD camera limit the signal-to-noise ratio of the system. Noises of
amplifier, the frequency filters, and the analog-to-digital converters, which are-used in direct distance measurenients, to say
nothing about distance measurements with an-autocorrelator or a streak camera, are eliminated [3]. Thus, the interferometry
of chirped pulses makes it possible to reach the theoretical limit of the signal-to-noise ratio, which is determined by shot
noise of a cooled CCD.

In view of the fact that the cavity of the regenerative amplifier perceives only single-mode radiation, the speckle
composition of the beam reflected from the target surface is of no importance, and only the energy of a separate speckle is
significant. This makes it possible to measure distances to rough surfaces and aerosol.

Range of Measurable Distances

The measurement technique presented in paper’ has a strong disadvantage. It requires a reference pulse coinciding in time
with the object pulse, so that the both pulses are within the capture range of a streak camera or a correlator. One is forced to
place a semitransparent mirror close to the surface under study and measure in actuality the difference of distances between
them or make a series of measurements with a streak camera in order to obtain the required accuracy of absolute
measurements of distance. :

In the configuration presented in Fig. 1, chirped pulses with a virtually constant temporal structure are found in the
regenerative amplifier during several tens of microseconds. In our measurements, a pulse train from the regenerative
amplifier was directed onto the target surface. These pulses returned back from the target and interfered with pulses in the
regenerative amplifier. The latter pulses were used as reference pulses. We measured distance directly by the delay-of the
first pulse of the train. This value was accurate within the pulse period in the train, which was equal to 13 ns. The exact
value of distance within this range was determined from the interference spectrum.

In view of the fact that the capture range depends only on the spectral instrument resolution, one can cover the double pass
along a RA cavity with several channels and obtain the instrument measuring distances of at least several hundreds meters
with an accuracy of the order of 100 pm. The lack of uniqueness caused by the signal symmetry in respect to the zero
position is eliminated in a similar way.

Velocity Measurement

The given approach allows measuring not only a distance, but also a velocity of targets by Doppler shift of pulse frequency.
A train of chirped pulses whose frequency linearly varies in time is directed onto a moving object being studied. The pulses
reflected from the object enter the input of a regenerative amplifier (RA) and are amplified (or attenuated) in it to the
desired level. This is accompanied by their overlap in time. The overlap causes multibeam interference, which is recorded at
the output by a spectrometer. The motion of the object produces the phase shift of separate pulses in the train, which causes
easily recorded changes in the spectrum.

The frequency shift of the pulse results in displacement of spectral modulations, which will be the more, the more is
velocity of the object. The displacement by a half of an interference pattern strip which can be easily registered at moderate
spectral resolution, occurs at speed v=A/4T, where A is the wavelength and T is the train period.

The experiments which have been carried out on the Nd:glass CPA laser system'® have shown an opportunity of
measurement of velocity in the range of 5-50 m/s with accuracy of measurement of 5% for the given configuration of the
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laser (cavities of master oscillator and regenerative amplifier have the length about 2m). Thus the total energy of the order
of 10 nJ at the input of the regenerative amplifier is sufficient to perform measurements, which is comparable in sensitivity
with those by the heterodyne method"™.

The bottom border of measurable velocities can be lowered approximately to 1 m/s by using statistical processing of the
output spectra. The top limit of velocities can be extended by the order by decreasing the time of round trip along the RA
cavity. In particular, a cavity 20-cm long makes it possible to measure velocities up to 500 m/s.

5. CONCLUSIONS

Thus the considered methods of remote measurement of distances and velocities of objects have the following advantages

before other approaches. '

I. The accuracy of distance measurement is defined by spectrum width of pulse and can amount to several tenth microns
for distances of several kilometres.

2. Use for measurements in the atmosphere of rather long pulses (ns- and subns) suppresses such nonlinear effects, as
small-scale self-focusing filamentation which can interfere with the measurements for more short pulses.

3. Implementation of measurements does not need a complex and expensive equipment with high temporal resolution
(streak camera or broadband photodetectors and oscilloscopes).

4. The simultaneous measurements of distances and velocities of objects with high accuracy are possible with the rather
simple equipment

These features favourably distinguish this method from the known and give the basis to hope for its practical applications in

laser rangefinders and lidars. The development of the specialised complex with the use of simple and cheap laser sources is

necessary for this purpose. As such sources the diode pumped solid-state lasers and also picosecond diode lasers are most

attractive.
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Femtosecond two-photon excitation spectra of
condensed matter

Thomas Roth and Robert Laenen
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D-85748 Garching, Germany

ABSTRACT

Tunable femtosecond laser pulses in a large spectral range of 0.41 to 5.5 um are used for non-
collinear two-photon absorption in condensed matter. The spectral properties of two examples are
discussed in detail: diamond of type Ila and neat water at room temperature. The generation of

free carriers and results on the subsequent relaxation dynamics are presented.

Keywords: two-photon absorption, IR-spectroscopy, diamond, water

1. INTRODUCTION

The two-photon absorption (TPA) is a well-known phenomenon which already has been predicted
for the first time in 1931 by Goeppert-Meyer! and was experimentally verified by Kaiser and

Garret? in 1961. This absorption-mechanism appears mainly in two different situations:

1. In the degenerate case simultanous absorption of two photons of an intense light field oscil-
lating at frequency w is observed. The absorption shows a resonance at 2w. The degenerate

two-photon absorption coefficient S{wpy,wpu) = B is defined by the relation:
dlp,/dz = —B(wpy,wpu) Ipy, — o nlpy, (1)

where Ip,(z) denotes the intensity of the light pulse depending on the sample depth z. Linear
losses —alp, are neglected. The second term takes into account the absorption of the pump

pulse by the generated carriers with density n. o is the appropriate absorption cross section.

2. By using two independent light pulses at frequencies wp, and wp; the simultanous absorption
of one photon of each pulse is caused by a resonance at wpy+wp;. This is the same experimen-
tal situation pertaining at the same time to the classical setup of pump-probe-experiments.
As a rule of thump the TPA will become a dominant influence in pump-probe-measurements
if the total available energy of pump- and probe-field is deep in the absorption-regions of
the sample. As most samples show strong electronic absorption in the ultraviolet part of
the electromagnetic spectrum TPA is expected with the application of two light pulses with
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frequencies in the blue to ultraviolet part of the spectrum.

For pump-probe TPA one has to extend Eq. (1)3:

dlp/dz = —B(wpu, wpr) Ipu Ipr — o nlpc (2)
dlpy/dz = —B(wpu, wWpr) Ipu Ipr — onlp, — B(wpy,Wpu) Igu (3)

The nondegenerate two-color TPA coefficient B(wpu, wpr) is in general different from B(Wpu; Wpu)-
The second term in Eq. (2) takes into account the absorption of the probe-pulse by carri-
ers generated by the intense pump-pulse. Note that the first term on the right side of Eq.
(2) increases linearily with the pump-pulse intensity (~ Ipy), whereas the second term has
a quadratic dependence since n ~ Igu. Experimental results have shown that the term
—B(wpr, Wor) Ig, describing TPA of the probe-pulse alone is negligible for the applied probe

intensities in our experiments and can therefore be omitted in Eq. (2).

In the following we will discuss at first our experimental setup into detail. Special consideration will
be focused on the methods of parametric frequency-conversion enabling time-resolved spectroscopy
in a wide spectral range from 410 to 5500 nm with high temporal resolution down to < 100 fs.
It will be stressed that especially this considerable scope of available information leads to novel
results concerning ultrafast processes in condensed matter. As an example for solid samples we
show data on time-resolved spectroscopy on a diamond sample of type II a. Similar measurements

were in addition performed on a sample in the liquid state, this time we invesigated neat water.

2. EXPERIMENTAL SETUP

The experimental data shown in the next two sections were

Wavelength 820 nm obtained with a home built Ti:Sa laser utilizing regenerative

Repetitionrate 1kHz amplification of one pulse out of the pulse train of the respec-

Pulselength 80-120fs tive oscillator at a repetition rate of 1 kHz. The specifications

Pulseenergy 600 pJ of the laser-system are listed in Fig. 1. The laser pulse at the

fundamental wavelength is split into three parts for further con-
Figure 1. Specifications of the version to different frequencies.
laser output. 250 pJ of the amplified laser pulse is used for the generation of

a 270 nm UV pulse by frequency-tripling of the fundamental.
A scheme of the respective setup is depicted in Fig. 2. The combination of the halfwave-plate
A/2 and thin-film-polarizer TFP allows for a variable splitting of the energy of the input pulse
into the two beam lines. The perpendicular polarized part is frequency-doubled in a 1 mm-long
BBO-crystal. The frequency doubled pulse at 410 nm is subsequently overlapped in space and time
(VD) with the parallel polarized remainder at 820 nm in a second BBO-crystal of 0.3 mm length.
Utilizing Type I-phasematching the fundamental and the frequency-doubled pulses generate the
desired radiation at 270 nm. The overall conversion efficiency amounts to 3.5% equal to 9 uJ of

available UV energy.
The remainder of the available laser energy is converted to wavelengths ranging from 410 to 5500 nm
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Figure 2. Scheme of the setup used for generation of the third harmonic of the laser at 270 nm;

TFP: thin film polarizer; DM: dichroic mirror; VD: variable delay.

by two different techniques. A smaller part is used for generation of a white light continuum of-
fering suitable probing pulses in the range of 410 to 930 nm. The wavelength selection is realized
by inserting different interference filters into the beam line with a spectral transmission width of
ca. 10 nm.

The larger part of the laser-energy of ~ 350 uJ is converted to the IR by parametric amplification

and subsequent frequency down conversion in a special setup. A small part of the laser pulse is

o -
l/zzﬁ VD2
Sapphire }é
- Pump F
o ” © Signal 4 MIR
Si\glnal N X JZ :
DML QpAl DM2  QPATI I ranr DFG
Type II - BBO Type II - BBO Type I-LilO 4

Figure 3. Schematic setup of the two-stage parametric amplifier and frequency down conversion
used for the generation of intense NIR to MIR radiation; DM1, DM2: dichroic mirrors; VD12 :
variable delays; F: filter.
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focused into a specimen of sapphire for the generation of a white light continuum providing near-
infrared wavelength components, too, as an initial seed for a subsequent parametric amplification
step. By the help of the dichroic mirror DM1 the continuum and part of the laser fundamental are
focused collinearly into the first nonlinear crystal. The variable delay VD1 enables the synchro-
nization of the seed-pulse with the laser pulse allowing for optimization of the conversion. Due
to the exceptional low groupvelocity dispersion of BBO in the NIR-region a 4 mm long crystal
could be employed without detrimental pulse-lengthening of the resulting signal and idler pulses
due to the different respective wavelengths. In this way the optimum temporal resolution of the
experiment is preserved at a high energy conversion level. This first amplification stage is followed
by a second identical setup which allows for further amplification of the signal and idler fields. The
optimum synchronization of the two parametric components and the laser pulse is adjusted by a
second variable delay VD2. Wavelength selection is realized by employing Type II-phasematching
in the two BBO crystals resulting in the parametric amplification of a comparably small frequency
range of the continuum obeying the phasematching condition.? Additionally this scheme allows
for easy separation of signal and idler components with a suitable polarizer. This setup enables
the generation of tunable signal pulses from 1.22 pm to 1.65 ym with pulse energies up to 6 uJ
and from 1.65 um to 2.5 um with pulse energies up to 5 uJ for the idler, respectively. The tuning
range is limited by the onset of absorption in the BBO crystal for wavelengths exceeding ~ 2.5 pm.
Extension of the available probing range is achieved by difference-frequency generation between
the signal and idler pulse in a LilOs-crystal of length of 2.5 mm. The experimentally generated
MIR pulses enables probing from 2.5 to 5.5 pm with typical energies of < 0.5 puJ.

Fig. 4 shows schematically the setup for the generation of three light pulses at different colors and
the noncollinear pump-probe experiment. Having passed the variable translation stage VD1 the
UV pulse is focused into the sample. Two silicon detectors record the transmission of the pump
pulse through the sample. The time-resolved transmission change AOD(t) = ~log (-')—?—EiT’ﬂOL(—Q) of
the sample is determined by subsequent blocking of every second pump pulse with a chopper.
Depending on the desired probing wavelength either the continuum is utilized for probing of the
induced change in sample transmission in the visible or the IR-pulse is focused into the excited re-
gion of the sample while polarization resolved recording of the transmission is accomplished. Silicon
detectors are used for the visible spectral range and liquid nitrogen cooled HgCdTe-photoresistors
for the IR. To avoid for accumulative thermal effects in the water sample a jet is utilized which
ensures exchanges of the excited volume from one laser shot to another. In addition coherent
artefacts of the measured signal transients are avoided arising from pump-probe coupling in the
sample windows which would deteriorate the data. A jet thickness of 75 pm is used to minimize

the complicating influence of the different groupvelocities of the UV-pump and MIR-probe pulses.

3. TWO-PHOTON ABSORPTION IN DIAMOND

In the following we present the experimental results obtained for a diamond sample. Fig. 5 shows
some measured signal transients taken at four different probing wavelengths in the range of 410 nm
to 3.28 um. A 100 pm-thick diamond-specimen of type II a (nitrogen-free) was used in the exper-
iments. The intensity of the UV-pulse was kept constant within an accuracy of +20% within all
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experiments. For this reason the strength of the induced absorption at all different probing wave-
lengths is directly comparable. As can be seen from Fig. 5 the signal transients exhibit two major
contributions. The signal around delay time zero (optimum overlap between pump and probe) is
dominated by a crosscorrelation peak between pump and probe which is gradually disappearing
in amplitude for longer wavelengths. For delay times > 0.5 ps a longlived contribution shows up
in the measurements with an amplitude which is increasing with longer wavelengths. The lines
in Fig. 5 are calculated with the help of equations 2 discussed in the introduction with typical
numbers of ¢ and n as discussed in the following.

Diamond is belonging to the group of indirect semiconductors with an indirect bandgap of Eing =
5.48 €V.5 Concerning the energy width of the direct bandgap different values can be found in
the literature. Numbers are reported in between Egi; = 6.5 eV® and Eq;, = 7.3 eV.” TPA-
measurements offer a further possibility in determination of the energy of the direct band gap as
will be outlined in the following.

In Fig. 6 the maximum transient absorption AODm,yx of the crosscorrelation-peak as derived from
measurements shown for example in Fig. 5 is shown versus the sum of the photon energy of pump
and probe pulse. The probe light undergoes an induced absorption at delay time zero as it is able
to generate electron-hole pairs together with the UV-pump in the diamond. Therefore the two-
color TPA is a very sensitive method for investigations of different excitations in semiconductors.
As the generation of charges below the direct bandgap proceeds phonon-assisted this contribution
to the induced absorption is obviously hindered and depends strongly on the temperature. Above
the direct bandgap this constriction is elucidated and as shown in Fig. 6 for the smallest probing

MIR
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Figure 4. Schematic of the complete setup for the frequency conversion and the noncollinear
pump-probe experiment; D1-8: detectors; Ch: Chopper; Compressor: pulse-compression unit

after the regenerative amplification.
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wavelength of 410 nm the crosscorrelation-peak is increasing significantly. With decreasing overall
photon energy of the two-photon excitation the induced absorption above the indirect bandgap is
decreasing slowly as the density of states of the thermally excited acoustical phonons is decreas-
ing. Following Fermi’s 'Golden Rule’ the absorption crossection shows the same behaviour. Below
the indirect bandgap an additional induced absorption is developing which can presumably be
attributed to the generation of excitons. As is suggested by the measurement at Ap; = 580 nm
corresponding to a total photon energy of = 6.6 eV the direct bandgap seems to be located higher
than this value. As can be seen from the shortest probing wavelength of 410 nm the direct bandgap
has to be lower then 7.5 eV.

The longlived contribution to the induced absorption in diamond shows a variation with frequency,
too. In Fig. 7 the absorption-coefficient derived from fitting of the latter data is plotted logarith-
mically versus wavelength. It is evident that the absorption for the longer wavelengths A > 1um

observes a powerlaw ~ A27. This finding can be interpreted as the well-known free-carrier absorp-
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Figure 5. Induced absorption of a 100 pm-thick diamond-sample (type II a); measured data,

calculated line.
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tion in semiconductors. In the following a quantitative analysis with the "Drude’-model allows to

extract the generated electron-density in the sample:
The frequency-dependence of the dielectric function is described in the 'Drude’~-model as

nce?
€w) = 0*(w) = € - m*ep(w? + iw/7) )

with €., as nonresonant dielectric constant, n. as density of carriers, m* as effective mass of the

carriers and 7 as collision-time depending on the mobility of the carriers. For sufficiently high

frequencies (517 << 1) the dielectric function can be expanded and split into real and imaginery

parts:
2 .
n.e i
W) ¥ €p——3—3- 1———)
w) “© mrew ( wT
w% €0 wg h 2 I (—32 (5)
~ € - | +Hi—=— with w? = 55—
°° w? wrw? P m*nfe
R
& (w)

as the plasma-frequency.
With the assumption that the index of refraction n, is independent of the frequency the following

AQD,,,, (Crosscorrelation-Peak)

46 49 52 55 58 6.1 64 6.7 70 73 7.6
EPump+ EProbe(eV)

Figure 6. Maximum transient absorption AODmax of the crosscorrelation-peak versus the sum of
the pump and probe photon energy, the energy of the direct and indirect bandgaps are indicated

in the figure as reported from the literature (see text).
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expression is derived:
2

(“)Ei(w) ~ ﬁﬁ (6)

w
w) ~ 2—n;(w) =~ ~
aw) c () cn, cT w?

Taking the electron-mobility in diamond with pe = 2000 9\1,“5—29 and an averaged effective mass of

m* = ¢Ymm? = 0,57m, (m: longitudinal electron-mass , mg: transversal electron-mass) into

account the collision-time 7 evolves as:

*

p= RO _ M Clefle M He _ g g5ps (7)
n, €2 ne €2

The electron-density n. in the plasma-frequency w, alone is left as an adjustable parameter and
is for this reason fitted to the data according to Eq. (6). Fig. 7 contains the solid line as a fit
with an electron-density of 1.1-10"%cm~3. Additionally the exponent of the wavelength powerlaw
acts as the second adjustable parameter of the fit to the data shown in the figure. It is well-known
that the scattering upon the deformation potential by phonons and the scattering upon lattice-
imperfections through doped nitrogen is responsible for deviations from Eq. (6). Depending on
the semiconductor this modifies the exponent of the frequency dependency of o between 2 to 38
In diamond the free-carrier-absorption decreases apparently with ~ 227 as deduced from fitting

of the data.
For photon-energies exceeding ~ 1 eV the absorption-coefficient a decreases with a smaller expo-
nent in the powerlaw. If the energy of the direct bandgap with 6.5 eV applies the electrons can

be elevated with Ep, = 1 eV to the conduction-band using a suitable phonon for conservation of
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Figure 7. Absorption-coefficient a(A) deduced from the longlived contribution to the induced

absorption in the diamond-sample.
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momentum. As the curvature of the conduction-band is disappearing in this region of k-space, the
density of states is increasing together with the transition-probability. This in turn causes a slower
decline of the absorption-coefficient with smaller wavelength. Fig. 7 allows the conclusion that the

direct bandgap is more in the vicinity of 6.5 than 7.3 eV.

4. TWO-PHOTON ABSORPTION OF NEAT WATER

The TPA is one of the most important tools for generating charges in liquids serving there as
a local probe for the structural and dynamical properties of the surrounding molecules. In this
way it is possible to get new insights in the dynamics of H-bonded networks and the physics
of these complex systems in general. Most prominent representative of these systems due to its
omnipresence in nature, biology and chemistry is water. As the ionization of bulk-water is believed
to start at ca. 6.4 eV1%11 it is possible to generate electrons with up to 2.6 eV kinetic energy with

our laser-system. The equilibration of this species has been subject to intense scrutiny for many

0.08 | neat HZO, E, = 9eV
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0.04 Pr Hm
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Figure 8. Four selected signal transients show the temporal evolution of the induced sample

absorption after two-photon excitation of water in between 1.6 and 5.5 pm.

Proc. SPIE Vol. 4352

15




16

years. It has been recognized early in the time-resolved investigations that the generated carriers
show partly relaxation to the so-called solvated electron. This species is believed to be a bound
electron in a potential which results from an interaction between the electron and the surrounding
water molecules oriented with the hydrogens to the electron. The first results from investigations of
the process of equilibration of the generated electrons in water have been conducted with probing
in the visible.1?13  With the availability of the IR probing pulses of our laser system we are able to
determine for the first time the induced sample absorption after two-photon excitation of water up
to wavelengths of 5.5 ym. From the respective experiments we determined novel precursors of the
solvated electron. Fig. 8 presents some selected signal transients with probing in the near and mid
infrared. The delay time zero has been determined from additional measurements on a diamond
specimen which have been conducted for every probing wavelength as outlined in section 3. A first
glance at the presented data shows that the induced absorption has already disappeared around
1 ps after delay time zero between pump and probe pulse in the investigated IR-region. A closer
look reveals that the response in the mid-infrared, e.g. at 3.75 or 5.5 pum, seems to be instantanous
within the time-resolution of our experiment. On the contrary the near-infrared measurements
show a delayed onset of the induced absorption and a slower decay. As already outlined in section
3 again the pump intensity was kept constant within £20% during all measurements shown here.
A major maximum of AOD centered at the frequency position of the OH-stretching mode (not
shown) is derived from the data as well as a second smaller maximum in the near infrared at
1.6 pum. In the course of this study at least 23 mearurements at different wavelength positions
in the IR have been made in neat water. A self-consistent fit of all signal transients measured in
between 410 nm and 5.5 um to a multi energy level system suggested'* the existence of two new
precursors to the up to now known intermediate called wet electron!® which finally relaxes to the
solvated electron. A comparison with the results from gasphase experiments strongly supports the
following interpretation:

The first species which is seen after two-photon excitation of water results from an ultrafast proton-
transfer along an H-bridge-bond leaving behind a OH:e™ complex with an enhanced dipole moment
and a remarkably strong absorption with maximum of up to 120000 M~!cm™'. The next species
builts up with a time constant of 7ot = 110 & 40 fs and this can be understood as an envelope
of the absorption-bands of electrons within traps consisting of an increasing number of water
molecules. As the surrounding water molecules do not have enough time to react completely to
the presence of the newly generated charge the system can be compared to some extent to a very
small water-cluster with an electron. With increasing delay time more and more water molecules
reorient within the vicinity of the electron resulting in a continous blue-shift of the absorption of
the corresponding trapped electron. With a second time constant of 7yrap = 200+ 50 fs the already

well-known wet electron builds up, the final precursor of the solvated electron.

5. CONCLUSION

In this work we have shown that TPA is a very suitable method for the generation of charges in
condensed matter. It offers the possibility to monitor the subsequent dynamics of equilibration of

these generated charges with femtosecond time resolution. To get the most complete picture of the
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involved species after photoexcitation the broadest possible probing range has to be accomplished.
In the case of diamond we found strong hints that the energy of the direct band gap is close to
6.5 eV from the frequency dependent maximum induced absorption. In the case of a neat water
sample new insights are obtained on the equilibration mechanism of the generated electrons and
the response of the surrounding molecules. This work gives evidence for the existence of two novel
precursors to the solvated electron absorbing in the IR-region. These are interpreted as the first
steps of electron-separation and the subsequent structural relaxation of the surrounding water

molecules which takes place with time constants of 110 fs and 200 fs, respectively.
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ABSTRACT

The ultrafast relaxation of induced anisotropy in condensed media (organic liquids and their mixtures) is studied by
forced light scattering using broadband dye laser radiation with variable spectral width. The influence of the finite spectral
width of an exciting laser pulse on the observed relaxation dynamics of the investigated samples (so-called spectral-filter
effect) is demonstrated for the first time in transient spectroscopy with incoherent light.

1. INTRODUCTION

The investigations of ultrafast relaxation processes in condensed matter give insight into the nature of the different
intra- and intermolecular interactions. As a rule, these processes are studied using femtosecond laser pulses'?. Alternative
approach is already well-known transient correlation spectroscopy with incoherent light**.

It is known that in the frequency domain a femtosecond optical pulse acts as a frequency filter of the intrinsic
nonlinear response of the investigated sample, if its spectral width is narrower than that of the response’. Therefore, in
general case the relaxation dynamics of the sample will be determined not only by its response but also by the spectral
content of the optical pulse. This so-called spectral-filter effect must be taken into account when interpreting relaxation
measurements.

In this paper we demonstrate for the first time to our knowledge the spectral-filter effect in transient spectroscopy
with incoherent light for the case of forced light scattering (FLS). Up to now incoherent laser pulses were applied in the
scheme of FLS to measure the dephasing times of electronic transitions and molecular vibrations in organic liquids and dye
solutions’®. Here we apply such pulses for measuring the ultrafast relaxation of induced anisotropy in the transparent organic

liquids under the low-frequency resonance conditions.

2. EXPERIMENT

The optical scheme of the experiment is shown in Fig. 1 (a view from the top). A home-made broadband dye laser
BDL and narrowband dye laser NDL with an amplifier A were used in the experiment. The both dye lasers with circulating
methanol solution of DCM dye were transversely pumped by the second harmonic radiation of a nanosecond Nd:YAG-laser
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(Continuum, Surelight) using mirrors M1-M5 and cylindrical lenses L1-L3. The central wavelengths of the broadband and
narrowband lasers were equal to about 638 nm and 636.3 nm, respectively. The telescopes T1 and T2 were used for the
optimization of the divergence of the output laser beams and the two Glan polarizers G1, G2 were applied to make an
appropriate polarization configuration of the beams. The both broadband and narrowband beams had the same vertical linear
polarization. The two broadband beams splitted from the one in a Michelson interferometer (prisms P4-P8 and mirrors M6,
M7) and one narrowband laser beam (after prisms P1-P3 and mirror M8) propagated in a parallel direction with the same
distance of about 3.5-4 mm between all beams (two broadband beams propagate one under the other in this figure). The
beams were focused into a sample in a folded box arrangement using a lens L4 of 10 cm focal length. The energies of all
beams after lens were about the same and equal approximately to 20-30 pJ per a pulse. The broadband beams induce a
refractive index grating inside the investigated sample IS and a part of the probe narrowband beam (FLS-signal beam) is
diffracted in the direction of phase-matching for FLS™®. The three-dimensional picture of phase-matching for FLS is shown
in Fig. 2. The FLS-signal (see Fig. 1) passed through an aperture D, telescope T3 and after the mirrors M11, M12, lens L6
and neutral-filter box F2 it was introduced into a monochromator M for the spectral selection. The signal was detected by a
photomultiplier PM as a function of the time delay between the two broadband beams by changing one arm of the Michelson
interferometer (prism P5 with changeable position). One of the broadband beams after the sample was introduced into an
optical multichannel analyzer OMA using mirrors M9, M10, lens LS5, neutral-filter box F1 and diffusive plate DP for
measuring its spectrum. Controlling the experiment and gathering the data were realized by a computer PC.

M3 . M4
A Ll
M2 G' NDL PC
12
M1 — A
U PM
| BDL 17\3
T M12
! M5 M D -
‘ F2 L6
18\ Mo DP LS5
4 oMA {HH———\Mi0
Noer [No2 Fl ‘
Nd:YAG n M6
Laser P4 > — M7 s M9
: p6 41— ” lr“@ﬁ’
| | P8 ! - L4 D T3 M1l
psol Rl PO

Fig. 1. The experimental setup (see the details in the text above).
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Fig. 2. The three-dimensional picture of phase-matching for FLS, kg.s = ky + (kg, - Kg;). The circles from the left
depict the beam spots on lens L4 (the cross is its optical center). The circles from the right side depict the beam spots on an
arbitrary screen after the sample: N- narrowband laser beam; Bl, B2 -broadband beams; F- focal point of lens L4 (inside the
sample); kg,, Kg;, ky and kg s — wave vectors of broadband beams, narrowband beam and FLS-beam, respectively

The time resolution of the measurement of grating relaxation is determined by the auto-correlation time of the
broadband laser radiation. Assuming a Gaussian statistics for the noisy radiation of the broadband dye laser, a simple relation
between the spectral bandwidth of the radiation and the width of its intensity autocorrelation function is given by the Wiener-
Khintichine’s theorem'®"". The validity of this was proved by simultaneous measuring the spectrum of the broadband laser
radiation and its intensity second-order autocorrelation function (ACF) by means of non-collinear second harmonic
generation (NSHG) in a BBO-crystal of 200 um thickness. The correlation time was altered from about 60 fs and up to 230
fs by changing the spectral width of the broadband laser radiation (without changing its central wavelength) with the help of

interferometric filters.

3. THEORY

The principle idea of transient incoherent light spectroscopy is based on using noisy properties of the broadband
laser radiation®®. The broadband laser light, otherwise known as incoherent light, can be described as a sequence of random
ultrashort spikes. The process of the interaction of such a light with matter consists of an ensemble of transient processes
caused by various combinations of these spikes. To study the relaxation processes in such a way, it is necessary to know the
statistical properties of noisy light and one must record the statistically averaged signal of the interaction versus the time
delay between the two correlated flows of such a radiation. In this case one can reach the time resolution which is determined
by the correlation time of broadband radiation and not its pulse width. The correlation time (or the averaged time duration of
random ultrashort spikes) is inversely proportional to the spectral bandwidth of the radiation. It enables one to apply non-
transform-limited pulses from comparatively simple and cheap broadband nanosecond lasers for reaching pico- and
femtosecond resolution while studying ultrafast relaxation processes in the substance.

In our case of FLS the broadband laser beam is splitted into the two beams of about equal intensity and these beams
are focused into the sample under a certain angle. In such a way, a refractive index grating will occur in the sample which is
probed by the narrowband laser beam for the different time delays between the two broadband beams.

The physical mechanisms which are responsible for the grating formation can be different. When there is an
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absorption of the radiation by the sample, a population grating will be induced which causes the changes of the refractive
index due to heating the sample after the transformation of the absorbed energy to the thermal energy of the molecular
motion™. In our case there is no any absorption of the radiation by the sample and physical mechanisms of grating formation
are different. To our opinion, these mechanisms are due to the anisotropy of the sample induced by the broadband laser
radiation. These are the low-frequency motions of the molecules or the mechanisms of Kerr nonlinearity (in particular,
libration, translation and orientation of the molecules in light field and also electronic mechanism of Kerr nonlinearity).
These motions can contribute to the signal observably because of accumulative nature of the signal formation (each random
spike excites the sample and the excitation is sustained during the broadband nanosecond laser pulse) and because of low-
frequency resonances between the different spectral components of the two broadband laser beams.

Let us consider the two identical time-delayed noisy flows of the broadband laser radiation with electric fields given
by7,8

Ey(r, H) = E, (DR(t,+ Dexp(-iw,7) and E,, = E(DR(,), (1)
where E,(f) is the amplitude of the envelope of the broadband laser pulse, ¢, is the reduced time
t,=1t—(ky +kpr2a;, ()

zis the time delay between the two broadband laser beams and R(t) is a complex random function describing the statistical
properties of the broadband laser radiation. The function E,?) is a slowly varying function of time in comparison with the
correlation time of the radiation. We assume that the statistical properties of the broadband radiation are described by a
stationary random Gaussian process given by the following relations

<R*(t)R(t + 9>=G (9,
<R(t)R(t+ 9> =<R* (1 )R*(t+ 9> =0, 3)
<R(t)Y>=<R¥1)>=0.

Here the symbol <...> denotes the statistical average and G(?7) is the autocorrelation function of the incoherent light.
Assuming a Gaussian spectral density of the light, G(7) is given as

G(9) = (7, 2z Y'exp[-7 / 272)] @

where 7, is the autocorrelation time of noisy radiation.

The delay-time dependence of the detected intensity of FLS-signal J, is given as
2

Js(ﬁ=AJ,,nZ(r) oc TD(S —r)exp(—ng\)}z’s , (5)

where A is a constant, J, is the intensity of the probing narrowband laser radiation,n, is the nonlinear change of the
refractive index and g(s) is a response function of the sample.
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Assuming a Gaussian response function of the sample we obtain
2

Ji () oc , (6)

+]‘oexp[— (s —7)* /277 ]exp(— s2/2T} )is

where T, is the relaxation time of the sample response which is looked for.

From the experiment the FLS-signal versus the time delay between the two broadband beams is measured. If we
denote the full width at half maximum (FWHM) of this dependence as T,,, then 7, can be determined from the relation

T =.2T}-77 . (7

The correlation time 7, was measured directly by measuring intensity ACF in the scheme of NSHG. Also, it was
calculated from the measured spectrum of the broadband radiation using Wiener-Khintichine’s theorem.

4. RESULTS AND DISCUSSION

The measured FLS-curves are well fitted by Gaussian curves. For example, Fig. 3 shows the typical FLS-signal
versus the time delay in neat nitrobenzene.

FLS-signal, a.u.
=)

0.0+

T v T

-lbO ' 0 100
Delay Time, fs

Fig. 3. FLS-signal (points) versus the time delay between the two broadband laser beams in neat nitrobenzene. The
correlation time of the broadband radiation is about 60 fs. The solid line is a fitting Gaussian curve.

We have studied the ultrafast dephasing processes of Kerr type in neat nitrobenzene, the mixtures of nitrobenzene
with carbon tetrachloride and in neat carbon bisulphide. The determined values of the relaxation times are given in Fig. 4
for neat nitrobenzene and the mixtures of nitrobenzene with carbon tetrachloride and in Fig. 5 for carbon bisulphide
together with the corresponding correlation times of the exciting broadband laser radiation as a function of the half width at
the half maximum (HWHM) of the broadband laser spectrum. It must be noted that these relaxation times are some effective
relaxation times which take account of the contributions of the different physical mechanisms to the signal.
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Fig. 4. The ultrafast relaxation times for neat nitrobenzene (circles), the mixtures of nitrobenzene with carbon
tetrachloride (up triangles — 70 % of nitrobenzene; down triangles — 50 % of nitrobenzene) and the values of the auto-
correlation time (squares) of broadband laser radiation versus its spectral width.
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Fig. 5. The ultrafast relaxation times for neat carbon bisulphide (circles) and the values of the auto-correlation time
(squares) of broadband laser radiation versus its spectral width.

From this figure it is seen that the relaxation time of the observed responses strongly depends on the spectral width
(or the correlation time) of the exciting broadband laser radiation.

Theoretically, in (7) T,, depends on z, . This leads to the different relaxation times of the molecules as long as 7,, is
not much larger than z,. Physically, it means that different parts of the low-frequency mode spectrum of the sample are
excited because the spectral bandwidth of the broadband laser is smaller than that of the mode spectrum. This effect was
demonstrated earlier in the experimental studies of ultrafast relaxations using femtosecond laser pulses and was called as
“filter effect™.

We modelled this effect for the two most interesting cases: a) the spectrum of the low-frequency modes of the
sample is homogeneously broadened and b) this spectrum is inhomogeneousty broadened. The corresponding spectra
together with the different spectrums of the broadband exciting radiation are schematically shown in Fig. 6.
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Fig. 6. The homogeneously (solid line) and inhomogeneously (dotted line) broadened spectrums of the low-
frequency molecular motions in condensed media and the halves of the spectrums of exciting broadband laser radiation for

the different spectral widths (broken lines).

The observed molecular response is determined by the excitation of the molecular motions which are related to the
different overlapping between the broadband laser spectrum and mode spectrum. To simulate this we used an integral of
convolution of the corresponding spectra for the different spectral widths of the exciting broadband laser. As a result, we
calculated the relaxation time of the low-frequency modes versus the spectral width of broadband laser. The typical result is

shown in Fig. 7.
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Fig. 7. The relative relaxation time of the sample response (solid line - the case of inhomogeneous broadening;
dotted line ~ the case of homogeneous broadening) and the correlation time (broken line) of the broadband laser radiation

versus its relative spectral width.
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It is seen that there is a difference between the values of the correlation time and the relaxation times of the response
which becomes smaller for the broader spectral widths of the laser radiation. This difference is due to the excitation of the
different parts of the mode spectrum. It is also seen that the relaxation times of the response for the cases of homogeneous
and inhomogeneous broadening are approximately the same. But this is true only if the sub-bands of the mode spectrum are
modelled by smooth curves like Lorentzian or Gaussian ones. If sub-bands are modelled by rectangular-shaped curves (for
the simplicity) there will be substantial difference for the homogeneous and inhomogeneous cases. This conclusion is in
agreement with the theoretical calculations of Mukamel'”. To distinguish between both cases Mukamel introduced an
additional independent variable — a second time delay. This second variable can not be realized in the experiments
concerning the study of the third-order nonlinearity but only in the higher-order nonlinearity experiments.

However, our theoretical model reflects the behaviour of the experimental curves rather well, showing its
applicability. On the other hand, our results show that the spectral bandwidth of the broadband laser can not be used as a
second independent variable to reasonably distingunish between the homogeneous and inhomogeneous broadening of the low-
frequency mode spectrum in our kind of the experiment.

4. CONCLUSIONS

In conclusion, we measured the relaxation times of the induced anisotropy in some Kerr organic liquids and their
mixtures in femtosecond time region by FLS using broadband laser light with variable spectral width. Our results
demonstrate for the first time to our knowledge the so-called spectral-filter effect in transient spectroscopy with incoherent
light. Le. the broadband non-transform-limited optical pulse with variable spectral width acts as a frequency filter of the
intrinsic nonlinear response of the investigated sample which is excited by it. This spectral-filter effect must be taken into
account for the interpretation of the relaxation measurements. Therefore, one can conclude that the transient spectroscopy
with incoherent light is characterized by the same main features and limitations as the transient spectroscopy based on

ultrashort laser pulses.
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Ultrabroadening of light beam spatial spectrum when self-focusing.
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ABSTRACT
New nonlinear equations for the dynamics of spatial spectrum of a self-focusing monochromatic wave in a medium with
cubic nonlinearity is derived in the nonparaxial approximation. The formation of optical beams with cross section on the
order of a wavelength is considered. Backward self-reflection is found to be the fundamental cause for the limitation of

optical self-focusing.
Keywords: monochromatic light self-focusing, nonparaxial beam

Self-focusing in media with positive refractive nonlinearity of refractive index is a classical phenomenon of nonlinear
optics. Since the early 1960s, hundreds of publications were devoted to this phenomenon. An excellent and detailed review
of these works is given, e.g, in monograph [1]. In most of them, the theory of monochromatic radiation self-focusing in
isotropic media was based on an analysis of the solution of cubic Shrodinger equation, to which the Maxwell equations are
reduced in the approximation of paraxial optical beams. However, the theoretical description in this approximation leads to
the catastrophic character of self-focusing with field collapsing into a point. The behavior of light field in the vicinity of
singularity, where the paraxial approximation does not apply, was analyzed in many works and also reviewed in [1].
Rigorous solutions of the Maxwell equations for isotropic media with cubic nonlinearities were obtained only for the
stationary (i.e., in terminology of [1], independent of the coordinate along the light propagation axis) nonparaxial optical
beams (see also [2] and the review given therein). The nonstationary (in the above-mentioned sense) field evolution in the
course of a deep self-focusing was studied on a basis of various modifications of Shrodinger equations. A critical review of
the approximation used in these treatments is given, e.g., in [3]. Note, for our part, that, in the majority of works, rigorous
description was not suggested even for the linear diffraction of narrow optical beams. Although the linear nonparaxial
diffraction was correctly treated in [4] (this is likely the most popular work on the nonparaxial self-focusing), the vector
character of the three-dimensional nonlinear field evolution was not taken into account in [4], rendering the treatment
incorrect on this point {1, 2].

In this work (letter [5] is a brief variant of it), a new nonlinear equation is derived for the nonparaxial self-focusing of
monochromatic radiation in an isotropic medium with cubic nonlinearity. It describes the evolution of the spatial spectrum
of optical beam rather than the evolution of its field. When linearized, this equation exactly describes the diffraction of a
unidirectional wave, including the situation where its spatial spectrum involves components with spatial frequencies
exceeding the wave number. This components are corresponding to the evanescent waves instead of traveling waves. The
method of deriving of spectral equation is based on the requirement that its solution of unidirectional wave type be a partial
solution of the nonreduced nonlinear wave equation. The reduced wave equation, an analogue of the spectral equation
derived in this work, is nontrivial. This is probably the reason why it was not obtained for a rather long time. Numerical
analysis of the new solutions is used to discuss the ultrabroadening of the spatial spectrum of radiation and the formation of
a self-focusing beam with cross section on the order of a wavelength. It is shown that the backward self-reflection of

radiation may be the natural reason for preventing the self-focusing collapse.

In describing the propagation of a monochromatic radiation in an isotropic dielectric medium with cubic nonlinearity, the
Maxwell equations can be reduced to the form [1]

Vx(VxE)-ki;D=0, (1)

|-
where E is the complex amplitude of electric field E'=EEe ®'t+cc. of the optical wave;

D=¢E +12zy"""(EE")E + 127y E % (E'xE) is the complex amplitude of electric induction
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D= l De " . . . ) _w . . o . .
= e +c.c.; @ is the light frequency; k, = is the wave number in vacuum; & is the dielectric constant of

medium; )(”“, )(1221 are the tensor components of its nonlinear susceptibility, and ¢ is the light speed in vacuum. In

deriving Eq. (1) , the generation of new optical harmonics was not taken into account.

To demonstrate the spectral method of self-focusing analysis, we restrict ourselves to the two-dimensional linearly polarized
TE beams . In this case, Eq. (1) takes the form [1]

AE+K’E+ y|E'E =0, @
o° &

where E is the complex amplitude of a field polarized along the y -axis, A= —a—2+5—2 is the two-dimensional
Z X

2
[ w
Laplasian, k = -/¢k,, ¥ = 127[_2411111-
: c

Choosing the z-axis as the propagation direction (in the numerical calculations, the two-dimensional field £(x,z) is

assumed to be symmetric about this axis), let us recast Eg. (2) for the spatial spectrum

G(k,,z) = [E(x,z)exp(-ik,x)dx as:

§l§+(k2 ~k2)G+-%; [[G*(a-k,)G(a - HG(B)dadf =0. 3)
oz 47
The linearized Eq. (3) has the solution

G = C,(k)e" R 4 )k ye FHE @

where the first and the second terms correspond to the radiation propagation in the positive and negative direction of the z -
axis, respectively. The linear diffraction of a unidirectional wave (i. e.,C, =0 is described by the equation

ik -k G =0. 5)

oz

Evidently, the solution of reduced Eq. (5) is simultaneously a partial solution of linearized Eq. (3). Physically, the reduction
of linearized Eq. (3), i.e., transition to Eq. (5) containing lower-order Z -derivative, is carried out with the aim of analyzing

the diffraction of a unidirectional wave.

Let us generalize Eq. (5) to the nonlinear medium. The reduced nonlinear equation is sought in the form

%q _ifkP kG + gN(G) =0, ©)
zZ

where N(G)is an unknown nonlinear operator. It will be found from the requirement that the solution of Eq. (6) be
oG

simultaneously a solution of nonreduced spectral Eq. (3). Differentiating Eq. (6) with respect to zand expressing a—
74

through G from the same equation, one gets
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_é"’_(_.‘ ik —ka+;(N(G)] =

+ (K —kD)G + y(i-[K — k2 N(G) +— N(G)) 0. N
Comparing (7) and (3), one obtains the following relationship for the N'(G) operator
RN+ ENG) = [ [0 @ k)0 pGB)adp. ®
Let us seek N(G) in the form
N(G) = ?T(/J(kx,aaﬂ)G*(a-kx)G(a—ﬂ)G(ﬂ)dadﬂ, ©9)

—00—on

where @(k_,, ) is an unknown function

Then, using the fact that the relationships

HELD 1 [ ~(a-prGta—p.2),

4

aG(,B ) _ J—‘G(ﬂ 5. (10)
0G @=k?) . (k)| G’ (@-k,.2),

oz

hold to higher-order small terms, it is straightforward to obtain from Eqs. (8) and (9)

j 1
ok, ) == - | .
e R Rl R

Therefore, the reduced equation for the dynamics of spatial spectrum of a unidirectional optical wave in a nonlinear medium
takes the form

oG
o
X wj]’ G (a—k,)G(a-B)G(B)dadp

=] 5 -
L e e B P s L &

iJk* kG =

(12)
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Applying manipulations (7)-(11) to this equation, one arrives at nonreduced Eq. (3) accurate to the terms fifth order in G
(because of the approximation (10). However, this accuracy is quite sufficient because Eqs (2) and (3) are derived with the

same accuracy [1].

Eq. (12) can also be used to obtain a nonlinear reduced equation for the field

17 .
E(x,z)= By IG(kX,Z)eXp(kaZ)dkx . However, it is more complicated than Eq. (12) and, even being linearized,
/4

remains an integro-differential equation [6].

One of our numerical results is presented in Fig. 1, where the dynamics of spatial spectrum is illustrated for a beam having

2
X
Gaussian shape E(x,0) = E, exp(—[aj ) at the input of the medium.
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Fig.1. Dynamics of spatial spectrum for the radiation in a nonlinear medium
2
The nonlinear component of refractive index in the input of medium was =

=0.02 . One can see in Fig. 1 that the

spectrum changes in quasi-periodic manner. At a distance of approximately 30 wavelengths, its width becomes maximum
and comparable with the wave number. Such a ultrabroadened spatial spectrum (this term is employed by analogy with the
term "spectrum ultrabroadening” for a pulse with spectral width comparable to the mean frequency [7]) contains spatial
harmonics with frequencies exceeding the wave number. The second term in Eq. (12) becomes real for these harmonics..
Hence, they correspond to the field exponentially decreasing along z and analogous to the field appearing upon the total
internal reflection. One can see that if the second term in Eq. (12) is real then the corresponding components in the spectrum
of the direct wave decrease, so that the back wave should appear in a transparent medium. Inasmuch as the energy loss due
to the exponentially decaying field components of the radiation in the positive direction of the z -azis was small (less than
10%) in out numerical experiment, the influence of back wave on the self-focusing of direct wave was ignored in this work.
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Fig.2. Snapshot of self-focusing optical beam

Figure 2 is a snapshot of the self-focusing beam field obtained by inverse transformation of the calculated spectrum
dynamics. To make the image more pictorial, the transverse and longitudinal scales are different in Fig. 2. The quasi-
periodicity of the spatial spectrum corresponds to the quasi-periodicity of the beam cross section. In the focuses, the spatial
spectrum acquires high-frequency components that are responsible for the radiation self-reflection. The field dynamics in
Fig. 2 is shown for larger distances than in Fig. 1. It demonstrates not only the oscillatory character of changing the cross-
sectional field structure but also the gradual damping of these oscillations and the formation of a quasi-stationary beam with
cross section close to wavelength.

The dynamics of the spatial spectrum of radiation can be also analyzed in paraxial approximation. This approach is
described by approximate equation

L)

2 ©
oG L)G=ié [ [6'(@-k)G(a-p)G(BYdadp, (13)

% k(-
PRSI TE

and also demonstrate the multifocus structure. The analysis shows not only quantitative difference in focuses locations, but
also a qualitative difference. The ultrabroadening of the spatial spectrum beyond the limits of — k <k_ <k leads to the

decrease of the energy of radiation, propagating in positive direction (see Fig.3). This phenomenon can not be deduced in
the paraxial approximation.

In summary, a new (spectral) method is suggested in this work for an analysis of the nonparaxial self-focusing. This method
is more convenient than the field method. It is tested by the two-dimensional self-focusing, which is not catastrophic in the
paraxial approximation. Nevertheless, it is clear from above that the radiation self-reflection would be the fundamental
cause for field limitation in focuses in the case of the collapsing three-dimensional paraxial self-focusing as well.

This work was partly supported by INTAS (project 97-31777)
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Fig.3. The evolution of the energy W of self-focusing beam: a - calculated from Eq. (12), b — calculated in
paraxial approximation from Eq. (13)
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Ultrashort optical pulse propagation
in Kerr medium with quasi-resonant impurities

A.M.Basharov', and A.LMaimistov?
Moscow Engineering Physics Institute, Moscow, 115409 Russia

Abstract
A nonlinear evolution equation describing an ultrashort optical pulse propagation under quasi-resonant
condition is derived by the unitary transformation method. This method allowed us to obtain the terms
which are not taken into account within the framework of the adiabatic following approximation. The
analysis of the nonlinear evolution equation and example of its application are given.

PACS number: 42.65.Dr, 42.65.Tg
Keywords: resonance, impurities, fiber, adiabatic following, nonlinear Schrédinger equation

1. Introduction
The fiber containing impurity atoms is of interest in the field of nonlinear optics [1-18]. The fiber

doped by Er*" ions serves as an active medium of fiber amplifiers if the population of resonant levels is
inverted by an additional pumping [1,2]. The fiber directed coupler with resonant impurities in channels
can be used as all-optical switcher [3,4]. The self-induced transparency can be observed in doped fibers
[5-10] under some conditions. Experimental observation of the self-induced transparency in optical fi-
ber containing £+ ions [12] has given rise to further investigations of the coherent ultrashort optical
pulses propagation in the medium of this kind. The ultrashort pulses amplification was considered in
[12-18]. New regimes of the optical pulses propagation were studied in [19-21]. Further generalization
of the models of resonant and non-resonant subsystems were proposed in [22-24]. For example, the
nonlinear absorption, which appears under the two-photon resonance, was studied in [11].

When the self-induced transparency condition does not hold, impurities can result in additional
losses. As it is indicated in [12], the energy of optical soliton propagating in the nonlinear fiber without
absorbing impurities is approximately hundreds times less than it is required to invert the population of
the resonant levels. Thereby the influence of the impurities on the optical solitons in the fiber results
only in absorption (if only special measures are not undertaken as in [12]). The frequency detuning Aw
from resonance can reduce losses. In this case the role of impurity atoms leads to modification of re-
fraction in fiber in the main. In addition frequency detuning does not need to be too high, otherwise it is
not necessary to consider the resonance condition. This situation meets the condition of quasi-
resonance. The quasi-resonance is characterized by inequalities Aw << @, Ao <<|o, | and Aw>>Q,

where @ is a carrier wave frequency, |, | is a typical frequency of nonresonant atomic transition and

hQY, is a typical interaction energy between an impurity atom and an electromagnetic wave.

The ultrashort optical pulses propagation theory under quasi-resonant conditions was developed
rather long ago [25-27] on the base of adiabatic following approximation (AFA). It is expected that the
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variation of the optical pulse envelope emerges slowly in comparison with the time Aw™'. This allows
to substitute initial system of equation with one nonlinear wave equation for slowly varying complex
envelope of the pulse. However, the initial system of the Maxwell-Bloch equations had already been
obtained under slow varying envelope and phase approximation (SVEPA). There are some effects such
as the Stark shifts of the energy levels, which are not taken into account by this method. The resonant
(or quasi-resonant) condition selects a pair of levels from the total spectrum of the impurity atoms and
thereby introduces a two-level atom as a model of resonant medium. Developing the method of AFA in
terms of density matrix equation of the two level atoms without any SVEPA is more correct approach.
In this article the adiabatic following method is introduced from the two-level atoms model without
using the Bloch equations in the rotating waves approximation. It allows to present the expression for
the polarization of resonant subsystem more exactly. Non-resonant contributions can be introduced by
the phenomenological nonlinear susceptibility. Thus the results from the papers [25-27] can be cor-
rected. The unitary transformation method is quite efficient tool in nonlinear optics [28-30]. This
method allows us to get more exact solution of the Bloch equations describing the evolution of the state
of the two-level atom as it was done in [25]. The expression for polarization is obtained as a series in
powers of the ratio of the instant Rabi frequency to the frequency detuning. The presented expressions
are distinguished from the known ones [25-27]. Here we take into account the dispersion of the nonlin-
ear response of the system As an example of using general equations we consider initial stage of optical

shock wave formation in the fibers containing quasi-resonant impurities.
The paper has the following structure. Section 1 is devoted to the formulation of the problem. In

section 2 the method of unitary transformation has been developed to correct consideration of the quasi-
resonant case. The resonant polarization of medium under quasi-resonance condition is given in sec-
tion 3. In section 4 the nonlinear equation governing the dynamics of ultrashort pulse envelope is dis-
cussed. Some examples of the effect of the impurities are presented in section 5.

2. Formulating the problem
Let the electric field strength of electromagnetic radiation be presented in the form

E=8e™+8&€", d=kz—0t-¢, (1)

where o = kv, is a carrier frequency of wave (v, is a phase velocity). The wave propagates along the
2 axis in the medium which contains the resonant atoms as impurities. We consider the resonant impu-

rities as two-level atoms.
The main equations for description of wave propagation in this medium are the Maxwell wave

equations
0> = 19z 4nd’P
—FE-mmE=m )
0z c” ot ¢ Ot
and equations defining the polarization of medium. As the polarization of medium is a dipole moment
of unit volume we present it as a sum of two terms: P=P, +P,_ where P, describes a medium without

—

the impurity atoms and P, presents the result of the interaction of electromagnetic wave with impuri-

ties. Value P, is connected with the strength of the electric field by means of optical susceptibilities.
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Here we take into account the third order susceptibility which describes the high frequency Kerr effect.
Value 13,.," is defined by the impurity atoms and can be determined by the density matrix p,,:
Em = Sp(pxmgtm) * (3)

Here c?im is an operator of a dipole moment of a two-level atom. We normalize the density matrix p,,

to make Sp(p,,) be a density of atoms in the unit volume.
The density matrix of the impurity atoms is governed by the following equation

ih(% + fjpm = (Ho - E‘Z‘m) Pim = Pim (HO - Ec—i"m) ’ “)

where T is the relaxation operator, and the Hamiltonian H, has the eigenvectors |a> and |b>:
Hy|a)=E,|a), H,|b)= E,|b), E, — E, = ho,,.

We will neglect the polarization effects assuming that all the vectors are defined by their values
(§=8&8,P =P ¢,d _=dé,)and they are parallel to the x axis. For slowly varying envelope of the

x> "im m-x? i

electric field & = &(z,t) (1) we have the reduced wave equation

1-kv! 5?
-2ik i+——1—2 +— gﬁz_ &(z,t) =
0z v, ot v, Ot

(5)
_ 127k” X(3)(-—c\);0),—0),m)lg(zat)lzg(z’t) +4n k2
g(o) (

5 s
)

m

g(o)

where v, is the group velocity, V', =adv,/do, &(0) is a dielectric permeability and x(3)(—m;oo,—co, ®)
is third order susceptibility of medium without impurities. The slowly varying envelope of the polariza-
tion is defined as

P =9 ™1+ e, (6)

The effects of optical harmonic generations are neglected in our treatment.

Equations (3)-(5) describe an electromagnetic solitary wave propagation in the nonlinear medium
containing impurity atoms.
2. Method of unitary transformation for adiabatic following

Let us now consider the case where frequency detuning from the resonance A = ® —®,, greatly ex-

ceeds the Rabi frequency A =2&d,,/h and the width of spectral line 1/y but it is less than the fre-
quency of the carrier wave:
[AP>IAL[AP>1y, [A<o. @)

Condition (7) relates to adiabatic following approximation. The polarization of the resonant atoms fol-
lows the variation of the envelope of optical pulse. Usually this polarization is presented by expanding
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the solution of equation for density matrix into power series. However, here we will use a more elegant
method of the unitary transformation demonstrating its efficiency in different problems of nonlinear

optics.
Instead of solving the equation (4) we transform the density matrix and Hamiltonian of the impuri-
ties in the field (1) so that the Hamiltonian becomes diagonal. Herewith, the relaxation operator can be

omitted according to the condition (7). Thus, we get

p=e"p, e, ih%ﬁ:[ﬁ,b’], H= e‘iSHOeiS—e'iSEdeis—ihe”isg;e'S (8)

We note that the operator e > should be unitary, and S be a Hermitian one. This transformation,
however, can not be obtained exactly. So we expand the operator S and the efficient Hamiltonian in
power series of degrees of the electrical field strength:

S=SV4sDy .., H=HO+HY+ Y4 ...

As a result we have

iS

H=H,-ilS,H,]- —;—[S, [S,H,]- ... Ed+i]S,Ed ]+ —;—[S,[S,Ed]]+... —ihe™ —gt—e ,

then
A = H,, (%a)
HY = _Ed- i[S('),HO]+ h-aa—,S"’ (9b)
g9 = %[S(’),Ed]— é[S('),ﬁ("]— ils®), H, |+ hg;S(z) , (9¢)

=0 _ i@ pi] Elem 50]_ e 0], L [em [¢0 7o [ 50712
H3_2[S2,Ed] 2[5‘,H2] 2[S2,H']+12[S‘,[S‘,Ed]]+12[S',[S‘,H‘”

s, ]+ 0 2 s® (1.9d)
ot
Let us assume that the following conditions are held:
HO =0, A2 =E®s_., H® =EPS ., (10)

where E and E do not contain oscillating exponents e™®, m=1,%2,... Then the transformed

density matrix will be diagonal P, =p. 8, - The indeces o and o' mark the energy levels of the

two-level system.
Polarization (3) of the two-level atoms with the frequency detuning from resonance A is defined by

the formula

P, (A)=Sp(pe ™ de”) = Sp{'ﬁ[a’ -is.d]- ; [s.[5,d]]+ é [s,[s.[S, d]]]+...)}. (11)
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In order to find this value in the third order of the field strength it is necessary to obtain the expressions
for S, $® and S . From the equation (9b), taking into account (10), one has
—s;s(‘). +io, SY =d h(Ee™® +&€?).

oo oo aa’

This equation with regard to adiabatic turning on electromagnetic field strength leads to

!
Sili’ = daa'h_I Iexmua'(t —l){g(tr)e—im' + g't(tr)eicb' }dtr , d=wt-k.

Integration by parts results in series

S(l) _ dﬁu'{‘m 6e_i® + g‘eid) }+ daa' { e—i(b ag,L ei¢ 66‘ }

no i@ (e, -0 0t (o, +0)° 0
_dmzf{ e os e 52@'}_

ao’

e i e s s + [N, S — -
L —0) 0t i@y, +0)’ ot

(12)

—w)t o (o, +0)* o

oo’

_4aﬁ{~_A€:f® ___636 o' »a3g*}+

In addition to conditions (7), let us require the variations of the electric field envelope to emerge in time
interval t, fast enough:

%(Arp)<<l. (13)

Then the expression (12) can be reduced to

. 2 3
{z & 1066 1076 _A.lﬁA‘a__é}e‘i“’:Sg)', SO =sW -9,

d
Sy =" g TP 5 T 5
A AN dt N ot Aot

ba h
From equation (9¢) it follows
g |l I8P i (08" .08) 1 (.08 &\ _ ro
‘ ol A 28 o or ) 2N o or® b
§2 =0,

aa'

Finally, the expression (9d) leads to the following equation

0 . i 1
S0 +iw, S =T SQED - (S0 Ed,, ~S("Ed,,). (14)

Taking into account (13) and retaining only the terms proportional to e*® we get
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S[S:::): 4|dba| dba 3@,@4 1 gZag 3|g|2_a_§ e~i®- (15)
3 n’ A 2A ot ot

The results obtained are sufficient to evaluate the polarization (11) of the two-level impurities with
an accuracy of the third order in the field inclusive. However, we shall further suppose that p” =N, .

Thus, we have

F,(8)=N,, (—I(S")dzm ~dySy )1 = 3 28 P)-i(SDd,, —dabsiﬁ’))

and as a result
(0=, [ SL0-F IS0 P )+ Je*

From theses results we can get the following expression for polarization

ldy ) 1 i 06, 106 i 2’6
A)=N, —2<{-—&+— —_
Tn(B)= h A A ot A3 orr A o
(16)
|d,, F 26 |8F - Ig|26{‘5 4i 0(&| &)
hA A ot 3A ot

3. Contribution of the quasi-resonant atoms to polarization
Equation (16) allows to find a polarization of the two-level system in the case of both homogeneous

and inhomogeneous broadening of spectral line of the impurity atoms:

P =<P (A)>= j P (A)g(A)dA .
Here, function g(A) takes account for frequency dispersion of the impurities around the central fre-
quency. Herewith we consider that the value of dipole moment of the quasi-resonant transition does not
depend on the detuning A. This expression and the equation (5) for polarlzatlon lead to a new wave
equation, which determines the ultrashort electromagnetic pulses propagation in Kerr medium contain-
ing two-level impurities in the framework of the modified adiabatic following approximation.

Expression for the polarization <, is correct for any kind of spectral line broadening. Here we shall
consider only the Lorentz broadening which is typical for the case of impurities in solids. Let us sup-
pose that the form factor g(A) is given by the distribution

_ y/m
g(A)— 2+(A—AO)2 ] (17)

where A, is frequency detuning from center of inhomogeneous line, and y is defined by the reversible

relaxation time 7, , i.e., y =1/T, . In this case
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‘} dx

SiaGy =)' I,(v),

<N >=(T}) —

where the normalized frequency detuning v=A,T, was used. To evaluate integrals , (v) one can ex-

ploit recursion relation

_1dl,(v) v
= d/ = .
n+]( ) dv an ](V) (1 + vz)
Thus, we get
v -1 v(2v? -3) 2 -V +1
W)=, L) =22, L) =T
( ) ( +v ) 3(V) (1+v2)3 4(v) (1+v2)4

Now, the polarization of the two-level system of the impurity atoms can be written as

2 2 3
Eﬁm:Niml—‘—i—‘i‘— —J,6+i.]2—a—§+J3?—§—iJ4a—§ +
h ot ot ot
2]1d 08 , 2i o&|6[ 19
+N, Ihb [ (Jélél -3iJ, |g|2 3’ 4—£('3—tl—)]'

where J, =(T5)"1,(T; A,). This expression takes into account the dispersions of the group velocities

up to the third order (terms with second and third order derivatives with respect to time) and dispersion
of the nonlinear response of quasi-resonant atoms (the two last terms in (18)). These terms distinguish
our results from the ones earlier discovered in the framework of the adiabatic following approximation

[25-27].

4. Nonlinear equation for optical pulse envelope
Let us now rewrite the equation (5) in the following form

1 2. 190 1p ag+6m)x |&(z,
Oz A ot 2 o cn(o

2o P (19)
cn(®)

Zt)=-

where n(®) is a refractive index of the optical fiber core at the carrier wave frequency and
D=(1-kv')k™'v;} =(1/2)(d*k* / do®) is a dispersion parameter characterizing a group-velocity dis-

persion of the second order in fiber without impurities.
There are two characteristic lengths - the length L, of resonant absorption for pulse with duration

t, and length L,, of dispersion: L, =cn(@)h(2noN,, |d,, t,)" and L, =t, /2| D|. Here the pulse
duration ¢, was chosen as typical time of the problem under consideration. Let us introduce new di-
mensionless variables: t=(t~z/v,);', {=z/L,, g= A, &. Then the equation (19) taking account

of (18) can be rewritten as
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oq o & 0 oq ., 0
190, 0L splqf g=Jig—iS, Zom S AT
o 2 "ot ot ot ot 20)
2 2 2
€ Y 209 20(4ql q)
-k +i-RJ | 3|gf 2L -S4,
S Slalg+is 4[ 19l 52737 4

where c=sgn D, p=6moyP AL, /en(®), ey =L, /Ly, €5 =(2|d,, | 45 /B)t, =Qpt, . If we use
the nonlinear refractive index n, related to nonlinear cubic susceptibility x¥ as n, = 3ny?® / n(w),
then the parameter p can be rewritten as p =2(@/c)n, AL, . The high-frequency Kerr effect results in
the phase shift of wave Ag =(®/c)n, AZL , where L is the distance of propagation. Thus, the parameter
i can be interpreted as a phase shift of the wave propagating in the distance of the two absorption

lengths.
In this consideration we have assumed that A,f, >>1. Let us now regard that an inhomogeneous

broadening line is sufficiently narrow, i.e., A,T, >>1. In this case coefficients in equation (20) can be
estimated as J, = (Ao?,)", J, = (At,)7, J; = 2(Agt,)7, and J, = 2(A2,) 7.
If we exploit the new variables =1~ (A, )¢ and g(&,m) = gexp[iC/Aqt,], then the equation
(20) can be written in the following form
G . DG ~mp~ .y O°F .E ~20§ 20091 q
e, 00 gp -, T vife (3150 L - 2ALLD ), @
o¢ on on 2 on 3 Om
where &, =-0g,/2+(Ay,)” and [= p+(1/2)e3(Ayt,)”. Thus, we get generalized nonlinear

Schrodinger equation (GNLS). The effects of the third order group-velocity dispersion and dispersion
of nonlinear response have appeared here as a result of the influences of the impurity atoms.

5. Some examples of the influence of the quasi-resonant impurities
Going back to the original independent variable f and z one can find the correction to the group ve-

locity due to the impurities. The re-normalized group velocity is defined by the expression
t . 2
1 | » 1 N 2noN,, | d,, | 22)

—r= .
La(AOtp)2 v c’"((‘))h(Ao)2

4

Vg Vv,

It should be noted that e3J; ~(Q, /AO)"‘(AOIP)“' and e3J, =(Q, /Ao)z(Aotp)"z, whereas
J, = 2At, )™. In the range of the picosecond optical pulses a dispersion length is of the order of hun-
dred meters. It is much longer than a resonant absorption length. By taking L, << L, and omitting
terms which are proportional to (4,¢,)” and (A,t,)™ we can reduce the equation (21) to the follow-
ing one

i~L+E|GF =B 3 on

oq ~204 20091 9)
o [3qu 5 J (23)
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where B=gxJ, /2~ (Qz /A7) (Agt,) /2. 1t is suitable to use real-valued variable by assuming

g = aexp(id) . In these terms equation (23) can be represented as a system of real equations

Q‘l_BaZa_azo’ @_ZBaZ_ai:
a on o¢ 3 om

The first equation of these systems presents an equation of a simple wave with velocity depending on
their own amplitude. The solution of that can be written in an implicit form

a(n, Q) =f(n+ Baz m,©)%) ,

where function f(n) = a(n,§ =0) is determined by the initial profile of incident optical pulse. If § >0
(B <0), then the maximum of pulse is moved with the velocity that is faster (slower) than the group
velocity. There the self-steepening of the incident wave front (tail of pulse) occurs and the shock wave
will eventually be formed. It should be pointed out that cast-off terms in the equation (21) in the shock
wave limit case become important. Their influence prevents a breakup of a wave front (tail of pulse).
Conversely, the oscillation of the pulse envelope appears and pulse decay develops in the susequent
stage.

fia®.

6. Conclusion
In the presented paper we have shown that the method of the unitary transformation allows to obtain

a nonlinear evolution equation describing an ultrashort optical pulse propagation under quasi-resonant
condition. Herewith we get the terms which had no been obtained previously in the framework of the
adiabatic following approximation. As an example of the physical situations, where this method proves
to be useful, we have considered the ultrashort optical pulse propagation in the nonlinear (Kerr type)

fiber containing impurities. When the corrections of the order of (Ay¢, ) and above were omitted, the

nonlinear Schrddinger equation occurs. However, the coefficients in this equation were re-normalized
due to the influence of the impurities. Taking into account the terms up to the forth order in (A.¢, Y,

one gets a generalization NLS equation. This equation allows for the effects of the group-velocity dis-
persion of the third order and dispersion of nonlinear response. If the dispersion length is much longer
than an absorption length, one can obtain an equation describing the self-steepening of the wave front
and the optical shock wave formation.
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ABSTRACT

One of the possible methods of realization of active medium with anomalously wide bandwidth has been described.
Composite active medium, consisting of several laser active centers with overlapping gainbands in common resonator has
been created. In this case gain contour has complex shape with local extremums. Method of numerical simulation of the
formation dynamics of ultrashort pulse at passive mode locking in laser with arbitrary spectral gain contour has been
performed. The main parameters for the generation of ultrashort pulse in a laser with a composite active medium are
obtained and investigated. The conditions of realization of stationary regime in the form of ultrashort pulse generation with
duration determined by combined gain bandwidth are calculated.

Keywords: composite active media, self-mode locking, nonlinear absorber, Kerr nonlinearity

1. INTRODUCTION

At the present time, the minimum duration of ultrashort optical pulses generated directly in tunable lasers (e.g., the
Kerr-lens mode-locked Al,O5:Ti*" laser) is less than 6 femtoseconds” . It is close to the inverse spectral bandwidth of the
active medium of this laser. Further decrease of pulses duration is possible either by using methods of nonlinear optics’,
rotational molecular modulation* or active media with anomalously broad band gain contours. Early in our work®, we
proposed to use a laser with a composite active medium for the generation of extremely short optical pulses. The medium
consists of several laser active media with overlapping gainbands placed in a common cavity. It may also consist of a
number of color centers, ions in common host or a set of semiconductor lasers. This opens up new possibilities for the
creation of an ultrawide gainband and allows one to advance into the sut.femtosecond time scale at optimum conditions. In
all these cases, the spectral gain contour has a complex shape with a local extremums. It was shown® that in the case of
symmetrical form of the unsaturated gain contour with a local minimum, a stationary regime in the form of ultrashort pulse
generation with the duration determined by the combined gain bandwidth, can be realized under certain conditions.

In this paper, the dynamics of development of ultrashort pulses in a laser with a composite active medium with an
arbitrary spectral gain contour is investigated under passive mode locking using noninertial saturated losses by methods of
numerical simulation. Earlier all theoretical studies of the dynamics of formation of optical pulses were limited only by the
parabolic profile of the spectral gain contour’.

2. GENERAL FORMULATION

In the mode! of an active uniformly filled medium, we analyze the equations describing the evolution of intracavity
radiation in the system of coordinates of a moving pulse. In this case, at unidirectional generation in a ring laser with
noninertial nonlinear saturating losses, the equations can be written in nondimensional variables®:
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Here E(z,t) is a slow field amplitude, the operators G, and G2 determine the action of the first and the second active media

on the light pulse, respectively, o, denotes the cavity losses; the last term in the right side describes nonlinear losses. It is
assumed that as an ultrashort pulse passes through the i-th active medium, the gain of the spectral component of the field

E(k,t) is described by the following equation:
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Here L(k-k;,I';) is the Lorentz function determined by the formula:
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Here k is the wave vector of the appropriate spectral component; k; is the wave vector corresponding to the spectral

gainband center of the i-th active medium, T’ is the half width on half maximum gainband of this active medium, y;, D;, and
N; are its saturation parameter, the Einstein gain coefficient, and the inversion in the absence of field, respectively. Relation

€)

(2) is determined the corresponding operators G; in (1). The nonlinear diffraction losses in the chosen model of passive
mode locking are determined by the following two parameters: the single pass diffraction losses o and the parameter &.
Calculation of these parameters through the parameters of the laser system may be done as follows”:
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Here / and /. are the lengths of the active medium and of the cavity, respectively; o is the light frequency, n, is the nonlinear

refraction index; r is the light beam radius. The factor in round brackets is assumed to be smaller than unity or of the order
of unity®. In the chosen model, nonlinear diffraction losses decrease with increase of the intensity and approach zero at high
intensities. The evolution of a pulse as it passes through an element with nonlinear losses and reflects on the mirrors in

accordance with (1) is determined by the following equation:
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The modification of the pulse as it passes through the active medium is described by the equation (2). In this case, the
spectral components of the field in this equation are calculated by the Fourier transform of the time profile of the pulse.
Then the inverse Fourier transform was carried out and the changes in the pulse parameters due to linear losses in the cavity
and nonlinear diffraction losses are analyzed by means of the equation (5). This cycle was repeated several times during the
numerical simulation. Thus, the evolution of an ultrashort pulse versus the gain media parameters and other characteristics
of laser elements were investigated. The algorithm under consideration can be extended to any number of active media in

the cavity and for any spectral gain profiles of active media.
3. NUMERICAL SIMULATION: RESULTS AND DISCUSSION

The dynamics of formation and the parameters of ultrashort pulses after the transient process using different gain
saturation parameters, nonlinear losses, widths of spectral gain contours, distances between maxima in the spectral gain
contour, and depths of minima appearing in the total unsaturated spectral gain contour of a composite active medium are

investigated.
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The results of the calculations are shown that ultrashort pulses with carrying frequencies are formed in a laser with
two active media with separated spectral gain contours, under weak nonlinear losses (much smaller than the depth of the
minimum in the total spectral gain contour). The carrying frequencies correspond to two gain maxima. Each active medium
forms its own structure of ultrashort pulses with its own carrying frequency. Then two parallel processes take place. The
separation of the most intensive pulse and the suppression of weaker pulses occur within each structure. Since nonlinear
losses are the same for pulses belonging to both structures, the more intensive pulse of one structure, by saturating losses,
leads to the generation, in its spatial volume, of an ultrashort pulse with the carrying frequency corresponding to the other
structure of pulses. As a result of the transient process, a pair of pulses remains in the cavity. One of them is gained due to
the first active medium and has the corresponding carrying frequency. The other pulse is gained due to the second active
medium and has the carrying frequency corresponding to the gain maximum of the second active medium. These pulses are
in the same volume. As a result of interference, the envelope of the total intensity turns out to be frequency-modulated. Its
frequency corresponds to the differences between the gain maxima of these active media, and the intracavity radiation has
the form of a train of ultrashort pulses. When nonlinear losses are comparable to the depth of the minimum in the total
spectral gain contour, a single spike remains from the train of ultrashort pulses, and two intracavity active media work as a
united gain medium.

Analysis of the results of numerical calculations shows that the dynamics of development is determined by the two
main parameters C and Q. The parameter C is determined by the following expression:

C= - (©6)
21X, 0L

i. e., this is the ratio between the saturation intensity of nonlinear losses and the saturation intensity of gain. Q is the ratio
between the diffraction losses of a single pass and the total linear intracavity losses of a single pass. For solid state active
media with broad gainbands, the parameter C lies in a range from 107 (for Mg,Si04:Cr) to 1 (for LiF:F,") if their own Kerr
nonlinearities are used. In this case the spatial size of the generation area is simultaneously the saturation area size of
nonlinear losses and the value of C is determined by the ratio between the parameters of the active medium and its Kerr
nonlinearity. The use of an additional nonlinear absorber in the cavity greatly increases the possibilities of varying the
parameter C. The magnitudes of Q for most frequently used solid state lasers are in a range from 10210 5 107",

For active media with equal saturation parameters and the equal pumping, Q determines an admissible depth of the
minimum in the initial unsaturated gain contour at which one pulse for the period of the cavity with the duration determined
by the width of the total unsaturated gain contour can be generated. As Q increases (the other parameters being equal), the
admissible depth of the minimum in the initial unsaturated gain contour for this generation mode also increases. Fig.1 shows
Q as a function of frequency difference between the spectral gain maxima Ao (in unites of FWHM gain band) for two active
media with equal pumping and laser parameters (like ALO,:Ti*") under fourfold threshold pump. In Fig.1 value Q define the
possibility of single pulse generation with the ratio peak pulse intensity to background more than one order of magnitude. In
this case there exists an optimal value of the parameter C, at which a pulse of minimum duration is generated. For small
values of C, quick saturation of nonlinear absorption takes place. This nonlinear shaping mechanism stops, and a long pulse
is generated. For large values of C, the gain of the active medium is quickly saturated with low intracavity intensity, and
nonlinear absorption turns out to be weak. In this case a train of pulses in the axial period is generated even at values of the
parameters Q that are close to unity or higher than unity. Active media with the parameter C in a range from 5 102t0 2 10
is near optimal for the generation of extremely short pulses in a laser with a composite active medium. In this case in
accordance with calculations, an increase of the parameter Q from 0.5 to 0.9 leads to narrowing of the pulse by a factor of
two, and its spectral width approaches a half width of the unsaturated gain band. Fig.2 shows time (a) and spectral (b)
profiles of pulses generated in a laser with a composite active medium for variable values of the parameter Q and twofold
threshold pump with the initial depth of the minimum in the unsaturated gain contour of 30%. For comparison, the time
profiles of the generated pulses in the case of zero spectral difference, the other parameters being the same, are shown in
Fig.2(a) by a dotted line.

When the composite medium consists of active media with differing parameters C, a single pulse in the axial
period can be generated under smaller parameters Q, in contrast to the above case. The formation dynamics becomes much
more sensitive to the ratio between the pumping levels for each of the active media. For equal initial pumping levels, quick
saturation of one active medium occurs, and the duration of the generated pulse is determined by the gain bandwidth of the
active medium with higher saturation intensity. At an appropriate choice of the pumping levels, generation starts with the
initial asymmetric unsaturated total gain contour. In the stationary mode, however, an optical pulse with the duration
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determined by the combined spectral gain width is generated. The formation dynamics of development in a laser with a such
type of composite active medium is presented in Fig.3. Here the difference between the maxima of active media is the same
as in Fig.2, but the parameter C differs by an order of magpnitude (C,=0.1 for LiSAF:Cr, C,=1 for LiF:F,"). Given generation
mode is realized under double exceeding of pump threshold level for the first active medium and tenfold for the second.

Let us consider the case of three or more active media in a common cavity. Depending on the separation between
the gain contour maxima, both a single optical pulse in the axial period with the duration determined by the total width of
the unsaturated gain contour and a pulse train with an ultrahigh repetition rate can be generated. When a pulse train is
generated in such a laser, there is a time gap between pulses comparable to their duration (in contrast to two equal active
media, when there is no such time gap). Fig.4 shows time (a) and spectral (b) profiles of radiation generated in a laser with
three like LiSAF:Cr active media versus the separation between the spectral maxima. Passing it through a saturated absorber

can increase the contrast in the train of generated pulses.
4. CONCLUSION

A method of numerical simulation of formation of optical pulses in lasers with composite active medium and
complex spectral gain contour was developed. We presented the results of our simulations for two and three active media
with Lorentz form of spectral gainband in common cavity. This consideration may be extended for composite medium with
an arbitrary number of active media and arbitrary shape of spectral gain contour. Analysis of numerical simulation was
shown, that the development of generation is defined by two main parameters: first -ratio of initial nonlinear losses to all
linear one pass intracavity losses, and second- ratio of nonlinear losses saturation intensity to gain saturation intensity of
each laser medium, including in composite medium. The main parameters for the generation of extremely short optical
pulses whose duration is determined by the width of a combined spectral gain contour in a laser with a composite active
medium were obtained for active media with equal and unequal saturation parameters. Numerical data have been shown that
the experimental realization of discussed above ultrashort optical pulses generation may be done with broadband solid state

tunable lasers widely used at present time.
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Evolution of the ultrashort pulses in the laser with
the composite active media with similar in Fig.2,
but parameters C differ by the order of magnitude.
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Steady-state temporal (a) and spectral (b) profiles
of pulses in the laser with two active medium for
set values of Q for Ao=1 (solid curves)

and Aw=0 (dashed curves).
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Temporal (a) and spectral (b) profiles of stationary
puises in the laser with three active media in dependence
on Ao for Q=0.3.
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Synthesis of dispersion-controlled mirror based on the semiconductor
materials for near IR femtosecond lasers
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ABSTRACT

It has been proposed the design of mirrors for near IR femtosecond lasers with given phase characteristics based
on the MI-V compound semiconductors using MBE-technologies with reproducible phase parameters due to precise
control of the layer parameters. The designed structure of two-part multilayer mirror includes the bottom part with a
great number of AlGaAs-pairs and the top several antireflection layers. The specified negative near-constant group
delay dispersion can be realized at certain band of spectrum.

Keywords: semiconductor mirror, group-delay dispersion, thin-film design, femtosecond laser

1. INTRODUCTION

The group delay dispersion of cavity elements is one of the important factor that determinate the possibility of
femtosecond pulse generation and their duration in broadband solid-state lasers'. For stable work of such laser system
the full group delay dispersion of laser cavity must be remained small negative after compensation of their positive part

from active medium and other intracavity optical elements.

The dispersive properties of laser cavity reflectors are discussed for various femtosecond systems in a wide spectral
range™*. One of the methods of a solution of this problem is the use so-called chirped mirrors®, permitting smoothly
regulate full group delay dispersion of laser cavity over a wide range. The practical realization of such type of mirrors is
complicated and connected with the high technological requirements demanded during their making, in particular, for
the reproducibility of layers parameters. The reproducibility is determined in main by accuracy of monitoring of layers
thickness and refraction index of used materials. It is worthwhile to investigate the new materials and new technology
for femtosecond laser mirrors and to consider the possibilities of its design with of required phase characteristics.

In the present work we demonstrate the synthesis of the multilayer structure based on the III-V compound
semiconductors using molecular beam epitaxy (MBE) technology. In MBE-technology the monitoring of a layers
thickness is possible to within a monolayer (less 3A for GaAs using of a method of a electron diffraction ) and even with
the greater accuracy after some its updating. The factor of nonreproducibility connected with a spread of refraction
index magnitude is absent under the using of the given technology. The grown III-V compound semiconductors
structures using MBE-technology in the range near and longer of wavelength 1 pm, have a low absorption level . They
can be used for generation of femtosecond pulses in laser crystals and glasses 43 and particular in crystals activated by
trivalent ytterbium ions. The lasers based on such type of active mediums are widely investigated now 6,

One such variant of mirror design is the change of thickness ratio inside couple of layers in the direction from
substrate to incident medium (as shown in®) . In that case is synthesized the graded — index layer system. The depth of
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penetration optical field in structure is increased with wavelength with the result that is extended time delay for longer
part of spectrum.

2. MIRROR DESIGN

Our design of the simplest type mirror may be divided into two stacks. The lower building block adjacent to GaAs
substrate consists of the alternate discrete layers of materials with a refractive high-index (H) and a low-index (L). The
dispersion of materials no account has been taken. The thickness of layers varies on the specific law in a direction that is
normal to the coating with the goal of creating the graded system. As a consequence of interference of multiple
reflections at layer boundaries is attained the linear change of the group delay of all system in the high-reflection
spectral region. The important part of the synthesis is the matching-problem of the mirror surface and the surrounding
medium (air). For the purpose of elimination of large undesirable reflection from the boundary air — semiconductor is
added a top two-material multilayer consisting several layers of antireflection (AR) coating. The synthesis of AR-coating
includes the analytical starting design based on the equivalent-index method and followed by a numerical refinement
procedure. The matching layers give the symmetrical change with wavelength of complex amplitude reflectance of
produced reflecting interference system, which is the nonminimal — phase system.

In this report we present two different examples of coating design. The bottom main structure is made from two-
material layers GaAs/AlAs by MBE-technology. For the design is chosen the spectral region around 1 pm. The high
reflection R>99% with these materials is attained in standard quarterwave stack with bandwidth about 60 nm when the
number of layer pairs is more than 15. The layer couple GaAs/AlAs has a small ratio  An/ny. =0.5/3.25, where An - the
difference between refractive indices of H- and L-layer, n,,. - average index. One way to synthesize dielectric mirror
with prescribed dispersion properties involves the increasing of the number of layer pairs. The greater is the number of
layers, the longer is the penetration depth of electric field in the layer structure. Consequently, a higher value of negative
group delay dispersion can be obtained. The optimal practical solution is dictated by experimental possibilities. In the
GaAs/AlAs case can be imposed the constraints on the total thickness of mirror or limited maximal thickness by one
layer any of two materials.

2.00
M j /ﬂ“ —

1.60 T — —

L - 1
1.20 — =
——
o.80 =
H\ \\
O. 30 =
[e N e ] T~ —
o <1 80 120
N, layer
Fig.1. Optical thickness (A /4 units) of the layers for bottom structures of two mirrors (—— - 81 layers, --- - 105
layers).

Figure 1 shows the calculated dependence of layer thickness (in units of quarter-wave) for bottom structure of
81 (solid line) and 105 (dashed line) layers. The top AR-coating in both cases consists three layers TiO, /SiO,.
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Unfortunately, these coatings must be obtained by other deposition technology. Today CaF, can be possible constituent
material of AR-coating in semiconductor technology. The overall physical thickness d of bottom binary structure equal
6.7 um for first mirror and 8.8 pm - for second; in either case the thickness of H-layers are about 2 pm. The thickness of
L-layers grows to the direction of incoming medium for both examples. Although can be treated the version with
increasing of H-layer thickness. As seen from figure 1 the different dependencies of thickness change on the number of
layer are applied in two cases.
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Fig.2. Computed group delay (GD) and reflectance (R) vs. wavelength function for two mirrors ( - 84 layers,
- -~ - 108 layers).
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Fig.3. Calculated group delay dispersion of two mirrors with wavelength ( —— - 84 layers, - - - - 108 layers).

The group delay linearly grows with wavelength in high-reflection spectral region over about 40 nm bandwidth
(figure 2) for both of these mirrors. The spectral reflection coefficients R of both mirrors are shown on figure 2. The
maximum of reflectance is equal 99.8% for 84 layer- and 99.9% for 108-layer mirror; the reflection coefficients are fall
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slightly at the edges of the stop-band. Figure 3 represents corresponding group delay dispersion over those intervals.

As one would expect a higher number of layer pairs gives the possibility to increase the level of negative GDD for

fully dispersion compensation in a femtosecond laser cavity as a result a single bounce on such a semiconductor mirror.
In modern practice the upper limit of the layer number is set by the absorption losses in thin-film used materials and

another limitations (stress in coating, for example).

3. CONCLUSION

While GaAs/AlAs mitror has not large operating spectral region and consists of the great number of layers, it

nevertheless provides large negative group delay dispersion, necessary for sufficient compensation dispersion after one
reflection. In addition the advantages of GaAs/AlAs structure is the fact that the deposition procedure can be as integral

part of semiconductor technology.

MBE-technology allows to realize the designed structures with the highest reproducibility. The use of other

technologies ( metalorganic chemical vapor deposition, etc.) does not allow to control the thickness of layers using fast
electron diffraction. Furthermore in these technologies the semiconductor structure grows in quasiequilibrium system
subject to influence of thermal fluctuations. In MBE-technology a main factor of the nonreproducibility during the
structure growth is the modification of the electronic beam parameters forming the Ga and As atoms beams. They can be
controlled and be corrected with a higher accuracy than for other technologies.
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Stimulated Raman scattering in compressed gases by short laser pulses
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ABSTRACT

Stimulated Raman scatterimg (SRS) excited by picosecond pulses (3.5-4 ps) of a synchronously pumped dye laser
has been studied in compressed methane, hydrogen and their mixture. Physical energetic SRS-efficiencies (corrected for
the linear losses of the optical elements) up to about 55-60 % and 35-37 % for the generation of the first vibrational Stokes
radiation were reached in methane at a pressure of 60 bar and at excitation wavelengths near 600 nm and 740 nm,
respectively. SRS-efficiencies versus pump pulse energy, pressure of gas and temporal duration of laser pulses were studied
at 600 nm in methane. A very rich spectrum of Raman lines (including some vibrational, vibrational-rotational and
combination Raman lines) was observed in the mixture of methane (35 bar) and hydrogen (25 bar). The energy efficiency
of SRS-conversion to the 1-st rotational Stokes Raman line of hydrogen reached about 20 % in the mixture. In contrast,
the 1-st vibrational Stokes components of hydrogen and methane were substantially suppressed in this mixture. Our
measurements demonstrate that methane is one of the most suitable Raman media for obtaining effective SRS-generation
especially ut pico- and femtosecond excitation because of its suitable parameters controlling the SRS-process and that the
mixtures of compressed gases are rather promising Raman media for extending the tuning range of pico- and femtosecond
Ja:r systems and for optimizing the efficiencies of SRS-conversion to the different Raman components.

Keywords: stimulated Raman scattering, compressed gas, methane, hydrogen, gas mixture, picosecond laser pulse,
efficiency, Raman line, combination line

1. INTRODUCTION

Nowadays one of the most important tasks of ultrafast laser techniques and technologies is the extension of the
tuning range of pico- and femtosecond laser radiation from the infrared (IR) to the ultraviolet (UV) spectral region. In
particular, it is necessary for improving the possibilities of application of Ti:Sapphire laser systems for pump-probe
spectroscopy, e.g. for the development of time-resolved Raman spectrometers.

In this connection stimulated Raman scattering (SRS) in compressed gases is a rather convenient and simple
method to extend (due to the frequency conversion of laser radiation) the tuning range of ultrashort laser systems to the
other spectral regions. The advantages of SRS in comparison with other techniques (for example, optical parametric
generation) are low cost of the appropriate equipment, little problems with damage and a comparatively simple
experimental setup. Gases such as hydrogen and methane are well known to be suitable gases for Raman shifting. They
have well-characterized SRS spectra, large vibrational and rotational Stokes frequency shifts, relatively high values of
Raman gain, and low group velocities dispersion between the pumping and Stokes waves. These gases can be mixed in
arbitrary ratios and stored at high pressures without condensation. They are transparent to radiation throughout most of

the UV, visible and IR spectral regions.

However, SRS in most compressed gases excited by the short laser pulses with the time duration less than several
picoseconds is a highly transient non-linear optical process which is not as well studied as in the steady-state regime of
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SRS excited typically by nanosecond laser pulses. Therefore, in the last years several studies devoted to pico- and
femtosecond SRS have been published'”.

Nevertheless, there are still a number of open questions concerning the transient SRS excited by the laser pulses
shorter than 10 ps. These are the conditions for the maximum efficiencies of SRS-conversion of pumping radiation at
different wavelengths to the different SRS-components, for the suppression of white light continuum generation and for
the generation of the frequency-shifted pulses with desirable temporal and spectral properties.

Furthermore, it seems to be very promising to obtain sub-femtosecond optical pulses by mode locking of high-
order stimulated Raman lines which are generated by four-wave Raman mixing. Realizing this idea demands for detailed
studies of the transient SRS and related parametric processes in compressed gases®. In this connection it should be noted
that little attention (if any) was paid to the studies of highly transient SRS excited by laser pulses shorter than 10 ps in the
mixtures of different gases. Meanwhile, studies carried out under the conditions of steady-state SRS in gas mixtures
demonstrated considerable possibilities concerning an effective generation of a larger number of Raman lines or a more
effective generation of known Raman lines in the comparison with the neat gases’ .

In this report we present the results of experimental studies of some peculiarities of transient SRS excited by
picosecond laser pulses in compressed methane and hydrogen. In addition, some preliminary results on the study of SRS in
a mixture of methane and hydrogen are presented.

2. EXPERIMENT

The experimental setup is shown in Fig. 1. SRS was excited by short pulses generated by a laser system used for
our time-tesolved Raman spectrometer'. It is based on a dye laser synchronously pumped by the second harmonic (SH)
radiation of a mode locked Nd:YAG-laser (Quantronix 4216, 76 MHz, pulse-width of 100 ps). Dye laser pulses of 3.5-4 ps
pulse duration exceeding the transform-limited spectral bandwidth about two times were amplified by a three-stage dye
amplifier. It was pumped by the SH-radiation of a regenerative amplifier (Continuum RGA-50, repetition rate of 50 Hz).
After amplification, pulse energies up to 250 uJ were obtained at about 600 nm and up to 150 uJ near 730-740 nm
depending on the actual dye used (thodamin 6G or pyridin 2 in ethylene glycol, respectively). The temporal width of the
pulse could be tuned from 3.5 and up to about 25 ps by changing the length of dye laser resonator. The pulse-width
(FWHM) was measured by non-collinear SH-generation in BBO-crystals (thickness 500 pm) using a home-made auto-
correlator (not shown in the figure). Frequency doubling of the fundamental radiation could be performed in an additional
BBO-crystal of 2 mm thickness with an efficiency up to 25 %.

The gas was filled into a special high pressure Raman cell of about 25 cm working length equipped with quartz
windows. Maximum gas pressure did not exceed the value of 60 bar. Lenses with different focal lengths (15-50 cm) were
used for focusing the pumping laser beam into the cell. For measuring the SRS-conversion efficiency the light beam was
dispersed after the cell by a prism. The different spectral components were spatially discriminated by an aperture and
measured by a power meter (ZWG, PEM521). The measured energies were corrected for the losses in the optical elements
including the cell windows, the lens after the cell and the dispersive prism. These losses were determined experimentally.
Therefore, the SRS-conversion efficiencies presented are the "physical" SRS-conversion efficiencies calculated for the
center of the Raman cell, unless otherwise stated. In addition, the spectrum of SRS could be measured using a
spuctrograph (SOPRA SpectraPro-275) and a liquid-nitrogen-cooled CCD camera (Spectroscopy and Imaging, LN/CCD
1100PB/UVAR CCD, back illuminated). For this purpose a right-angle prism was inserted into the beam of scattered light
and the beam was directed to the spectrograph. An appropriate polarization of the pumping laser beam was obtained by
using polarizers (Glan prisms) and phase rotators (1/4-plates) which are not shown in Fig. 1.
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Fig. 1. The experimental setup:
SHG - second harmonic generator; RA — regencrative amplifier, SP DL - synchronously pumped dye laser, DA - dye

amplifier; M1-M7 — mirrors; L1-L4 -lenses; P1, P2 — prisms; T — telescope; NF — neutral filters; RC — Raman cell; M —
spectrograph; CCD — CCD-camera; DP - dispersive prism; A — aperture; D — energy meter

3. RESULTS AND DISCUSSION

Fig. 2 shows the dependence of the first Stokes pulse energy on the pump pulse energy for SRS in methane
compressed to 60 bar excited by 3.5 ps laser pulsed radiation at about 600 nm. For measuring this dependence the linear
polarized laser radiation was focused into the Raman cell by a positive spherical lens of about 25 cm focal length. In this
case, on a white screen after the dispersive prism we were able to observe the axial components of the 1-st Stokes and 2-nd
Stokes radiation and parametric ring components of the 1-st anti-Stokes and 2-nd anti-Stokes radiation visually. The
energies of the 2-nd Stokes, 1-st and 2-nd anti-Stokes pulses were below the threshold of measurement (10 pJ). Below the
value of about 60 pJ for the pump pulse energy, the energy of the 1-st Stokes pulse dropped rapidly exhibiting large
fluctuations. Near the pump energy of about 15-20 pJ we reached the threshold of SRS-generation for the 1-st Stokes
radiation. This value of SRS-threshold was estimated by visual control and by observing the presence of the Stokes

radiation with the CCD-camera.

From Fig. 2, it is seen that above a pump pulse energy of 60 pJ the energetic efficiency of SRS-conversion to the 1-
st Stokes radiation remains approximately constant at a very high value of about 55 %. It corresponds to the technical
SRS-efficiency (determined as a ratio of the Stokes pulse energy after the dispersive prism to the pump pulse energy before
the input window of the cell) of about 30 %. The main condition for obtaining such an effective generation was the good
quality of laser beam, i.e. an energy distribution in the cross-section close to Gaussian. In the case of some distortion of the
beam quality the SRS-efficiency dropped substantially to a value 30-40 %. Some small saturation of the 1-st Stokes pulse
energy at the highest pump energies is due to the increase of the 2-nd Stokes pulse energy. It should be noted that our
results concerning SRS-efficiency were not very sensitive to the polarization properties of the pumping radiation.
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Fig. 2. The 1-st Stokes pulse energy versus the pump pulse energy for SRS in methane compressed to 60 bar and
excited by a 3.5 ps laser pulse at 600 nm.

When we changed the focal length of the focusing lens from 15 to 50 cm the character of SRS generation was not
changed dramatically. Decreasing the focal length facilitated the SRS-generation of anti-Stokes components. Increasing it
above 25 cm results in a reduced SRS-efficiency for the generation of the 1-st Stokes radiation and high-order components

were partly suppressed.

Decreasing the pressure of methane resulted in a considerable reduction of the 1-st Stokes SRS-conversion
efficiency (35 % at 35 bar). In this case the threshold of SRS-generation was increased to 30-40 pJ of pump pulse energy.
As a preliminary test of non-stationarity we measured the efficiency of SRS-conversion to the 1-st Stokes radiation versus
the temporal duration of pumping laser pulse between 3.5 ps and 25 ps. For all pulse widths we reached a limit of the
efficiency of SRS-conversion ranging from 55 and up to 60 % indicating that the efficiency depends on the pump pulse
energy under our experimental conditions.

At an excitation wavelength of the pumping laser radiation of about 740 nm the maximum efficiency for the 1-st
Stokes SRS-generation in compressed methane (60 bar) of about 35-37 % was obtained (which corresponds to the
technical SRS-efficiency of about 20 %). This value slightly exceeds the efficiency reported in’ for the case of the SRS-
excitation with 140 fs pulses from Ti:Sapphire-laser tuned at 750 nm.

Under our experimental conditions of using short laser pulses we didn't observe any backward SRS which limits
the conversion efficiency in the case of long pulses. In addition, we didn't observe the generation of white light continuum;
its appearance is a serious problem for the spectroscopic applications of SRS excited by the shorter laser pulses.

Some peculiarities of SRS in compressed methane which we observed are close to the results presented
elsewhere' **. Anyway, to our knowledge such high efficiencies for the SRS-generation of the 1-st Stokes radiation in

compressed methane was not reached earlier under excitation with laser pulses shorter than 10 ps.

Using hydrogen instead of methane we couldn't reach the threshold of SRS at 740 nm excitation even at the
maximum pressure of 60 bar and an energy of the 3.5 ps laser pulse of about 150 pJ. Also at 370 nm excitation with the
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energy of 35-40 pJ no detectable SRS-conversion was obtained.

Our results demonstrate that, in accordance with’, methane is one of the most suitable Raman media for obtaining
highly effective SRS at pico- and femtosecond excitation because of its rather advantageous combination of the main
parameters which are responsible for the SRS-process. In particular, these are the steady-state Raman gain coefficient g
and the dephasing time 7>. For the simplicity we don't take into account the manifold of additional factors influencing SRS
too, such as the intensity of the laser radiation, the interaction length, the spatial distribution of the laser beam, the group-

velocity mismatch, and competitive processes. In the high-gain-limit of transient SRS, the gain increment G is

proportional to’ ">

G | . (1)

2

Although the gain coefficient for SRS-generation to the 1-st vibrational Stokes component in methane is a several times
smaller than that in hydrogen' the dephasing time in methane is more than 10 times shorter than that in hydrogen”’.
Therefore, the SRS-gain increment may be considerably higher in methane in comparison to hydrogen, which is known to

be rather suitable for SRS-generation.

Searching for possibilities to extend the number of Raman lines generated by SRS, we have carried out some
preliminary studies of SRS in a mixture of methane and hydrogen. The partial pressure of methane was equal to 35 bar
and that of hydrogen 25 bar. The elliptically polarized pumping laser radiation at about 600 nm was focused inside the
Raman cell with a lens of 25 cm focal length. The energy of the pump laser pulse (3.5-4 ps) was equal to about 200 uJ. In
this case we observed a very rich spectrum of SRS after the dispersive prism. Visually we observed 13 SRS-components in
the Stokes and anti-Stokes region on the white screen behind the prism. The strongest Raman line was the line S;; (Raman
shift of about 587 cm™) of rotational SRS (RSRS) in hydrogen. The efficiency of SRS-conversion to this line was equal to
about 20 %. The vibrational SRS (VSRS) to the 1-st Stokes components of hydrogen and methane (S}, lines with the
Raman shifts of 4155 and 2917 cm’', respectively) was considerably suppressed in comparison with the case of neat gases.
The energies of these components as well as of other observable Raman lines were below the our detection limit of 10 pJ.
At present the reasons for this observation are not very clear. However, at least partly this may be associated with the
comparatively low pressures of gases and suppression of VRSR-gain at sharp focusing of the laser beam'*".

Using the CCD-camera we detected the spectrum of SRS in the mixture. More than 30 lines in Stokes and anti-
Stokes regions were observed from the mixture by CCD. One could observe some rotational, vibrational and vibrational-
rotational lines of hydrogen, vibrational lines of methane. Besides the known lines for neat hydrogen and methane, we
observed some combination lines from both gases. The frequencies of the latter lines can be expressed as

w, +nQy +mQey, (2)

where @, is the frequency of the exciting laser line, §2 H, and QCH4 are the Raman shifts of hydrogen and methane and

n,m=0,+1 +2 .. In particular, we observed Raman lines originating from the rotational shift Sp; of hydrogen and
vibrational shift S;, of methane (overall Raman shift is equal to 587 em’ +2917 em™ = 3504 cm'l) and from vibrational
shifts S, of hydrogen and methane (overall Raman shift is equal to 4155 cm? +2917 cm™ = 7072 cm™), respectively. It is
known that rotational scattering in methane is forbidden by the symmetry of the molecule’.

Despite the rather weak intensities of the lines observed in our experiment, we believe that there is a possibility to
obtain even higher efficiencies of SRS-conversion with respect to certain Raman components in the mixtures of gases than
in the case of neat gases, e.g. by changing the partial pressures of the gas components, the geometry of focusing and the
parameters of the pumping laser beam. A number of studies carried out under the conditions of steady-state SRS support

this idea'*”. Such a work is in progress now.
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4, CONCLUSIONS

In conclusion, SRS in compressed methane, hydrogen and their mixture under the excitation with 3.5-4 ps laser
pulses has been experimentally investigated. The efficiencies of SRS-conversion up to about 55-60 % and 35-37 % for the
generation of the 1-st vibrational Stokes component radiation have been obtained in methane compressed to 60 bar at an
excitation wavelengths near 600 nm and 740 nm, respectively. SRS-efficiencies versus pump energy, gas pressure and
temporal duration of the laser pulse were studied at 600 nm excitation more in detail. Our results demonstrate unique
properties of methane as a Raman medium for obtaining very effective SRS especially at picosecond and probably also at
femtosecond excitation, because its material parameters are suitable for SRS under non-stationary conditions.

To our knowledge for the first time we observed a very rich spectrum of Raman lines (including some vibrational,
vibrational-rotational and combination Raman lines) in the mixture of methane (35 bar) and hydrogen (25 bar) at highly
transient SRS excited by 3.5 ps laser pulses at 600 nm. Under these conditions the efficiency of SRS-conversion to the
strongest 1-st Stokes rotational Raman line Sy; of hydrogen reached about 20 % in the mixture. It is noted that the
mixtures of compressed gases are rather promising Raman media for extending the tuning range of pico- and femtosecond
laser systems, optimizing the efficiencies of SRS-conversion to the different Raman components and probably for
obtaining sub-femtosecond pulses by mode locking of stimulated Raman lines which are generated by four-wave Raman

mixing.
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Active mode-locking: is everything clear?
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Active mode-locking itself provides pulses not shorter than picoseconds.
Nevertheless, this regime is useful for many laser systems including power-
ful ones where strict synchronization with external periodic signal is needed.
Another growing field where active mode-locking is widely used is fiber laser
systems. 30 years passed since D.Kuizenga and A.Siegman (K-S) [1] devel-
oped their (presently well-known) theoretical model for active mode-locking.
Hence many other models have been published, all of them (including K-S)
are not completely adequate for the real laser systems. That conclusion was
pointed out by one of the authors for the gas, dye and solid-state lasers and
presented in many publications and conference papers [2]. In this paper we
present results of successful numerical modelling for the mode-locked Ar-ion
laser, which are in qualitative agreement with the experiment. Disagreement
of the known models (or not revealed stuff from them) with the experiment
can be formulated in such common items:

a) an optimum pulse position inside the temporal mode-locker window: de-
pendence on the gain, mode-locker parameters;

b) phase characteristics (pulse position inside the mode-locker window);

¢) pulse amplitude and duration versus the mode-locker parameters.

1 Numerical simulations

We use a model based on the Maxwell-Bloch equations [3]

%Tgv_f_) — g /_ Z p(A)P(, €, A)dA, (1a)
?_P(%f’.f‘_) — (=2 +iA)P + QD, (1b)
@%}ﬁ = —7y(D - Do) - R(Q*P), (Lc)

Laser Optics 2000: Ultrafast Optics and Superstrong Laser Fields, Alexander A. Andreev,
Vladimir E. Yashin, Editors, Proceedings of SPIE Vol. 4352 (2001) © 2001 SPIE - 0277-786X/01/$15.00




where

e R denotes the real part;

e 7,¢ are the co-moving coordinates: 7 =t —z/c, £ = z/¢;
e A is the inhomogeneous detuning;

e p(A) specifies the inhomogeneous line broadening;

e ) is the complex Rabi frequency;

e D is the normalized inversion;

e g is a constant that represents gain;

e 71,72 are the longitudinal and transverse relaxation rates;

e D, it the equilibrium inversion without an applied field.

Experimental parameters [2] were used for calculations. These parame-
ters were chosen different from those in [3]. Namely, T} = 5 ns ( [4], 3 times
larger than those in [3]) and the output-coupler loss 15% (4 times more than
those in [3]). Calculations and comparison with the experiment have been
done for the 514.5 nm line.

2 Results

A 3D picture of the pulse evolution is shown in Fig.1. Pulse shape is shown
in Fig.2 at different frequency detunings. The optimal position of the pulse
at the zeroth value of detuning is remarkably not at the center of the mode-
locker window, in agreement with the experiment [2]. At large negative
detunings the satellite has chaotic nature and we used averaging over 4000
pulses to get these smooth realizations which are close to the experimental
observations with a stroboscopic oscilloscope. In Fig.3 it can be seen that the
pulse changes its symmetry in dependence on its position inside the mode
locker window. The most symmetric pulse shape occurs near the center of
the mode-locker window, and the symmetry (ratio of the leading part of the
pulse to the tailing one relative to the pulse maximum) changes as the pulse
position crosses the zeroth point. The pulse asymmetry occurs due to the
additional losses of the leading/tailing parts of the pulse in the mode-locker.
When the pulse is symmetric, its shape in most cases is close to the Gaussian
one.

The dependence of the pulse parameters on the mode-locker modulation
depth has been shown in Fig.4. To get an agreement with the experimental
curves (namely, strong dependence of the pulse duration on the modula-
tion depth, Fig.4b, and the decrease of the pulse amplitude as the modu-
lation depth increases, Fig.4c) we have introduced additional losses in the
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mode-locker which are dependent on the modulation depth owing to the a)
additional acoustic modes of higher orders and b) increase of the running
acoustic wave as the electrical RF power is increased.

The pulse position is different at different gain values, Fig.5., demon-
strating the pulse velocity variations. It is clearly seen that the satellite
position does not depend on the main pulse position revealing its nature:
the satellite begins at the minimum mode-locker losses owing to the inversion
recovery.

The model above does not allow stable pulses to exist at positive de-
tuning. But in out experiments it was demonstrated that the laser can
produce stable pulses even at positive detunings. In our calculations we
used oversimplified model for the noise and found the effect of extension
of the detuning range, where the pulse is stable, to positive values, Fig.6.
(see for comparison [2a]). Before in [5] it was shown that the noise leads
to a possibility for the laser to operate in a quasi-steady-state mode-locked
regime at zeroth detuning, when the pulse train is episodically disrupted by
so-called phase waves. It is worth noting that in our experiments we did not
obtain the enhanced noise at positive detuning as in [6]. That was perhaps,
because of higher value of the output coupler loss we used. As of now, we
have no physical explanation for this effect.

Coherence effects can be seen in Figs.1,2 (afterpulse(-s) ringing at the
distance of some hundreds of ps from the main pulse). Experimental real-
izations for that have been done in [7]. Ripples at the top of the spectrum
can be seen in the spectral domain, when the pulse duration is shorter than
the value of T, (dephasing time). At fixed T> = 0.5 ns, decrease of T}
(population inversion decay time) from 5 ns to 0.05 ns leads to many-pulse
regime (inside the mode-locker window) and irregular spectrum. At fixed T
and variation of T from 1.5 ns to 0.1 ns the coherent satellites become less
prominent, the satellite distance from the main pulse decreases, the spec-
trum is smooth. The spectrum may contain a central dip (in averaged over
the 5000 round trips realization) at higher pulse energy inside the cavity,
but we do not connect it with the coherence effects.

3 Conclusion

In conclusion, we have shown:

1. The pulse and satellite positions in the temporal mode-locker window.
The pulse and satellite evolution is rather complex as detuning occurs.

2. So-called phase characteristics occur for both positive and negative
frequency detunings.

3. Dependence of the pulse duration as well as the pulse amplitude, pulse
position on the modulation depth.
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Fig. 1. The pulse shape evolution vs. number of round trips
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ABSTRACT

An all-solid-state pulse-shaping system based on a single-frequency master oscillator, preamplifier, and aperture-coupled-
stripline electrical waveform generator has been developed and implemented in the OMEGA laser fusion facility.

Keywords: single-frequency, diode-pumped laser; diode-pumped amplifier; integrated optics modulator; aperture-coupled

stripline; pulse-shaping; laser fusion.

I. INTRODUCTION

An integral part of the contemporary high-power laser system for inertial confinement fusion (ICF) research is a flexible
pulse-shaping system that is able to produce a laser pulse temporal profile specified in advance and controlled to a high
degree of accuracy. Temporally shaped optical pulses can be produced by applying shaped electrical waveforms to an
integrated-optics (I0) modulator.!"2 These shaped electrical waveforms are sent to the optical modulator synchronized with
the passage through the modulator of a flat-top optical pulse from a single-frequency laser. The optical pulse exiting the
modulator is then shaped in accordance with the voltage-dependent transfer function of the modulator. A pulse-shaping
system has been in operation on OMEGA for several years.3 Recently the performance of this pulse-shaping system was
significantly improved by replacing the flash-lamp-pumped single-frequency laser with a diode-pumped, computer-controlled
master oscillator.4 Currently the pulse-shaping system uses an electrical-waveform generator based on the reflection of an
electrical square pulse from a variable-impedance microstrip line. The electrical square pulse is generated by using a charge
line with Si photoconductive switches activated by a single pulse from a laser system. The laser system includes a mode-
locked cw timing laser, regenerative amplifier, SBS pulse compressor, and laser amplifiers. The complexity of this laser
system motivated us to develop a simplified pulse-shaping system that meets all the pulse-shaping requirements for the
OMEGA laser. This system includes a highly stable, diode-pumped, single-frequency master oscillator; a diode-pumped
preamplifier; aperture-coupled striplines (ACSL); and commercially available electrical square-pulse generators, which make
it a completely solid-state, computer-controlled system.

II. ALL-SOLID-STATE PULSE-SHAPING SYSTEM

The block diagram of OMEGA'’s new optical pulse-shaping system is shown in Fig. 1. The diode-pumped, single-frequency
master oscillator? produces highly stable, 150-ns, Q-switched laser pulses at 300-Hz repetition rate. A high repetition rate
allows us to use a high-bandwidth sampling oscilloscope for the pulse-shape measurement, which provides a higher temporal
resolution than a single-shot digital oscilloscope. The flat-top portion of the master oscillator’s 150-ns output pulse is used
for pulse shaping. A high-repetition-rate slicer produces a 20-ns flat-top pulse from the 150-ns pulse, which eliminates
unused energy from the pulse to avoid generating stimulated Brillouin scattering in our single-mode fiber. The diode-
pumped, two-pass preamplifier boosts the flat-top pulse energy up to five times to meet OMEGA’s pulse-shaping energy
requirements (200 nJ per channel). The amplified pulse is launched into a single-mode, polarization-maintaining (PM) fiber,
split into four fiber channels, and sent to the IO pulse-shaping modulators. Each pulse-shaping channel consists of two
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Figure 1. All-solid-state pulse-shaping system for the OMEGA laser system. A single-frequency sliced and amplified pulse from the
master oscillator is shaped with a modulator driven by the aperture-coupled-stripline electrical-waveform generator and gated with a

modulator driven by a square-pulse generator.

modulators: one shapes the optical pulse, and the other gates the shaped pulse, improving the overall bandwidth and contrast
of the pulse. The output shaped optical pulse is sent via a single-mode PM fiber to a regenerative amplifier and then to the

OMEGA laser system for amplification and frequency conversion.

III. ACSL-BASED ELECTRICAL WAVEFORM GENERATOR

The optical pulse exiting the modulator is shaped in accordance with the voltage-dependent transfer function of the
modulator; hence, the electrical-waveform generator is an important component in any optical-pulse-shaping system

incorporating optical modulators.

A square electrical waveform from a commercially available pulse generator is sent to the ACSL.5 The ACSL generates a
shaped electrical waveform that is sent directly to the IO modulator for pulse shaping (Fig. 1). An ACSL is a four-port device
consisting of two 50-Q striplines separated by a ground plane with an aperture to provide directional coupling as shown in
Fig. 2. A square pulsc propagating along onc of the two 50-Q striplines is coupled to the other stripline in the backward
direction. Knowing the electrical coupling coefficient as a function of the aperture width, the ACSL model determines the

exact aperture shape to be machined to generate the required electrical waveform.

Electrode 2 w
T — Figure 2. Cross-sectional view of an ACSL in the
s Ground coupling region. The electrode width w is chosen to
AN planes provide a 50-Q impedance structure. The amount of
) e Aperture electrical coupling from electrode 1 to electrode 2
Electrode 1 .
depends on the aperture width s.

ER892
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IV. PULSE-SHAPING SYSTEM’S PERFORMANCE

The temporal profile of the shaped pulse, when amplified and frequency tripled by the OMEGA laser system, must
compensate for the temporal distortions caused by both the gain saturation in the amplifiers and the frequency-tripling
process, and will produce the desired pulse shape on target. Figure 3 shows the 10 modulator’s output-pulse shape required to
produce a reversed-ramp UV pulse on target. Good agreement is seen between the measured pulse shape and the design

shape.
1.0 T
10 modulator

08 F output —
S 06+ Calculated _|
-_‘:E" / SQ}EG{A 1 Figure 3. The OMEGA pulse-shaping system is able to
g‘ outpu produce precisely tailored optical waveforms (reversed
< 04 - N ramp pulse shape is shown).
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V. PULSE-SHAPING SYSTEM COMPUTER CONTROL

The new OMEGA pulse-shaping system is completely controlled from a computer (Fig. 4). The master oscillator is reset
every half-hour and is maintained in a single-frequency regime between resets.# The modulator output using fiber splitters is
directed to the OMEGA regenerative amplifiers (regens), to a modulator minimization channel, and to pulse-shape
diagnostics (fast photodetector and sampling oscilloscope). To produce the required optical waveform each modulator must
be reset (minimized), which means that a modulator has zero transmission in the absence of an electrical waveform at a
modulator RF port. To accomplish this a computer disables the master oscillator’s Q-switch trigger, turning the master
oscillator into a truly cw laser.# Then using a motorized flipper mount, a half-wave plate is introduced between the slicer
polarizers, providing propagation of cw radiation through the modulators. A computer scans the voltage applied to the
modulator’s dc port and measures the modulator transmission with a photodiode. After finding the voltage that provides zero
modulator transmission, the computer sets this voltage at the modulator dc port. When the modulator reset (minimization)
procedure is completed, a half-wave plate is removed from the slicer and the master oscillator’s Q-switch trigger is restored.

The pulse-shaping system output optical waveform can be tuned to a design goal by using the interface shown in Fig. 5. It
recognizes the installed pulse shape, controls the pulse shape in each of four OMEGA pulse-shaping channels, sampling
oscilloscope, electrical gate timing and other adjustments. One can plot a modulator output design and on-line measured
optical waveforms, regen output and OMEGA UV output design, and calculated optical waveforms. By making small
adjustments to an electrical gate timing and modulator dc voltage, it is possible to adjust an optical waveform on-line to a

designed goal.
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Figure 5. Pulse-shaping system diagnostics provide a possibility of making pulse-shape adjustments on-line.

VI. CONCLUSION

We have developed an all-solid-state, compact, computer-controlled, flexible optical pulse-shaping system for the OMEGA
laser facility. This pulse-shaping system produces high-bandwidth, temporally shaped laser pulses that meet OMEGA
requirements. The design is a significant simplification over existing technology with improved performance capabilities.
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ABSTRACT

In development of a known method of an regenerative amplification of low-power picosecond pulses (the injection
seeding method) its modification — the method of injection locking (IL) of master laser with the amplifying laser (laser with
short-term resonance modulation of losses — STRML-laser) is offered. The use of the STRML-laser as the regenerative am-
plifier allows to lower a level of the laser - injector power on two — four order. For the neodymium laser with an output pulse
energy 1-2 J this power can be lowered up to 1 W, and the reliable capture can be carried out with 5 W. It enables to realize
the circuit of self-injection in the STRML-laser by adding a nonlinear passive modulator in a cavity. Thus at a beginning of
linear stage it is possible to “sow” pulses resulting in generation of much more short on a comparison with realized in a
STRML-regime with preservation of remaining positive qualities of this laser.

On experimental established optical properties of a passive modulator on base of computer model of the STRML.-
laser checked earlier by physical experiments a reality of a realization of this circuit numerically is confirmed. The experi-
ments with film modulator convince of a possibility of a regenerative amplification of the picosecond ultra-short pulses
(USP) in itself laser up to greatest possible (from reasons of optical durability) energies.

1. INTRODUCTION

The principle of the regenerative amplification of the picosecond USP is already realized in an injection seeding
method [1-4]. Developed nowadays by some authors this method allows to be approximated to creation of the powerful
compact laser source of pico- and femtosecond range. And complexity of a device, its dimensions and autonomy depend on
a power and energy of a radiation of the laser-injector.

According to the method, in a cavity of the Q-switching laser on the initial generation stage the pulse is injected
which forming of a laser radiation begins. From experiments [4] it is known that for an achievable amplification factor ~10°
the threshold values of a power density of the single injected pulse for the Nd-glass laser with an output pulse energy 20-200
mJ makes ~10 kW/cm? at the pulse duration 3-9 pc. The same authors [5] have shown by experiments that the resonance
excitation by injection of the limited (about 15 pulses) train reduces in lowering on approximately four order of a threshold
power of pulses for amplifying Nd-laser in such condition with an pulse energy ~0.1 J. But there is additional hardness of
capture conditions due to resonance character of interaction. The capture becomes feasible only in a narrow band of detun-
ing.
The capture conditions in an injection seeding regime can be determined from positions of the fluctuation theory of
USP forming at large exceeding by an amplification of a generation threshold similarly [6] for the laser with short-term
resonance modulation of losses (STRML). According to this approach the USP forming in the beginning of a linear stage
begins with one or several maximum (in the range of defined temporal sample) fluctuation field spike of a spontaneous ra-
diation. Then the capture in the injection amplification methods can be presented as an result of a competition in forming
between maximum fluctuation spike of a spontaneous radiation and injected USP from the outside.

It is shown that for STRML-laser the characteristic decreasing of duration of the spontaneous radiation sample in a
cavity reduces sharply the amplitude of a maximum spike at the expense of slacking of capture conditions. Earlier [7] the
analysis of a character of a power increase of a regenerated spontaneous radiation in a cavity of the STRML-laser after Q-
switching was made. The stage of forming from the spontaneous radiation to the coherent field component in an amplifying
laser contour is defined. It is established that on this stage the increase of an average field power does not happen practi-
cally. Below it is shown that thus the amplitude of a maximum noise spike is approximately proportional to duration of
sample equal to duration of a stage. But then it is apparent that the reduction of temporal sample at the expense of crea-
tion of narrow temporal windows for the injected pulse forming can be an effective method of additional (and consid-
erable) increase of an amplification factor of pulses injected in the Q-switching laser. Just such situation exists in the
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STRML-amplifier. But it is already new system for forming of high-energy picosecond pulses. Conceptually it is a modifi-
cation of an injection seeding method. i.e. it is creation in the amplifier with deep Q-switching of narrow temporal win-
dows on an axial period, in which one of is introduced the low-power USP. For injection the picosecond laser is used, and
for an amplification the high-energy STRML-laser is used. The method can be quite submitted by the resonance injection
excitation of the power amplification cascade. Let's name it as injection locking method (IL), and its experimental realiza-
tion - accordingly the IL-system.

The investigations of STRML-lasers have shown [8] that they is easy synchronized by external electrical pulses
and have temporal binding to an external signal approximately equal the generated pulse duration (less than 1 ns). They
are also capable reliably and with high reproducibility of characteristics of pulses to work in a wide range of the modula-
tion and intermodes frequencies detuning [9]. With use of STRML-lasers as the regenerative amplifier there is a necessity
of hit of injected USP in one of temporal windows. Le. the defined precision of a synchronization of work of lasers is re-
quired. If in an injection seeding method this precision equals some axial periods, in an offered method one equals units of
percents from an axial period (i.e. ~0.1 ns). But with excitation of the power amplifier by limited USP-train [5] the preci-
sion incomparably higher is required.

2. INJECTION LOCKING REGIME

As in any generator the generation in the STRML-laser starts with a level of a spontancous radiation. The devel-
oped model of a STRML-system [7] has allowed to study detailed the process of generation forming. In particular it was
defined that on the initial stage (in limits 10-15 round trips) the average field intensity in a cavity practically does not
increase. On this stage there is a USP forming from the noise field, exacter there is the spectrum contraction of a selec-
tively amplified luminescence up to a spectrum width of lasing. Only then the real linear stage of generation starts.

The injection capture in a IL-method is most favorable on the first stage of transformation amplified luminescence
in a laser radiation. It is much longer than for the Q-switching laser, agrees to fluctuation representations about dynamics
of an establishment of generation in the STRML-laser [6]. Due to existence of a delay in forming of own pulse of the am-
plifying laser generation the injected USP at once begins to amplify intensively, essentially anticipating the natural in-
crease of the luminescence field component.

Let's consider a device of a STRML-contour (Fig.1a). The method of pulse input from the outside is not critical.
At first, in experimental practice the series of these circuits are known already. And secondly, optical circuit of the
STRML-laser (and in particular, its special modulator) allow to offer the additional input circuits.

In the STRML-laser the used modulators are contrast ~10° [10], and the modulation is produced synchronously
with each return of pulse in the modulator. The pulse not caught in “a temporal window” has extracted automatically from
a cavity. As was established by many experiments [11], the requirements to the coordination of modulation frequency with
intermode one are low — up to 2% of detuning. Let's consider that the cavity is formed by a 100% mirror R, and output
mirror R,. The temporal diagram of amplification process of injected pulse is submitted in Fig.1b. The STRML-laser in
limits of a stage #, works in an expecting regime: USP is injected in one of temporal windows after fast Q-switching. In
result at amplification more than in 1,6 times exceeding losses in a cavity and low Q-factor of a cavity the single high-
contrast USP is radiated [11].

Let’s consider correlation between amplitude of maximum spike of spontaneous noise on a time interval A7 and
width of this interval. This connection follows from a relation for the spike number n" of spontancous noise with Rayleigh
statistics exceeding the given level C [6]:

ot o Co, AT expi- C’(1+a,N) @
<4252 TV (0 N +1) 2<A4X>T™ |

Here o, is half-width of the gain line, o, is the field unsaturated gain in active medium, <A§> is the average power of
spontaneous noise, I' = exp(o., —y) is the pulse gain for one round trip, v is product of mirrors reflectivities, N is quantity
of round trips. The required correlation in the implicit form C_,, (AT) will be defined from (1) for unique on an interval

(i.e. maximum) spike. If T is great, at large spectrum width o, the inequality 2(c.,N +1)* /®,2AT? >>1 is true. Then the
connection between parameters Cp. and A7 becomes approximately linear:
Cpne = 20,0TTY < A2 5V2 Ja N +1). [¥))
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It corresponds to the STRML-laser. And as the
magnitude AT can achieve 107 from an axial pe-
riod and I' essentially more one, (2) reveals of
principle difference of a IL-method on a compari-
son with the injection seeding circuits: intensity of
a maximum spike and, accordingly, a power of the
injected signal decrease more, than on two order.
On evaluations, the average power of noise in
axial modes for the Nd-laser with doubly exceed-
ing of a self-excitation threshold with an output
pulse energy ~1 J and with an average value of Q-
factor equal ~0.1 W. A decrease of maximum
spike amplitude in the STRML-laser in the corre-
spondence with (1) gives in a reality also addi-
tional decrease of spike amplitude owing to narrow
band of gain for regenerated part of a noise ficld.

The width of a “temporal window” is
determined according to [12] as

2 2 %
AT = =arcsin —arccos| ~———— ,(3)

Q n 1+30,/4~y

where AQ is intermodes interval,

1/,
Tw(n+ 75)

A, =1+§-0LO -y - — L2

4 ® AT

Thus the width of a “temporal window” is con-
nected with a line half-width o, by relation:

RS TRvATI

and the expansion of an amplification spectrum
narrows down additionally a “temporal window”
reducing sample of spontaneous noise.

Thus the high-contrast modulation of
losses reduces sharply the maximum spike ampli-
tude of spontaneous noise in the beginning of a
linear stage of generation according to (2).




3. CALCULATED TEMPORAL CHARACTERISTICS OF A SYSTEM
IN THE INJECTION LOCKING REGIME

The numerical experiments for a broadband active medium — Nd-glass and for narrow-band — YAG: Nd&** were
carried out. As an example the computation is carried out for high Q-factor of a laser cavity (R, ~ 100%, R, = 95%). As
will be shown below the excitation of IL-regime there is possible with a minimum power of injected USP.

There are the profiles of output pulses in Fig.2 with various exceeding by a peak power of injected pulse /;,; of an

average power of a spontaneous radiation of an active medium in the STRML-contour /g, = <A§> for a narrow-band

active medium (Fig.2a, the duration of injected pulse equals 200 pc) and for broadband active medium (Fig.2b, the dura-
tion of injected pulse equals 20 pc). The time of round trips equals 10 ns. As against earlier carried out experiments with
the STRML-laser (including numerical), the submitted below dependences show a temporal course of processes in a reso-
nator with high Q-factor (the transparency of mirrors for full round trip is equal 0.95). As it is visible from Fig.2a, with a
unsufficient ratio ./, (profile #1) the injected pulse is badly chosen on a background of spontancous noise. With increase
of a ratio /I, up to 50 (profile #2) the injected pulse keeps only insignificant tracks of a spontaneous initial field, which
smooth out at a nonlinear stage (profile #3). With the same ratio for a broadband active medium (Fig.2b, profile #2 and
#3) the part of a spontaneous radiation in the injected pulse will increase somewhat.

The constructed by a computer method at stochastic input conditions with not reproduced from flash to flash re-
alizations of a spontaneous radiation dependences in Fig.2 correspond to oscillograms of laser generation in a IL-regime.
These dependences, earlier for the STRML-laser obtaining confirmation in experiments, we use here for numerical ex-
periments. On base of calculations with simulation of a real statistician is like [8] we has been obtained the various de-
pendences of a modification of USP-duration during their forming. The scatter of data on these dependences is connected
with not reproduced from flash to flash realizations of the spontaneous noise continuously accompanying process of an
amplification injected USP.
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Fig.2. “Oscillograms™ on a linear stage after 10 round trips of a STRML-contour for: (a) — narrow-
band active medium (#1 — I/, = 5; #2 — Iy/I; = 50; #3 - on a nonlinear stage); (b) — broadband
active medium (#1 — i/, = 5; #2 — I,/I, = 50; #3 — on a nonlincar stage).
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However realizing a principle of regenerative amplification in the STRML-laser, as has shown experiment, is
possible and without introduction from the outside of USP with the above-stated power. For selection of separate spikes in
a maxima of a temporal window it is possible to take advantage of an ordinary passive modulator.

4. TEMPORAL CHARACTERISTICS OF STRML-LASER
WITH INTRACAVITY PASSIVE MODULATOR

The light characteristic dependence of a used modulator is necessary for their calculations. Below we used ordi-
nary film modulator. Its optical characteristic was measured with use of a spike radiation of the CW YAG:Nd**-laser L
(Fig.1c). The past through film modulator A/ radiation was measured by photometer F;, and the incident radiation on a
modulator was measured photodetector F>. Simultaneously the spikes were photographed from a screen of the two-beam
oscilloscope and on a known average power the power of spikes on an oscillogram was determined already. The obtained
nonlinear dependence of the modulator transparency is shown in Fig.3.

A computer model of the STRML-laser, with use of which the shown above results were obtained, was supple-
mented by experimentally defined the transparency function of a passive modulator. There is submitted an USP profile in
Fig.4, which is a result of action on the initial spontaneous radiation both passive filter and STRML-mechanism, i.e. of
development of generation in conditions rather narrow, but limiting deep temporal windows. The duration of maximum
pulse is 3 ps in end of linear stage that is more shorter than the pulse duration of itself STRML-laser. It is visible that as
well as with external injection (Fig.2), the laser sharply has reduced the USP duration on a comparison with a usual

STRML-regime in the correspondence with a line width of an active medium.
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of the CW laser.

The experimental realization of this idea is made in the Nd-glass laser. In Fig.5a the usually poorly reproduced
from flash to flash picturc of generation of the laser with a passive mode locking is submitted. The laser with intracavity
film modulator corresponded to Fig.1a, but to an electrooptical modulator FA any electrical signal did not apply. With
switching of the STRML-circuit, i.e. with applying the appropriate signal to the modulator the picture sharply varied and
had ~100%-s' reproducibility, and USP (see Fig.5b) were shortened in the correspondence with calculated in Fig.4. The
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additional pulses in Fig.5b are connected to oscillations in
electrical circuits of photodetector with a time resolution not
better 5-107%s.

Thus the experiment convinces in perspective of the
injection seeding idea.

10 ns

b)

Fig.5. The USP shapes is obtained with use of a coaxial
photocell: (a) — of passive mode locking laser; (b) — in
that the laser, but with applied Q-switching on a STRML-
principle.
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ABSTRACT

The results of the study of ultra-short pulse generation in continuous-wave Kerr-lens mode-locked (KLM) solid-state lasers
with semiconductor saturable absorbers are presented. The issues of extremely short pulse generation are addressed in the
frames of the theory that accounts for the coherent nature of the absorber-pulse interaction. We developed an analytical
model that bases on the coupled generalized Landau-Ginzburg laser equation and Bloch equations for coherent absorber. We
showed, that in the absence of KLM semiconductor absorber produces 27— non-soliton pulses of self-induced transparency,
while the KLM provides an extremely short soliton generation. 27— and m— sech-shaped soliton solutions and variable-
squared chirped solutions have been found. It was shown, that the presence of KLM loosens the stability requirements for
ultra-short pulse generation removing the limitation on the minimal modulation depth in absorber necessary for the pulse

stabilization. An automudulation stability and self-starting ability analysis is presented.

Keywords: ultrashort pulse, semiconductor absorber, self-induced transparency, soliton, Kerr-lens mode locking

1. INTRODUCTION

A rapid progress in ultra-fast lasers has resulted
in generation of sub-10 fs pulses, which is close to the
fundamental limit defined by the light wave period in
near-IR'. Today a basic technique for fs-generation is
the Kerr-lens mode locking® in combination with a
slow saturation of interband or excitonic transitions in
semiconductor structure®. It was shown®, that in both
cases a soliton formation plays the key role. The
soliton mechanism stabilizes an ultra-short pulse
generation and works efficiently down to shortest
possible pulse durations. Moreover, the soliton
generation due to its highest stability and simple pulse
form is of highest practical importance, which
stimulates the investigations in this field.

0 T T T It was shown in> S, that the strong nonlinear

2 4 v effects in semiconductor absorbers, such as absorption
linewidth enhancement and Stark effect, transform the
condition for soliton formation, that leads to an
additional pulse stabilization and compression. Since
the pulse durations in modern ultrafast lasers are
comparable or shorter than the absorber dephasing
time Z,,5, the coherent nature of the pulse-absorber interaction has to be taken into consideration. A coherent absorber mode
locking has been analyzed in refs.”°. In particular, it was shown in”? that the dynamical gain saturation is essential for the
coherent soliton generation in lasers. However, the latter is negligible in femtosecond solid-state lasers, where the dominating
nonlinear factors are self-phase modulation (SPM) and self-focusing. Numerical simulations'® have demonstrated the
generation of fs-pulses of self-induced transparency in solid-state laser with semiconductor quantum-well absorber with no
Kerr-lensing in the system. It was shown, however'!, that Kerr self-focusing is essential in fs time domain and should be
taken into account in the analysis. Furthermore, an analytical solution for this problem is still lacking which might provide a

new insight into the physics of fs-lasers and semiconductor optical devices.

Fig. 1. 2n-pulse envelope in the coordinates "pulse amplitude ~
pulse square” as resulted from numerical solution of Eq. ¢

(solid curve) and the sech-shaped pulse envelope (dashed curve)
3=0.04, 7,=0.01, 50.042, /=2.5 fs.

Laser Optics 2000: Ultrafast Optics and Superstrong Laser Fields, Alexander A. Andreev,
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Here we present a study of fs-soliton generation in cw solid-state Kerr-lens mode-locked laser with semiconductor
absorber. We developed an analytical model that accounts for coherent absorption in semiconductor, SPM, KLM, group-
velocity dispersion and gain saturation by the full pulse energy. The condition of the soliton (sech-shaped pulse) formation is
found and the contribution of Kerr-lensing to soliton formation is demonstrated. We showed that the generation of chirp-free
2m- and - solitons and chirped quasi-solitons with variable square is possible. The solutions obtained are stable against laser
noise with no limitation on the minimal necessary modulation depth introduced by absorber. An automodulational stability
and self-starting ability of mode locking are estimated, too.

A rapid progress in ultra-fast lasers has resulted in generation of sub-10 fs pulses, which is close to the fundamental limit
defined by the light wave period in near-IR'. Today a basic technique for fs-generation is the Kerr—lens mode lockmg in
combination with a slow saturation of interband or excitonic transitions in semiconductor structure®. It was shown’, that in
both cases a soliton formation plays the key role. The soliton mechanism stabilizes an ultra-short pulse generation and works
efficiently down to shortest possible pulse durations. Moreover, the soliton generation due to its highest stability and simple
pulse form is of highest practical importance, which stimulates the investigations in this field.

I I I 1 1
0,001 0,002 0,003 0,004 0,005 P

Fig. 2. Pulse duration #, versus pump P. 2n-pulses (/, 2) in the absence and (', 2') in the presence of SPM.
(2, 2’) — unstable against the noise solutions. (3) 2n-soliton; (4) m-soliton; and (35) chirped quasi-soliton (c=0.14,
£=0.26) with the KLM present in the system. @pno=0.1, 7,=3 ps, Tox=10 ns, =6.25x10*, y=0.01, 1= 1 (1, I', 2, 2'),
0.5(3), 0.2 (4), 0.3 (5).

It was shown in™ ®, that the strong nonlinear effects in semiconductor absorbers, such as absorption linewidth
enhancement and Stark effect, transform the condition for soliton formation, that leads to an additional pulse stabilization and
compression. Since the pulse durations in modern ultrafast lasers are comparable or shorter than the absorber dephasing time
t.on the coherent nature of the pulse-absorber interaction has to be taken into consideration. A coherent absorber mode
locking has been analyzed in refs. 19 1n particular, it was shown in” ® that the dynamical gain saturation is essential for the
coherent soliton generation in lasers. However, the latter is negligible in femtosecond solid-state lasers where the dominating
nonlinear factors are self-phase modulation (SPM) and self-focusing. Numerical simulations'® have demonstrated the
generation of fs-pulses of self-induced transparency in solid-state laser with semiconductor quantum-well absorber with no
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Kerr-lensing in the system. It was shown, however'', that Kerr self-focusing is essential in fs time domain and should be
taken into account in the analysis. Furthermore, an analytical solution for this problem is still lacking which might provide a

new insight into the physics of fs-lasers and semiconductor optical devices.
Here we present a study of fs-soliton generation in cw solid-state Kerr-lens mode-locked laser with semiconductor

absorber. We developed an analytical model that accounts for coherent absorption in semiconductor, SPM, KLM, group-
velocity dispersion and gain saturation by the full pulse energy. The condition of the soliton (sech-shaped pulse) formation is
found and the contribution of Kerr-lensing to soliton formation is demonstrated. We showed that the generation of chirp-free
27- and - solitons and chirped quasi-solitons with variable square is possible. The solutions obtained are stable against laser
noise with no limitation on the minimal necessary modulation depth introduced by absorber. An automodulational stability

and self-starting ability of mode locking are estimated, too.
2. MODEL

Based on the slowly varying envelope
] approximation for the field amplitude a(?), we
Ya consider a distributed system including saturable
gain a, linear loss 3 SPM f, Kerr-lens-induced
fast saturable absorption with saturation intensity
0.08 - . 1/o, group-velocity dispersion D and bandwidth
' limiting element with transmission band 1/#: To
account for the coherent interaction with the
l semiconductor absorber while staying in frame of
analytic approach we adopted a two-level model
of energy levels in semiconductor. This
assumption is valid for quantum-confined
semiconductor structures utilized in mode-locked
fs-lasers.

When the pulse duration is much shorter
than the dephasing time in absorber, #,<<t.,; and
the field intensity |a(t)|* is not enough for the
Stark  effect manifestation, the pulse-
semiconductor interaction obeys the Bloch
equations”:

du d¢
2 A~y
dt ( dt v qav,
0,00 T T T r J T T y 1 ﬂ=—(A——q1-¢i u, ()]
0,001 0,002 0,003 0,004 0,005 dt dt
P aw __
- qau,

where u(t), v(t) and w(¥) are the slowly varying

Fig. 3. Minimal modulation depth of absorber y, for (7) stable and e
envelopes of the polarization quadrature

(2) unstable 2m-pulse, (dashed curve) generation threshold and . .

(dotted curve) maximal modulation depth for m-pulse. Dashed compor_xenlts aff]/‘;hfj— %opulatéonl dlfferenc.e,

region is a stability zone. 7=1 (I, 2), 0.2 (dotted curve). :ﬁngggl’: r};;oqmentulin, ;is ézile;znignrgiﬁé:

(in our calculations we used the parameters of

GaAs/AlAs absorber, the saturation energy

E,~50 pY/em? and t.,;=50 fs), A is the mismatch between optical resonance and pulse carrier frequency, ¢ is the instant field

phase. An initial saturable absorption y=27Nd ekt /(1 )=0.01 (w is the field frequency) corresponds to the carriers
density N=y,E/(h wz,)=2x10'"® cm™ and the thickness of semiconductor absorber z,~10 nm.

The laser part of the master equation is the generalized Landau-Ginzburg equation’. Then the master laser equation

can be written as:

2 ,
- 27Nz jod 27N:
Ga(z,0) _ a—y+i0+§2+(t}+iD)——a +Z I'B|a|2 a+ ey Z”d—dv, (2)
oz ot or? 772 c c dt
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where z is the longitudinal coordinate normalized to the cavity length, i.e. the number of the cavity round-trip, c is the light

velocity, @ and & are the phase and time field delay after the cavity round-trip, respectively. We neglected the spatial effects
in the absorber. In what follows we shall consider only steady-state pulsed solutions, which allows to eliminate the

dependence on z. We normalized the times to frand the field to g¢: S and o are normalized to (2qtj)2/ncao = 5x10" cm¥/W,
where 7 is the index of refractivity, & is the permittivity and #=2.5 fs (Ti: sapphire laser). With this normalizations 0=0.14
corresponds to the saturation parameter of Kerr-lens induced fast saturable absorber of 10’ W and 30 um spot size in active
medium. Dimensionless SPM parameter B is equal to 0.26 for 1 mm thick Ti: sapphire crystal. (Note, however, a

40
35 -
30 =

25 =

15 = \

10 = VN

Fig. 4. Pulse duration ¢, versus (solid and dashed curves) 7 and (dotted curve) o in the presence of KLM for (/)
2n-soliton; (2) m-soliton; (3) chirped quasi-soliton for c=0.14, $=0.26; (4) chirped quasi-soliton for 77=0.2, 5=0.26.
P=0.001 for all curves.

dimensioned pulse duration in Figs. 2 and 4). Additionally, we introduced an important conirol parameter 7, which is
governed by 1) the ratio between the size of generation mode in active medium and in semiconductor absorber or by 2) the
reflectivity of the upper surface of the semiconductor saturable device. Formally, the variation of 77 means the variation of
relative contribution of SPM, Kerr-lens-induced saturable absorption or saturable gain with respect to the saturable
absorption in semiconductor.

As we shall see later, the gain saturation by the full pulse energy is an important factor for the pulse stability and
thus should be taken into account. The simplest way to do this is to use a quasi-two level model for active medium. After
some calculations for the gain saturated by the full pulse energy E in the steady-state condition we have
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o= a";"x , Where @, is the gain for the full population inversion, 7, is the gain relaxation time normalized to
P+tE/n® +1/T,
the cavity period Tem, P = 614 Teamd/hV, is the dimensionless pump intensity, v, is the pump frequency, o4 is the absorption
cross section of active medium, 7, is the pump intensity, =6.25x10* is the normalized inverse energy of the gain saturation.
Later we will consider the different simplifying realizations of our model aimed to investigation of the pulse solution

of the system (1, 2).
3. PULSE OF THE SELF-INDUCED TRANSPARENCY IN THE ABSENCE OF KILM

We consider the case 4=0 and restrict ourselves to the case of chirp-free solutions. After integration the equations (1) the
master equation (2) reads:

2 .
da(z,t) a—y+i9+53+(1+iD)§—+1——’@-[a|2 a-Ta sinwz,t), ()
Oz ot or° 772 Leoh

!
where y(z,t) = fa(z,t’)dt’ is the pulse square (note, that the field and time are dimensionless quantities here). Under steady-

00

state condition (the pulse envelope is independent on z), an integro-differential Eq. (3) transforms to the differential equation

2
d _d* d* a—iﬂ(a’y/(t)j d Ya .
a—y+i@)—+8—+(1+iD)—+ T () —LEsin(p (1) =0. 4
{( pri0) GO (D ST T | GO W) 0)
In the absence of the lasing factors we have a well-known nonlinear equation of the Klein-Gordon's type with 2n-
soliton solution in the form a(?)=apsech(t/t,) , where a, is the amplitude, ¢, is the duration'”. But this solution does not satisfy
the full Bq. (4) in the absence of KLM (0=0). Further we consider the Eq. (4) neglecting the KLM, SPM and GVD

(o=p=D=6=0).
The substitution (1) = x, dy(®)/dt = y(x) (“square-amplitude” representation) reduces the third-order Eq. (4) to the
second-order one:
2 2
5—2y— y+[ﬂ) 169 4 (@-p)ly-Lasin(x) =o0. )
dx dx dx Leon

We solved this equation numerically and found a nonsoliton (i.e. non-sech-shaped) 2m-solutions for it (see Fig. 1, where
numerical solution is shown in comparison with the sech-shaped pulse). This clearly indicates on some additional nonlinear
factors which are necessary for the soliton formation and which are absent in Eq. (5).

However, 2n- nonsoliton solution is worth more detailed investigation for it might be relevant mechanism for
ultimately short pulse generation in real lasers. As is known®, the main mechanism of destabilization of fs-pulses is the noise
generation as result of loss saturation in absorber. In the case of 2n-pulse formation, the Rabi flopping of the absorber

population suppresses the noise behind the pulse tail, thus stabilizing fs-generation'’.
To investigate the pulsed solutions of Eq. (5) analytically, we used a harmonic approximation: y(x) = a;sin(x/2)+assin(x)+....

Retaining only the first term, in the “square-amplitude” representation, we arrive to the solution a; = 2J2a~y),

5= ¥ (2a=Pteon), t, = 2/a;, which corresponds to sech-shaped solution in the “time-amplitude” representation. The relations
between pulse parameters are analogues to that ones for 27 sech-shaped solution, except an additional relation arising
between pulse amplitude and lasing factors a and .

Fig. 2 (curves / and 2) presents the pulse durations for two physical solutions of Eq. (5). One can see, that the
coherent absorber provides sub-10 fs pulse generation starting from some minimal pump. An important feature of this
solution is the positive difference between saturated gain and linear loss a-y> 0, which imposes a requirement on the
possible minimal saturable loss y, necessary for stable pulse generation, i.e. the minimal modulation depth of absorber that
confines the region of the pulse stability against laser noise. As it was shown in%, the pulse is stable if the net-gain outside
pulse is negative that produces the condition a—y~,<0, i.e. y>a~7. The dependence of the minimal modulation depth on the
pump is shown in Fig. 3 for two physical solutions of Eq. (5) presented in Fig. 2 (lower curve corresponds to the solution
with larger duration, the dashed curve depicts the generation threshold, hatching shows a corresponding stability zone). As
one can see, the pulse stabilization against laser noise is possible only for the solution with longer duration. The stability
range widens in y,, however at the cost of pump growth, which is the obvious disadvantage of this regime.
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Now we introduce into equations the SPM and the GVD terms, that corresponds to a real femtosecond lasers.
Assuming a chirp-free nature of possible solution we can reduce Eq. (4) to the first-order equation making use of a pure real
character of the field:

Ji}ix—)+——£—y(x)2+(a—y—£)}y(x)— Ya_ginx =0. (6)
dx n 2.D D Lcoh

With the above described

harmonic approximation we have the

following solution: 17 =

¢ 3pai’ /47 +D(@=1), 8 = 4 teoncti), a1 =

0.01 0.03 0.04 23a-y), t=2/a; again for 27-

¢ ! : } squared solution. The pulse duration is
0.8 1 presented in Fig. 2 by curves /' and 2"
. The stable against the noise solution has
0.6 - a slightly longer duration than the
1 unstable one.

0.4 Formally, the solution obtained is the
. T solutions of the laser part of master

2

0.2 equation that in the same time satisfies
. the Bloch equations. The stability of the
0.0 solution results from the self-induced
transparency in absorber, when the pulse
02 propagates in the conditions of the
positive net-gain and noise suppression
0.1 0.3 0.4 due to Rabi flopping of the absorber

n population. We do not analyze the

automodulational  stability’> of the

b solution since it has been testified
directly by the numerical simulation in'.

0.02 0.04
] . ] Thus we can conclude, that

there is not the generation of coherent
1.3 - soliton in the absence of Kerr-lens-
induced fast saturable absorption. But

wr
‘ . 1 the generation of nonsoliton 2m-pulse

takes place, which imposes a limitation
1.2 on minimal modulation depth of the
absorber with subsequent growth of
generation threshold. In the next section

114 we take into account the contribution of

\1 KLM.
2 4. COHERENT 27-SOLITON IN

1.0 olz T 0'4 THE PRESENCE OF KLM
. : n

The presence of KLM is described

Fig. 5. a) chirp ¢ and b) pulse square y/ versus 77 and o in the by the term ojal’ in Eq. (3). In this case
presence of KLM: (1) 0=0.14; (2) 7=0.2. 5=0.26, P=0.001. there is a 2m-soliton solution of Eq. (3),
however for a strict relation between o

2
and 7, so that o = % . The sech-shaped solution has the following parameters:

ay =i,t ! La

- E ¥
tp P Jy—a tcoh(y"a)
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There are two distinct features of 2m-soliton generation: 1) the condition a—y< 0 is satisfied and, consequently,
there is no limitation on the minimal modulation depth of the absorber; 2) the expression for the pulse duration is precisely
the same as for the case of pure fast saturable absorber mode locking?, that suggests that the KLM is the main mechanism
determining the pulse duration. This conclusion corroborates with the results of ref.!. The action of the coherent absorber
determines the pulse delay & and imposes a restriction on the pulse square, i. e. the relation between pulse duration and
amplitude. Pulse duration in the presence of KLM is shown in Fig. 2 by dotted curve 3. As is seen, the pulse duration is much
shorter than for the case with no KLM, especially for the small pump. As the contribution of semiconductor absorber is
increased (77 approaches 1, curve / in Fig. 4) the pulse duration is reduced down to the limit of the validity of the slowly

varying envelope approximation.
An explanation of additional relation between the parameters of Kerr-lens-induced absorber and semiconductor

absorber is as follows: a sech-shaped solution satisfies both pure laser equation and the Bloch equations, but the coherent
interaction discriminates the special cases of nn—squared pulses, in particular 2n—pulses, which are provided by o=772

relation.
Let us study an automodulational stability of the laser coherent soliton, which we showed before to be very important factor
in fs-lasers’®. We used an aberrationless approximation, which assumes an unchanged form of solution and z-dependence for

the pulse parameters. The substitution of the pulse envelope in Eq. (3) with following expansion into the time series yields:

dao _2((2—}/)7721'127 '-772 +40 dtp _47]2 -20

dZ 772[13) ’ dZ aonztlz) ’
8
2(D+4ﬁ2) t (
0= T 5=2 Yalp
aptp Tcoh90

Eqs. (8) were derived for a chirp-free solution with the dispersion D=-2p3/7° exactly compensating for SPM. To be
self-consistent the system (8) should be completed by additional relation between pulse duration and amplitude arising from
the Bloch equations. After some calculations we have the explicit expressions, which determine the pulse stability. The pulse
is stable if the Jacobean of the right-hand sides of first two Egs. (8) has only non-positive eigenvalues. The condition for
amplitude perturbation decay -4(y-a)*<0 is satisfied automatically. For o=1/2 the pulse possesses a marginal stability with
respect to pulse duration. However for any o< 17/2 the pulse stability condition with respect to duration is satisfied.

Thus, we have analyzed the characteristics of 2n-solitons generated in fs KLM lasers with semiconductor coherent
absorber. However, equations describing this physical situation allow yet another type of solutions.

5. COHERENT n-SOLITON AND CHIRPED QUASI-SOLITONS IN THE PRESENCE OF KLM

As one can see from the previous part of our work, the ultrashort pulse is the soliton for the both laser part of the master
equation and the Bloch equations. Now we consider the complex ansatz describing a pulse with chirp ¢

alt)=a sech(L)l_’{. It is known'?, that the Eqgs. (1) have a sech-shaped solutions in form of chi -free n-pulse or sech-
0 p Ip P

p
shaped chirped solution, when the following relations hold:

(1) = ug sech(-”—), W) = vy sech(;{—), w(t) = tanh(t—t—),iﬁ-tz - —g—tanh(yt—), where

p P p p p

1+§2 u0=— ! V0= { .
tp \/1+42’ J1+¢2

A chirp-free solution is a m-soliton, which is obviously unstable in the absorber since the full population inversion
behind the pulse tail amplifies the noise. However, another nonlinear factors in KLM-laser can stabilize the pulse and this

requires a corresponding consideration.
Parameters of the chirp-free n-soliton in KLM-laser are:
1 1 -
ag=——,lp = D=~ ﬂz’gzﬂ(y 20!),0_:2772. &)
‘p y-a 27 27

ap =
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This is very similar to 2n-solution (7), however with some differences. As the pulse amplitude of the m-soliton is two times
smaller than for the 27n-soliton, a KLM-parameter in order to produce the same effect and support soliton generation should
be increased four times and the dispersion should be decreased accordingly.

Curve 4 in Fig. 2 depicts the pulse duration for n—soliton. As is seen, the pulse duration slightly differs from the
duration for 2r-soliton (curve 2) and is shorter in the region of small 7 (curve 2 in Fig. 4).

As was said before, a =-

; soliton inverts the population

’ difference in the absorber that

/ causes the noise amplification
behind the pulse tail. Hence, the
laser pulse stabilization is possible if
the condition a+7y,-7<0is satisfied.
This defines the maximal initial loss
in the absorber (dotted curve in Fig.
3). It is seen, that the maximal
modulation depth exceeds the
threshold (dashed curve) and,

consequently, the generation of the
stable n-soliton is possible.

When the condition

P 3\/0'2 +ﬂ2 -a

n <—4—-—— holds there

are the physical chirped solutions
with sech-shape. In this case, the
expressions for D and pulse
parameters are bulky and we do not
I I write them here. The pulse duration
0.5 | 22 is presented in Fig. 2 by curve 5. As
0 is seen, the chirped pulse duration
Fig. 6. Self-starting ranges on the plane "peak intensity of initial noise pulse — can be very short even for the
duration of initia] noise pulse". Dark and hatched (together with dark) regions moderate value of P. There is a
correspond to the self-starting for P=8.5x10" and 8.8x10™ respectively. 7,=1 ps, minimum in the dependence of the
7=0.01, 7=1, 7=6.25x10°. pulse duration on 7 (an optimal
reflectivity  of  semiconductor
absorber device, curve 3 in Fig. 4) and it does not coincide with the point of precise chirp compensation (curve / in Fig. 5, a).
Additionally, the pulse square is variable for this type of solution (curve / in Fig. 5, b).
There is a sharp minimum in the dependence of the pulse duration on o, also (curve 4 in Fig. 4). For our parameters
a corresponding KLM-parameter is 7x107 W. As it was in the previous case, the minimum of the pulse duration does not
coincide with the point of chirp compensation (curve 2 in Fig. 5, a). Unlike the case of variation of 7, the variation of o
causes only a slight variation of the pulse square (curve 2 in Fig. 5, ).
Summarizing, the generation of sech-shaped n-pulses and chirped pulses with variable square is possible in KLM-
lasers with coherent semiconductor absorber as a result of definite relation between KLM and saturable absorber’s
contribution. A larger KLM contribution (for a fixed 7) is needed to produce the pulse as compare to the case of 2x-soliton.

0.5

6. SELF-STARTING ABILITY

Our results suggest that the pulse duration is determined rather by KLM, whereas a saturable absorber puts a limitation
on the pulse square. But an important feature of KLM in the presence of semiconductor absorber is the self-starting ability.
To estimate it in our model we analyzed an evolution of the initial noise pulse, which is much longer than the relaxation time
of the excitation in absorber T,=1 ps. For such a noise pulse an absorber is fast and the action of SPM and self-focusing is
negligible. Using the normalization of the time, gain saturation energy and field intensity to T,m, E, and E/T,, respectively
an evolution equation for the noise pulse is:
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where all notations have the meaning as before, and field parameters refer to the noise pulse. To solve Eq. (10) we used, as
before, an aberrationless approximation. The decay of the noise pulse (growth of the duration and decrease of the intensity)
means in our model that the system will not self-start. An opposite situation with an asymptotic growth of the noise pulse
testifies about ability of the system to self-start. After some calculations, the self-starting conditions are:
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Fig. 6 demonstrates the regions of the initial pulse parameters corresponding to the self-starting. The dark zone
corresponds to the pump P = 8.5x10™, which is close to the threshold of mode locking self-start. Lower pump cannot provide
the self-starting while a higher pump (P = 8.8x10™) causes an expansion of self-starting region.

7. CONCLUSION

In conclusion, we investigated the conditions of soliton formation in cw solid-state laser with coherent semiconductor
absorber. It was found, that the mode locking in the absence of Kerr-lens-induced fast saturable absorption does not produce
sech-shaped pulse. This 2n-pulse (pulse of self-induced transparency) has fs-duration and is stabilized by the defined minimal
modulation depth of absorber. The stabilization results from the positive difference between saturated gain and linear loss and
an increase of the threshold of sub-10 fs generation. A combined action of KLM and coherent absorption produces the sech-
shaped soliton, which removes a requirement to the minimal modulation depth of semiconductor absorber. The pulse
duration, which is close to the fundamental limit, is defined by KLM and the coherent absorber defines the pulse square. As

result, there are 27-, n-solitons and chirped quasi-soliton with variable square.
Our results can be useful for the development of high-efficient self-starting generators of extremely short puises for

fs spectroscopy, X-ray and THz generation.
All calculations in this paper were carried out in Maple V, the corresponding commented programs are presented at

htip://www.geocities.com/optomaplev.
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About possibility of formation of shock electromagnetic waves on
optical cycle due to generation of higher harmonics
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ABSTRACT

There is considered formation and propagation of shock electromagnetic waves (SEW) of visible spectral range as possible
nonlinear optical phenomenon taking place at laser intensities characteristic of femtosecond laser interaction with
transparent solids. Main regularities of SHEW formation are studied on the basis of 1D model of plane-wave propagation
in isotropic dielectric with nonlinear optical response. Special attention is paid to influence of color dispersion and
absorption on SEW formation and propagation. Necessary conditions for appearing of SHEW are obtained, in particular,
threshold amplitude is estimated. There is presented a model for numerical study of SHEW formation and propagation
influenced by dispersion of linear and nonlinear parts of refractive index. Using the simulation, we studied dynamics of
SHEW formation on several optical cycles near leading edge of femtosecond laser pulse propagating in transparent
medium. Important observed features of SHEW are discussed.

Key words: femtosecond laser pulses, transparent materials, shock electromagnetic waves, nonlinear propagation,
femtosecond laser-induced damage

1. INTRODUCTION

Fast developing of femtosecond lasers and general trend in increasing of damage threshold with decreasing of pulse
duration have resulted in new situation in the area of high-power nonlinear optics. Many nonlinear optical phenomena can
be studied at laser intensity 10" ~ 10" W/cm? in transparent materials that cannot be reached for nano- and pico-second
laser pulses. That results in revealing of new effects and strong changes of regularities for known nonlinear optical effects.
On the other hand, characteristic intensities of laser-induced damage and ablation have exceeded 10" W/cm® what, being
combined with femtosecond pulse duration, gives possibility of new insight into process of laser-matter interaction.

Two main characteristic features of femtosecond laser pulses make nonlinear processes induced by them very different
from similar processes induced by longer pulses: mentioned above possibility to reach very high laser intensity and very
small pulse duration. Due to that, some traditional models of nonlinear processes cannot be applied to description of
propagation of femtosecond pulses that requires more detailed and correct consideration. For this reason we come back to
concept of shock electromagnetic waves (SHEW) which appeared in high-frequency electrodynamics some 45 years ago
[1-4] and was not accepted in nonlinear optics some 35 years ago [5, 6]. New understanding and models of nature of
nonlinear material response [7, 8] allow now more correct consideration of influence of two factors extremely important
for SHEW appearing — dispersion of linear and nonlinear parts of refractive index and absorption.

Important reason to consider high-power nonlinear propagation of femtosecond pulses and possibility of SHEW formation
is connected with one of main problems of femtosecond laser-matter interactions that is unclear mechanism of energy
transfer from radiation to materials. That is especially true for the case of laser ablation and damage of transparent
materials by femtosecond pulses. Any studying of femtosecond laser-matter interactions with transparent materials should
start with consideration of nonlinear pulse propagation and accompanying optical phenomena because they determine
conditions of energy deposition to electron and phonon systems and, thus, conditions of material modification. In spite of
that obvious point many investigators of femtosecond interactions use simple models of pulse propagation (mainly, plane
monochromatic wave model) suitable for linear propagation only.

Thus, the nonlinear optical phenomenon to be considered in this paper is formation and propagation of shock
electromagnetic wave that occurs on optical cycle due to generation of higher harmonics. For the case of positive nonlinear
addition to refractive index, brief picture of mechanism of SHEW formation is as follows. Radiation-induced nonlinear
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response of the medium increases refractive index of the medium and results in slowing down the part of optical cycle
corresponding to large electric or magnetic field strength (point 1 in Fig. 1). Bottom part of wave profile (2 in Fig. 1)
moves with unperturbed speed of light in the material, i. e., faster than top part of wave profile. That process results in
distortion of wave profile (Fig. 1) in such a way that top of the profile “falls down” onto the region of the profile where
electric-field strength is small and which moves behind the top. That leads to appearing of very abrupt field variation
within length much smaller than wavelength what looks like disruption and step of field strength. The step is referred to as
SHEW front. In general, there is no exact disruption, and structure of SHEW front should be studied with taking into
account complicated mechanism of dispersion and wave-energy dissipation near SHEW front [1-3, 7, 8]. Picture of SHEW
formation is similar in case of negative field-induced variation to refraction: the top part of wave cycle moves faster and
overtakes the nearest bottom part of the profile, then the top part falls onto the forth-going bottom part of wave cycle.

One should distinguish several types of SHEW referred to in literature [1-6, 9, 10]. Historically, SHEW of megahertz
frequency range was the first to be revealed in late 50-s and was being intensively investigated in 60-s [1 - 3]. Mechanism
of its formation is similar to that described above. Main feature of SHEW of MHz frequency domain is that nonlinear
response for electromagnetic pulses of MHz frequency is nonlinear magnetic response in ferromagnetic [1 - 3] and many
higher harmonics (HH) are inside transparency band.

Other type of SHEW that has been studied since late 60-s is self-steepening of slowly-varying amplitude of optical pulse
(Fig. 2) [4, 6, 9, 10]. It has been observed for optical pulses propagating in fibers [9] and is now being intensively studied
because it can account for many nonlinear optical effects in propagation of femtosecond laser pulses [10]. Its dynamics,
mechanisms of formation and regularities are not so simple and obvious as for mentioned above SHEW of MHz
frequency. Important feature of self-steepening is dominating contribution of dispersion of linear and nonlinear parts of
refractive index in process of its formation [10].

AN T |
VN l”v/\/%/\

Fig. 1. Sketch of deformation of plane-wave profile during formation Fig. 2. Sketch of self-steepening process — formation of shock
of shock electromagnetic wave in nonlinear medium with positive wave for slowly-varying amplitude of laser pulse.
nonlinear addition to refractive index.

This paper is devoted to formation of SHEW on optical cycle of high-power electromagnetic waves of optical frequency in
transparent media that has structure similar to that in Fig. 1. Self-steepening of laser pulses is not considered below
because of the following reason. Self-steepening of pulse envelope is observed in cases when material dispersion plays
dominating role and small nonlinear distortions are incubated along long path in nonlinear medium. In such conditions
threshold of SHEW is much larger than that of self-steepening. In turn, considered SHEW must have smaller threshold and
dominate self-steepening in focal area for conditions typical of tight focusing of high-power laser beams in transparent
materials [11-17] when laser intensity and laser-induced nonlinear distortions of refraction are large in focal area. On the
other hand, path of effective nonlinear interaction in transparent material in this case is much smaller than dispersion
length [10] and nonlinear distortions can dominate refractive-index dispersion. The SHEW under consideration is referred
to as optical SHEW. Obtained estimation of SHEW threshold shows that this type of SHEW can appear near leading edge
of femtosecond laser pulse. Because of that, we start with brief review of experimental facts connected with interaction of
high-power femtosecond pulses with transparent materials. Then we consider general concept and specific features of
optical SHEW. Key points are consideration of dispersion and absorption influence on SHEW and estimation of threshold
for SHEW formation. Modeling of that process is considered also. We conclude with discussion of obtained results.

2. BRIEF REVIEW OF EXPERIMENTAL FACTS

All mentioned below experimental results to be used for estimations are concerned with processes induced by femtosecond
laser pulses in transparent wide band-gap materials. Characteristic parameters of laser radiation are as follows:
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e pulse duration 7,=900 fs — 10 fs [11 - 17};

o laser wavelength in vacuum A,~10.6um — IR [12] - 1.06 um —  0.8um [11,14]-0.6 um [17];
e energy of laser quantum 2v ~ 0.117 eV - 1.17eV - 1.55eV - 2.07eV;
o type of laser FE lasers Nd**:glass Ti:saphpire

o intensity of laser radiation at focal plane 1) for self-focusing and white-light generation I =107 - 10" W/em?® {10,
18], 2) for laser-induced damage and ablation I =100 - 10" W/em? [11 - 17];

e focal spot radius rp=1 um - 10 pm [11 - 17], what allows estimating of beam path s in nonlinear material along
which nonlinear interaction is the most effective: s= 2z, =7 Fe/A =(10- 3-10%)A, typical value of s is (10 — 100)A;

e repetition rate (for multi-pulse damage and ablation) from 10 Hz to 10° Hz (pulse trains [12]).

Materials used in experiments are wide band-gap semiconductors and dielectrics which typical band gap is 3 or more
times larger than photon energy [11 - 17]: E; 2 3hv. Characteristic value of nonlinear coefficient of refraction is about n, =
107" cm¥W. Linear constant part of refractive index n, for most of considered materials varies between 1.45 and 3. Many
of investigated materials are isotropic, for example, fused silica and glasses of various types. Looking through papers with
experimental data, one can find that often used material for femtosecond laser-induced damage and ablation is fused silica
which parameters are as follows: E, = 7.5 eV [18), np=145,n;= 2:107'% cm*/W, absorption a=107 cm™, group velocity
dispersion coefficient f=385 fs*/cm [10].

For further estimations we can use the following experimental data: length of effective nonlinear interaction path is no
more than 100 A what is 79 um for laser wavelength 0.79 wm and 400 pm for laser wavelength 4.0 pm [12]. For pulse
duration 100 fs effective dispersion length in glass BK-7 or fused silica [10] is about 6.5 cm. Thus, path of effective
nonlinear interaction is at least 100 times less than dispersion length and group velocity dispersion can be neglected in the
first approximation. Photon energy is 1.55 eV for the most typical laser wavelength 0.8 um. Thus, five photons should be
absorbed to jonize a center in fused silica. For wavelength 4.0 um photon energy is 0.31 eV, thus, 25 photons should be
absorbed to produce ionization.

Considering nonlinear optical effects, we concentrate on experimental data connected with effects of nonlinear laser-pulse

propagation in transparent media and do not touch results on laser-induced heating and ablation that are considered in

other our paper [19]. Typical regularities of nonlinear femtosecond-pulse propagation in transparent materials are as
follows:

1. Very high damage threshold (10" - 10" W/cm?) [11 - 17). Such thresholds are observed practically for all tested
materials, and they vary little for different materials. Laser-induced variations of refraction at laser fluences close to
damage threshold are about Any; = nylry= 0.1 -0.01.

2. White-light generation [10, 18] during propagation of femtosecond laser pulses in transparent materials. Spectrum
analysis shows appearing of Stocks and anti-Stocks broadening of central laser line, and anti-Stocks wing of the
spectrum of generated white light is about an order of magnitude longer than Stocks wing [18]. White-light generation
is observed only for with materials band gap exceeding certain value showing threshold band-gap dependence [18].

3. Thresholds of self-focusing and white-light generation are the same in all transparent materials. [18]. That points at
important connection between self-focusing and generation of white light that has not got clear explanation [18].

4. Most femtosecond interactions as well as propagation of femtosecond pulses are accompanied by generation of higher
harmonics. In case of isotropic materials the harmonics are odd and can be of very high order (21-st — 27-th harmonics
observed in [20]).

5 Detection of laser-induced damage is connected with one of important problems — what process should be taken as a
signal of damage onset. Correct investigations [11, 13] shows that bulk laser-induced femtosecond damage of
transparent solids includes several stages, each with its characteristic threshold. Formation of plasma comes before
irreversible changes take place, and threshold of plasma formation is the lowest among all other thresholds. Next
process is formation of invisible single-shot and multi-shot damage which threshold is higher than that of plasma
formation. Appearing of visible laser-induced damage and irreversible fall of transparency have the highest threshold
that is about 10 times higher than that for plasma formation. Electron plasma can appear at pulse tail and change its
propagation sufficiently by specific dispersion [21]. For example, plasma formation results in conical emission effect
[21], cut of self-focusing [18].

All those experimental facts are different parts of one universal process of nonlinear interaction of femtosecond pulse with
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transparent materials and most of them have not got clear interpretation till now.
3. PHYSICAL AND MATHEMATICAL MODEL

2.1. General concept of eptical SHEW

In general case, formation and propagation of SHEW is a self-consistent problem because high-power laser beam changes
optical properties of the transparent material, where it propagates, and those changes result in variation of beam parameters
in self-consistent manner. For example, ionization results in increasing of absorption by free electrons and color centers,
while electron plasma also changes dispersion of refractive index. That is illustrated by the following scheme.

Dielectric with = higher harmonic = Laser-induced variations = New material properties
initial properties generation (HHG); of material properties (refraction, absorption)
formation of SHEW (ionization, point defects)
SHEW propagation
ﬂ in material

<— <= with new properties

Analysis of that self-consistent problem should be based on solution to system of coupled nonlinear equations describing
high-power wave propagation (nonlinear wave equation) and material response. Together with usual description of linear
and nonlinear optical response, the correct material equations must describe possible phase transitions, laser-induced
changes of material structure (e.g., excitation and relaxation of electron plasma and related processes, formation of
vacancies and color centers) and variations of optical parameters resulting from those processes. Even deducing of correct
material equations presents difficult problem, not to say about solving that system of coupled nonlinear equations.

To start, we reduce self-consistent problem to a couple of independent problems:

1) electrodynamical propagation problem - formation and propagation of SHEW in dielectric with constant
properties to be studied in this paper;
2) interaction problem - processes induced by unperturbed SHEW (which space distribution and time evolution are

results of solving of the first problem) in dielectric — to be studied in paper [19].

Several comments should appear in connection with this reducing to independent problems. First, that description can be
applied to initial stage of SHEW formation and to a small leading part of laser pulse (first few periods of laser radiation
only) where laser-induced variation of material parameters are small enough to be neglected. Duration of leading part of
laser pulse to be considered is determined by characteristic time of laser-induced plasma excitation up to the level when it
gives sufficient distortions to pulse propagation [21]. That time is about 15-20 fs. Plasma excitation is assumed to be the
fastest process, other laser-induced processes of material parameters modification have longer excitation time and their
influence on nonlinear processes at leading edge of laser pulse can be neglected. Thus, throughout this paper we consider
only few (about 10) first cycles of femtosecond laser pulse.

Second, natural result of such reducing to independent problems is breaking of energy conservation law: energy
transferred from SHEW to electrons (ionization and absorption by electrons) and crystal lattice (formation of point defects
[19]) is not taken into account within this approximation. Thus, some energy appears in material and leads to it
modification while nothing disappears from SHEW. On the other hand, neglecting of energy dissipation at SHEW front
results in formation of non-steady SHEW. Two points should be mentioned in this connection: 1) the energy dissipating
from SHEW to material is assumed to be small enough at leading part of laser pulse not to influence sufficiently on SHEW
propagation; 2) presented consideration is the first approximation to exact solution while calculated in {19] absorption rate
will be used to estimate energy dissipation in further approximations.

3.2. Basic equations for description of SHEW formation and propagation

Efficient formation of SHEW can take place at laser intensity close to 10" W/em?, i.e., close to damage threshold. Thus,
electric field strength is high enough to induce nonlinear electrodynamical effects in solids. On the other hand, generation
of higher harmonics results in significant broadening of radiation spectrum. Thus, even the simplest model of polarization
response of considered solid must take into account dispersion of polarization response and nonlinear optical properties. In
this paper properties of SHEW and its formation and propagation are studied on the basis of the simplest model of 1D
propagation of high-power plane homogeneous wave. Advantages of that 1D model are 1) relatively simple equations
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describing considered below SHEW allowing to obtain rigorous solutions for some particular cases, 2) possibility to
compare obtained results with some rigorous solutions to problems of 1D nonlinear wave propagation and shock wave
formation [5 - 9], and 3) relatively low computational resources (in particular, computer memory) required for modelling

of SHEW formation.

Nonlinear wave propagation is described by full wave equation including material polarization and linear frequency-
independent absorption:

FE _ . OE__, 0P _4no JE )

o ‘o7 or g Ot
Wave equation (1) should be coupled with a system of nonlinear equations describing material response P to laser field
consisting of fast P, (electronic) and slow P; (ionic) components:

P=P6+Pi. (2)

Each of them includes linear and nonlinear contributions. Considering input pulse of arbitrary wavelength range that can

be close to vibrational absorption band (area of anomalous dispersion of refraction) or electronic absorption band (area of
normal dispersion of refraction), one should also take into account frequency-dependent contributions to absorption.

-4

Description of polarization variations in time must give correct dispersion law for both linear and nonlinear parts of
refractive index in all considered spectrum range. One of the simplest and the most suitable models for that is
phenomenological model of two parametrically coupled oscillators [7, 22] which gives the same functional form of
dispersion as quantum-mechanical three-level model [22]. According to that model, laser-induced variations of
polarization have contributions from linear and nonlinear vibrations of electrons and ions and are described by the

following four equations:
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These equations describe polarization contributions from vibrations of optical electrons (3) and ions (4) excited straightly
by laser electric field as well as contributions from secondary vibrations of valence electrons (5) and ions (6) excited by
straight laser-induced vibrations of electrons and ions. Effective frequency @, corresponds to electron transitions between
ground level and one of higher energy levels while @, corresponds to forbidden transitions between ground level and the
other higher energy level. Influence of laser electric field and secondary influences of valence electrons (term R,) and ions
(term R,) which vibrations are excited by laser-induced vibrations of optical electrons and ions (equations (3) and (4)) are
taken into account to describe electronic and electron-vibrational contributions to nonlinear optical response. That allows
correct description of inertia-free Kerr and Raman nonlinear response. Two-photon absorption is also included into
polarization response deduced from (3) — (6). With suitable parameters, dispersion law deduced from (3) - (6) describes
real dispersion of linear part of refractive index of transparent materials with accuracy of 0.01% within full transparency
band [7]. We do not touch further details of two-oscillator model for description of polarization dispersion, which can be
found in papers [7, 22].

As it is well known, all processes of SHEW formation and evolution can be divided into two groups — slow processes and
fast processes {1, 2]. Characteristic space and time scales for slow processes are much larger than laser wavelength 4, in
vacuum and laser period T while time and space scales of fast processes are much less than laser period and wavelength.
Example of slow process is increasing of intensity of generated higher harmonics in space, slow accumulation of nonlinear
distortions connected with generation of higher harmonics resulting in formation of abrupt SHEW front. That process
takes from 10 to 100 of T, and develops within distances of (10 — 100) A,. Fast processes are connected with SHEW front
evolution due to energy dissipation and interplay between higher harmonics which characteristic time is less than 7} /6 and
space scale is less than Ay /6. Making use of (3)-(6), one can estimate what contributions play key role in developing of
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slow and fast processes. For both processes let us assume all frequencies @ giving sufficient contribution to SHEW
formation to be between ionic and electronic absorption bands, i.e., the following condition must be satisfied:

W0 <W,, V<O <Wy; . )
Applying Fourier integral transformation to (3) — (6), then applying perturbation technique to obtained expressions with
respect to small parameters  /@,, @, /@, ® /@, @, /@, and then applying inverse Fourier transformation to obtained
perturbation series [7], one can obtain the following expression for polarization:
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The first, the second and the third terms in (8) give linear contributions to refractive index describing inertia-free, normal
dispersive and anomalous dispersive contributions respectively. The fourth and the fifth terms describe polarization decay
due to absorption corresponding to electron and vibrational transitions respectively. The sixth term gives inertia-free
nonlinear response, the seventh, the eighth and the ninth terms correspond to nonlinear laser-induced contributions to
refractive describing their normal and anomalous dispersion. Omitted terms describe absorption appearing near vibrational
and electronic absorption bands and high-order contributions to linear and nonlinear parts of refractive index. Each term in
(8) can be estlmated using the followmg parameters, correspondmg to experlmental data for fused silica [7]: ©,=2.096-10'
9=2.154-10" 5", 0,=3.862-10"' s, 4=2.534-10"" 52, 0,/=3.0-10" s, ,=8.3-10" 5", B=2.0-10" esu, %,=2.9-10° esu,
'yv=8.0-103 esu. According to these data [7] omitted terms give about 5% contribution to the value given by (8), and they
can be neglected in the first approximation. Among all terms in (8) only the first and the sixth terms give non-dispersive
linear part and Kerr electronic nonlinearity of refractive index respectively.

Bearing in mind that possible length of SHEW formation (an order of 100 A) is much less than dispersion length [10-17]
for most focusing geometries of experiments [11-17], one can estimate values of different polarization contributions for
“slow” processes. Omitting small terms in (8), one derives the following form of polarization response for “slow”
processes:
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As it was shown in [7], the last two terms in (9) can be neglected for consideration of field evolution within time less than
15 fs from leading edge of femtosecond pulse, what means that near the leading front of femtosecond pulse within 15 fs
one can neglect all dispersion terms in material response and consider only inertia-free absorption and linear and nonlinear
responses in the first approximation:
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In particular, estimations of threshold of SHEW formation can be done with neglectmg dlspersmn. For the part of laser
pulse which is more than 15 fs far from its leading edge one should take into account at least the last two terms in (9)
describing dispersion of nonlinear material response. Thus, SHEW can appear near leading edge of femtosecond pulse
where absorption and nonlinear response dominates influence of dispersion.

In case of “fast” processes connected with evolution of SHEW front, general expression (8) can be reduced to the
following form by neglecting small contributions:
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This expression includes two terms (the second and the fourth) describing dispersion of linear and nonlinear responses to
be taken into account. Thus, slow process of SHEW formation is dominated by nonlinear Kerr electronic response while
dispersion gives only small contributions (about 5% of inertia-free contributions to refractive index) which can be
neglected in the first approximation. On the other hand, considering fast process of SHEW front evolution, one should take
into account several terms describing dispersion of linear and nonlinear parts of refractive index.

P=

3.3. Estimation of SHEW threshold

Estimating of threshold of SHEW formation is one of key problems because it allows to show applicability of proposed
model to real situations. In case of dominating of nonlinear optical response one can neglect dispersion in the first
approximation (section 3.2). Then that estimation can be obtained using the following simple consideration of field
propagation in nonlinear isotropic medium with positive nonlinear index n,.

Let us consider a part of instantaneous profile of electric field with amplitude Ey, propagating in nonlinear medium (Fig.
3a). Field disruption appears if point 1 of the profile with field value E, -AE has overtaken profile’s top 2. That is possible
because laser-induced addition to refractive index is larger at point 2 than at point 1, so, profile maximum slows down

itself.

E 5 E ﬂ
Eq Eo 1 Fig. 3. A part of instant profile of laser wave
near its maximum at the beginning of SHEW
AE AE formation in nonabsorbing dielectric with
positive (a) and negative (b) nonlinear
1 coefficient of refractive index.
Eo'AE E -AE 2
0 Ax X 0 0 AX X
a) b)

We consider not moving coordinate system which x-axis coincides with direction of wave propagation. If At is duration of
moving of point 1 in nonlinear medium then coordinates of points 1 and 2 in the medium are respectively x;=A t-u; and
x;=Ax+Atu, , where

» = ’—CO‘_-v > W= % 2 (12)

ny + kg n0+n2(E0—AE)

¢y - is light speed in vacuum, n02 =g,. According to the mentioned above u;=u,+Au and u,;>u,. If field-induced addition to
refractive index is smaller than n,, we can apply perturbation technique to (12) and take into account only terms linear with
respect to AE. The coordinates of points 1 and 2 will be the same at some moment t+At: x;=Atu~x,=Ax+At-u, Duration
of disruption formation At can be estimated from the expression: 1/Ar=u/Ax, which implies the following:

1 2nmE, O9E
——= 270 P u2 B (13)
At ng+nE; “d x
where u,=cy /(g +4n) - is speed of profile’s maximum and AE /Ax = JE /dx. Starting at moment ¢, the maximum have
passed distance s=u,At in nonlinear medium by the moment ¢ +At that gives the following equation for E,

n, JE n
El-%-E,-2n,——+—=0. (14)
s “dx s
Solution to the equation exists only if the following condition is satisfied
JE|s > [Zo (15)
ax{2 \n,

This condition shows that field disruption cannot appear at arbitrary point of field profile, for example, at profile’s top

where derivative 0E /0x is about zero. At the same time the disruption cannot appear far from the top where field
magnitude is too small. Integrating of (14) gives the following estimation for threshold field-amplitude of disruption

formation:
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A
E, ~ Z—O(exp{_si}— 1) : (16)
2

where Ax<s. For example, disruption threshold is 7, < 6-10" Wiem? for n=1.45, n,=2-10"¢ cm®W (fused silica),
s=2,=30A/ny<<Lpssp, Ax=0.252,/ny. Confocal parameter corresponds to focal spot radius d=2.134y (=1.71 pm, A~0.8

pm).

Similar consideration is valid for negative nonlinear coefficient of refractive index. In this case top of field profile (Fig.
3b) can overtake a part of the profile moving at distance Ax in front of the top, i.e., geometry of this problem is reversed
with respect to that depicted in Fig. 3a and point 1 corresponds to profile’s. This implies the points 1 and 2 to move with
the following speeds
w=—0 oy = % _ a7
1, —nz(EO —AE)"

ny —m kg
Similar consideration shows that disruption threshold can be estimated in the following way:

A
E, ~ 3_0(1—exp{——sf}) (18)

Obtained estimations (16) and (18) show that SHEW can appear at laser intensities ranging between 10" W/cm?® and 10"
W/cm® that are close to threshold of femtosecond laser-induced damage in transparent materials. That is very pessimistic
estimation of SHEW threshold because 1) we considered formation of very hard SHEW corresponding to mesh of %4 of
initial optical cycle, 2) the path of nonlinear interaction s can be larger than the value used in numerical estimations.
Optimistic estimation of SHEW threshold is about 10" W/en?’.

4. SIMULATION OF SHEW FORMATION AND PROPAGATION

4.1. FDTD technique for modeling

More detailed information on SHEW formation and propagation can be obtained from modelling and numerical
calculations according to model (1)-(6). The most promising technique for that type of modelling is finite-difference time
domain technique (FDTDT) [24-25]. A very brief description of calculation method used by the authors is given in this
section because FDTDT has already been described many times [26, 27].

Simulation method used by the authors is based on dependence of field magnitude at fixed time-space point on field
magnitudes at previous moments in neighboring points. The dependence is derived from nonlinear differential wave
equation (1) by reducing it to a finite-difference equation in traditional way [26, 27]. So, the following updating finite-
difference equation is obtained

o A 1)
E!=2E -E +%°57) EZ 2B +EL - LBy 227 +(BY)| a9)
. Co

where Ax is period of regular spatial mesh, and At is corresponding time increment. The obtained dependence describes
field evolution in medium with certain parameters if field source is given. Using of the model (2)-(6) to describe
dispersion of refractive index allows to avoid the problem of appearing of field disruptions during SHEW formation
because dispersion smoothens the disruptions and makes structure of SHEW front more complicated. The only problem is
to take into account enough contributions from higher harmonics that is connected with problem of resolution discussed
below.

Similar finite-difference equations can be derived from (3) — (6) and attached to (19) to solve a consequence of coupled
equations. Field evolution is observed in the form of animation that can be stopped at any appropriate time. Outgoing
waves are described by functions of the following type: F(x-ct) at exit boundary of space grid and E;+F(x+ct} at entrance
boundary. This allows to exclude artificial reflection and calculation mistakes at the boundaries. E; is source field which is

assumed to be as follows E; = E, sin (27wt / v ). This source describes normal incidence of plane linearly polarized
monochromatic wave of amplitude E, and frequency V onto plane surface of considered medium.

For stability of calculations to be obtained the calculation procedure is subjected to the following well-known criterion[28]
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cAf < Ax, 20)
where Ax - is space grid period, and Ar - is corresponding time increment. This allows to exclude increasing of calculation
mistakes. In our modeling we chose the ratio Ax /(cAt) to be 2 that implies number of time “cells” per laser period to be
two times more than number of space “cells” per laser wavelength. Calculation stability was also controlled through
energy conservation law by integrating of squared electric field over all calculation mesh and calculating of energy flows.

Space resolution of our calculations varied from 200 to 800 cells of spatial mesh per radiation wavelength in vacuum to
give appropriate resolution. Development of field disruptions and SHEW is investigated with resolution 200 cells per
wavelength. That resolution was chosen from the following estimations. Minimum number of space cells per wavelength
to catch certain harmonic correctly is 5 that correspond to the following points of wave: zero point — point of maximum —
zero point — point of minimum — zero point. Thus, space resolution allows to describe correctly harmonics of the order no
higher than 200/5=40, i.e., the first higher harmonic we loose in modeling of SHEW formation and propagation 1s the 41-
st harmonic. Its contribution to total field is similar to accuracy of our calculations (about 0.01% of field amplitude) and it
can be neglected. That was also confirmed by calculations with space resolution of 400 cells (catching of upto 80-th
harmonic) and 800 cells per wavelength (catching of upto 160-th harmonic). Full length of calculation space is 25 laser
wavelengths in vacuum, i.e., 5000 calculation cells for resolution of 200 cells per wavelength.

To determine accuracy of developed simulation model, it has been tested in case of linear light propagation through
boundary of two transparent dielectrics with different refractive indexes and plane dielectric layer (Fabri-Perout resonator).
Results of calculations are in excellent agreement with well-known theoretical results [29] within accuracy of (£0.01%).

4.2. SHEW formation in transparent solids

First, process of SHEW formation was studied by numerical modelling. Fig. 4 depicts a snapshot of instant field profile in
nonabsorbing medium. Appearing and evolution of SHEW is clearly seen from that figure. Large-scale variations of
electric field are depicted in Fig. 5 as snapshot of instant field distribution in larger part of calculation mesh. Interesting
point is relatively fast decay of total electric-field strength in nonabsorbing (!) medium. That is connected with energy

transfer to higher harmonics and energy spreading due to dispersion.

= i S e Fig. 4. Evolution of SHEW propagating in
! ! non-absorbing  dielectric  (fused  silica,
_____ S H N SR R ng=1.41). Points of interest: 1 — appearing
' 4 ' , of field disruption on wave profile (SHEW
2. I . front); 2 — its evolution with formation of
variations near SHEW front; 3, 4, 5 —
¢ developing of SHEW front and formation of
; high-frequency pulsation near SHEW front
—————— et resulting from higher harmonics generation.
E A laser-induced variation of dielectric
response is shown in the lower part of this
E figure. Input field amplitude is above
é I damage threshold in order to obtain good
° illustrative  picture with fast SHEW
formation (high-frequency pulsations can
not be made out in the picture otherwise).
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The last question to be considered in this paper is higher harmonic (HH) generation during SHEW formation in transparent
materials. Calculations of radiation spectrum are based on straight Fourier transformation of field variations in time for
selected space points. For example, Fig. 6 depicts spectrum of SHEW propagating in nonabsorbing dielectric with
£,~1.9881 after it has passed 6-wavelength path in nonlinear medium (Fig. 6 is related to situation depicted in Fig. 5). One
can see only odd harmonics that is characteristic of shock wave of arbitrary nature propagating in material with small
energy dissipation and dispersion [1-4, 30, 31]. Characteristic features are also fast decreasing of amplitudes of low-order
harmonics with increasing of their order and nonmonotonous decreasing of amplitudes of high-order harmonics — local
maxima of harmonics amplitudes appear with period of 6 harmonics (Fig. 6). Spectrum structure has no steady form and
varies within whole path of SHEW propagation. General trend of the variations is connected with dominating energy
transfer back to main harmonics and fast decay of higher harmonics. Thus, there must be a path of SHEW propagation that
corresponds to the most efficient excitation of higher harmonics.

Fig. 6. Spectrum of SHEW propagating in non- I(ﬂ?)
absorbing dielectric (fused silica). Obtained after ‘
SHEW has passed 6-wavelength distance in the
medium. Space resolution of modelling is 200
cells per wavelength, resolution of spectrum
calculations is 10% of central frequency w, of
input laser pulse. That resolution is kept for all
calculated spectra presented below.
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5. CONCLUSIONS

ooy

Thus, we have shown that SHEW on optical cycle resulting from generation of higher harmonics can appear at certain
conditions characteristic of femtosecond pulse propagation in transparent media. SHEW can appear only near leading edge
of femtosecond laser pulse where influence of dispersion is minimal. This makes leading-edge form of the pulse of critical
importance for process of SHEW formation. Presented results were obtained for rectangular pulses where this problem
disappears but it can be critical for pulses with smooth leading front. Important point in this connection is self-steepening
process resulting in sharpening of leading front [10] and making it closer to rectangular form. SHEW formation gives one
of important examples of processes where exact wave equation (1) must be applied for investigation of nonlinear optical
processes because of possible presence of backward moving waves reflected from laser-induced variations of reractive
index. Possibly, being based on (1), analysis of high-power nonlinear optical processes induced by femtosecond laser
pulses will give better agreement of theoretical results with experimental data.

Important result is also estimation of threshold of SHEW formation. It is interesting that SHEW can appear only at parts of
wave front where space derivation of electric-field strength is above certain threshold even if pulse intensity is above
SHEW threshold. Estimated SHEW threshold shows that it can appear at laser intensity between threshold of white-light
generation and damage threshold. In particular, SHEW can be formed at initial stages of femtosecond laser-induced
damage of transparent materials. Important point is that SHEW threshold does not depend straight on laser wavelength
while there is strong dependence on refractive index, its nonlinear coefficient and focusing geometry through parameter s.

Important features of SHEW show at least two ways to detect SHEW in experiments. The first of them is connected with
specific spectrum structure of HH appearing during SHEW formation (Fig. 6). One can expect appearing of odd harmonics
(in isotropic materials) surrounded by Stocks and anti-Stocks wings at early steps of pulse propagation. Problem of the
spectrum registration can be connected with developing of electron plasma which emission spectrum covers SHEW
spectrum. Thus, pure SHEW spectrum can hardly be observed at times more than time of plasma formation (about 20 fs).

Proc. SPIE Vol. 4352 99




Other way of SHEW detection is connected with frequency shift of low-power probe beam [1-3] resulting from reflection
at moving SHEW front. Nature of that shift is similar to well-known Doppler effect and can be calculated for two
geometries of probe-beam reflection (Fig. 7) — when the beam propagates in the same direction as SHEW and when the
probe beam propagates toward SHEW. In both cases transmitted and reflected parts of probe signal have different
frequency shifts. For example, in case of probe beam propagating in the same direction as SHEW one can use the
following formula for reflection at moving SHEW front

0" v, v,
—_ 2 SEW (2 1)
W, Vvt Vg

and for transmission through SHEW front:

rrans

w

- 1+ vy, /v, 22)
W, 1+ vy /v,

where v, is light speed for probe signal in front of SHEW, and v; is light speed behind the SHEW (Fig. 7). Thus, detection
of frequency shift of low-power probe beam reflecting at SHEW front allows both straight detection of SHEW and
measurement of its speed. Having information about SHEW speed allows estimating value of field disruption at SHEW

front.

SEW front
Fig. 7. Geometry of low-power probe beam reflection at o cid — VoW
SHEW front resulting in frequency shift which depends on ncident wave

SHEW speed. -
1 e | ———Vy

refl. signal | transm. signal

Influence of SHEW can help to explain many observed regularities of nonlinear propagation of femtosecond pulses. In
particular, SHEW concept is very promising for theoretical investigation of non-thermal mechanisms of femtosecond
laser-induced damage of transparent materials [19]. Generation of higher harmonics of extremely high orders is other
promising application of SHEW model. As one can see from estimation (16), the larger laser intensity, the smaller path is
required to form SHEW front and to generate HH. Thus, HH can appear even during reflection if laser intensity is much
above SHEW threshold what is typical for experiments on HH generation by femtosecond pulses.
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ABSTRACT
During the interaction of picosecond laser pulse of intensity 5x10"® W/cm? with the target we observed a MeV energy
proton beam, confined in a cone angle ~ 30° and directed normal to the target surface. Laser conversion efficiency into
fast ions energy (at the front side of the target) was ~ 1 % (and near 5% at the rear). The simulations and optimisation
of ion acceleration is discussed here. The laser intensity being ~10' W/cm?, nuclear reactions proceed in the target,
particularly resulting in production of the y-line radiation. In light materials irradiated by the laser beam the y-photon
yield reaches 10™ number of fast ions. For nuclear excitation we used also X-ray pump from laser plasma to illuminate
film mixture of KBr and Rb®. Near 10*, 200 Kev décay y —photons from excited isomer nuclei can be produced per

laser shot
Keywords: nuclear reaction, superstrong laser fields, high peak intensity, laser plasma

1. INTRODUCTION

It is well known already that high intensity laser pulse can produce nuclear reactions when interacting with different
targets. To date, many applications call for using a source of y -radiation, and the vast scope of applications range from
non destructive gamma flaw detection to medical examinations'. It should be noted that, presently, the intensity of
ordinary radioactive sources cannot be higher than 10-100 GBk, whereas much higher intensity is necessary for many
applications.

Commonly, synchrotron radiation is used as a high-intensity y -source, its activity being about PBk. However,
significant success notwithstanding, the use of the synchrotron radiation as a y -source has some essential drawbacks.
First, it is impossible to obtain high intensity y -radiation in a very narrow frequency range, because the synchrotron
radiation spectrum is continuous. Hence narrow-frequency-band experiments with a high-power y -source appear to be
impossible, because the power of such a y - radiation source drops as the frequency range narrows and it is difficult to
cut a narrow MeV spectral range with any filters. The second reason is that synchrotron radiation source is a expensive
for some applications.

In this paper, we consider two possibilities for laser excited monochromatic y--source. First - using nuclear isomers as a
high-intensity frequency-conversion y -source. The nuclei are prepared in the isomeric state. Then the isomeric ground-
state nuclei are pumped to an excited isomeric state, wherefrom an active y -transition arises by the X -ray radiation
from laser plasma produced by the action of high-intensity laser pulse on a solid-state target. The second method is
laser-plasma acceleration of fast ions to generate nuclear reactions with high y yield on interaction of fast protons with
different targets.

2. BASIC CONCEPT OF A LASER TRIGGERING MONOCHROMATIC NUCLEAR 7 - SOURCE

To produce MeV range energy photon emission we should use nuclear excitation instead of atomic excitation because
even for high charge Z ions the energy of quanta estimated as RyZ? can not exceed 100 KeV.

As direct excitation of nuclear by laser field has very low efficiency we will consider some indirect processes whereby
laser energy is transformed into electron energy effectively enough at first and then through another channels to cause
nuclear excitation.

On Figure 1 we suggest for following analysis the different methods of y — photon production involving high power
laser radiation.
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LASER PULSE

fast electrons

hard X'l‘ay/ fast ion - nuclear reacg y-quanta

|

isomer nuclei --- y-quanta moderator—thermal neutrons
y-quanta

nuclear reaction ---y-quanta
Figure 1. Laser y-radiation conversion scheme

3. INDUCED y - FLUORESCENCE OF ISOMERIC NUCLEI

If we have not very much laser intensity we can use the isomer nuclear method?. Let’s first consider the main idea of a
high-intensity y - source using isomer nuclei (see Fig.2)

We assume that the [3>-|2> active y -transition is
X-ray |3> pumped in two steps. First, atoms in the |1> nuclear
nuclear ~ PUMPpIn isomeric state should be prepared. We can estimate
population X/ the y - ‘radiation pulse power suppose that all
for t=0 isomeric nuclei in the target being pumped. We
|1 > assume that the confinement region of the target is ~
102 cm™, whereas the number of isomeric nuclei is
Ny = 10'%. Then the v-radiation power, on condition
L that all isomeric nuclei in the target are pumped, is
|2> 10'? y-photons during plasma lifetime 7, < 1/ I, —

lifetime of the |3> upper excited state. Nuclear level
|0> - width Iy can be estimated from matrix element of

nuclear magnetic momentum:

3

Y- photons

40,3
Ip=I)+I,= K3,
0 1 2 3hc 13

where 03 = 0, —frequency of X-ray pumping. Also
Figure 2. Three level scheme for isomer nuclei the natural width of the |3> excited state, I, can be
pumping X-ray obtained from a one-partial Waiskopth’s
approximation as>> T » = TM1) = 1. 76*10’3E
3B(M1), where B(M1)=(7.5)*(10m) has to be taken
in units (ek/(4mMc)) %, while the y-photon ener§y E in MeV, if we consider transition |3> - [2> as M1 ”. Then the
natural width value is Iy = 10° s for A= 6*10° = h w, =20 KeV. Then the total energy of the y -radiation will
be about 2*107 J.
At the same time, the width of the y -radiation spectrum, which is emitted by the |3> - {2> transition, is governed by the
Doppler effect caused the recoil during absorption of the X-ray pump. So Doppler shift of y - line from recoil effect is

the same for all nuclei 4o, = hkf / Am,and Doppler width is I'n = hk,k,/Am,because nuclei obtain velocity
hk, / Am , at absorption of pump X-ray quantum Where k, is the wave vector of the y, X -radiation, m, -is the proton

mass, and A is the atomic number. For the above values, the width of the y -radiation spectrum is I'p = 10"*Hz. Line
width is increased at isomer ionization from addition nuclear heating because all Z* ionized electrons with energy ~

hw, give velocity to nuclei ~ Z',/mehcox / Am,, and it increases line width up to (Z‘,/mec/hkx Yak k| Am,, .
Finally ionized electrons heat nuclear by collisions, but in our case time of e-i collisions much more compare to y -

quantum generation time and line width does not increase up to ky,/Te /Am, .
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3.1. X-ray pumping of the isomeric nuclei

In this section, we discuss the conversion efficiency of emission from hot laser plasma of X-ray photons to produce vy -
photons in isomeric nuclei confined in a target. Presently, the X-ray pumping with such high intensity (when the
number of resonant X-ray photons is at least equal to the number of the isomeric nuclei in the target) can be obtained
only when a laser radiation pulse with a high power acts on a solid-state target. We will consider laser plasma thus
produced as a source of blackbody radiation. ‘

Let us now estimate the number of the isomeric nuclei which are activated in a target when pumped by X-radiation of a
laser plasma. The X-ray photon flux from a unit area on the surface of a hot plasma spot is equal to

(d N/dt dwy dS) = (w /7 &)/ [exp(hwy/2nT) -1] )

where T is the temperature of the laser plasma, and o, and Ny are the frequency and the number of X-ray photons,
respectively. Assuming the plasma spot area to be S and the thickness of a cloud of the isomeric nuclei along the pump
propagation direction to be a, it is possible to estimate the overall cross section for X - ray pump resonant absorption
by an ensemble of nuclei with concentration »; in a target by
or=49n;Saoy, 2)

where 4Q = 1 — geometrical factor, 6, =2 = ¢’ /w,’ is the X-ray resonant absorption cross section (we have assumed
that the laser plasma, which is produced under the action of a sub-picosecond high-power laser pulse on a solid-state
target, is near the region where the activated atoms are located). Then, during plasma lifetime 7;, N; isomeric nuclei in
the volume of a target will rise to the |3> upper active level

N, =(d Ny/dt dow, dS) o791~ 4Q2(2/m) No I'o 7i /[exp(hwy/27T) -1] 3)

As can be seen from (3), only a small fraction of nuclei found in the target can be activated. For example, for 7; = 107"
sec, 'y = 10° sec’’, that is, the number of activated nuclei is about 107 of the initial number of nuclei N, .

It should be emphasized that (3) defines the number of activated nuclei in a target without any losses. To determine the
real concentration of the isomeric nuclei in the target, N, , it is necessary to take into account the X-ray photon loss via
two main processes:

photo-effect in a continuous X-ray pump spectrum with cross section

O phep(y) = 1541 o'z’ &/ (m, c2)2 ( Zmnecz/ hawy) 7/2, at hw > I, ~ionisation potential of atom;

O phefi (Wx) = T Rpohes at 0 <1y ; O phefp (W) =T A, atresonance @)
and the absorption of X-ray photons at other nuclear and electronic levels.
Note that the atomic electron shells feature resonance absorption cross sections much larger than o,. Therefore, it is
necessary to cut off the low-frequency portion of the pump spectrum. This can be done using a filter which cuts off
pump frequencies lower than o*. As a result, the actual concentration of activated isomeric nuclei can be found from
the equation

N, = Ns/{1+ Z; (y: /To)(exp(Ex) — 1 )/(exp(E) — 1) +
+ 02 0 phoge (o) (@0/c)° ) (exp(Ex) — 1 )/(exp(Ey) — 1) dwy/2x Iy} (5)

Here E; = hwy2 xT (j = 0, X, i), where both nuclear and electronic levels, which have frequencies lying in the pump
spectral interval, are included in the sum over i from 1. Thus, each of such resonance has absorption cross section g;
=27 ¢’/ w/ and width v;. If we assume the energy of pump photons to be hw; > T, hw*, then w; > w, for all i (w* < w,
< @, ), the terms in the sum in the denominator of fraction (5) will be exponentially small.

Next we estimate loss of pump photons due to ionisation. To this end, it is necessary to calculate the integral in the
denominator of fraction (5). As a result, the condition for small losses of activated atoms due to jonization can be

written as *:
K= 7.4 2°05 (2nm.c® / hw*)**(2nT/hyg) ) (exp(Ey) — 1 Jexp(-haw*/27T) <1, 6)
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where o = 1/137. By substituting AI; =10% eV ( [7=10° ¢ ) hw* =511 eV, ho, — ho* < Tand T=400 eV in (6), we
obtain an estimate for the charge of the isomeric nuclei: Z < 10. Therefore, to obtain the nuclei with the charge much
larger than Z=10, it is necessary to increase X-ray pumping by increasing laser pulse intensity. In another case we will
have the decreasing of the number of active nuclei in K times.

3.2. Pumping by K, line radiation.

We can increase X-ray yield at oblique incidence at angle 6 of P-polarized laser radiation by resonant absorption,

when fast electrons appear at temperature 7, and free path [; ~ T2 [n, .
In this case X-ray yield in continuum can be estimated as:
A
I~ Ll [lr) = 107 2 17T » 0.052311'64(——6)1'5 ,
cos

2 .
L N P
cosO 5

where T, = 50.0(

Anyway the spectral brightness of such X-ray pump in nuclear transition is not so high. From this reason we analyse
the possibility of plasma line X-ray emission at energy approximately equal to nuclear transition energy. For this case

the best candidate is K, - line because the energy of such X-ray quanta can be very high.

Let’s estimate the intensity of K, - line emission from a flow of fast electrons interacted with over dense plasma at

resonant absorption of laser radiation. For non-relativistic laser intensity according to equations: mng Vi = muly , we
can calculate the concentration of fast electrons ne, = 11 I,e"? , where n, - electron concentration in critical point.
Then we obtain for ni(”) - ion concentration at charge +1:
A0 = (1 - exp(-nPViI1)],  herev® =107 (Ry/ 1) 4,7 +x¥"7 ) exp(-1/y)- ionisati i

! : p(~n{vI0)],  here v =107 (Ry/1,)4,;(y™"* +3,¥"*)™ exp(-I/y) - ionisation velocity of atom
from ground level, ¥ =T, /I, I, - ionisation potential, 4; =60,y; =0.7,n; = 6-10%cm™ .

Then we obtain for K, - line intensity:

I, =AE, i A4, Iy, ~ 4B, Z) 17N, here 44 ~5-107Z;,[s")-  probability of radiation

hu-z

decay, [y, - free path of fast electron.

hu

At T, ~ (I2*)? we obtain I, =AE, I;°Z} (ﬂ)“”zﬂ'“’/’r““’”
a a S

AtB=2/3: T, ~ 2 )2/ 3 and the K, line intensity is determined by the next approximation:

Y fel ) P Pz (B 4
b 1keV | IkeV 10 ) \0.1J ) cm? |\ 20um

Calculation according this formula line emission from Al plasma for data of [8] gives [, =7- 10" W/ cm’ , and it

has good agreement with experimental results.
We compare this formula with intensity of black-body radiation in the same band of quantum energies:

3 -
1,.~25.10u( T )4 T, | 4B, 1 w d )
re lkev) | T T exp(4E;_ /T)~1 | cm? |\ 20um ) ~

where T-temperature, I'x, - a line width, estimated as AEg, (vi/c).

For T=1 kev, E,=1J, AEg, =3.4 kev, Z,,=16, I, =50, A=32 the ratio I, /Iy =2.4- 10%. Thus we have magnification of
pumping intensity of two orders of magnitude.

Why do we choose the element with Z,,=16, A=327 (This is Sulphur - S). We can estimate an energy of the basic state
for -hydrogen like spectrum AEy, = 3,482 KeV. It is closest to 3.4 KeV in the nuclei Rb®, Besides the following
statements are valid: the atom of sulphur in the target is partially ionized, therefore high atoms levels are free. At

transition between these levels and ground state £, = (3.482kév)(1 -1/n’ ) . By selecting the number n of high level it
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is possible to hit in a nuclear level. We can also remark, that Doppler width of X-ray pumping is about one electron volt
at o, < @; and it can help us to be very close near nuclear level. Another examples of such agreement is shown on this

table %:

Table 1. Coincidences between the energies of nuclear transitions and the energies of characteristic emission lines

Nucleus AE,, keV Element X-ray line AE, keV Line width, ev
" Thys 57.995 Wi Koo 57.982 43.2

®Hos 94.699 Uss Kaz 94.665 107

™ Tmg, 8.401 Wi Lo 8.398 5

It should be specially noted that such a y -source has not substantial difficulties being faced in its experimental
implementation. In experiments on observation of such a high activity of nuclei in the target, the 8Co, Rb, Mo or

152E nuclei could be used, because they feature the necessary scheme of nuclear transitions ~.

For example, it is preferable to take 84Rb nuclei for the first experiment, because such atoms are very well known in

respect of both laser pumping and trapping into Magnetic Trap °. As a result, a concentration of 10" ¢cm™ can be readily

obtained in MT. This number of cooled nuclei allows 10° resonance y -photons to be emitted. At the same time, the
noise of the natural y -activity can be eliminated by using time-selective signal detection. For the above number of
nuclei, the noise of the natural y -activity of isomer nuclei with a half-life of one hour typically corresponds to 10
decays per second. However, during 10° sec, the number of naturally emitted y -photons is 20, whereas the number of y
-photons produced by X-ray pumping of an active y -transition will exceed 10°. Therefore, signal-to-noise ratio of 10°
can be readily observed in such a time-selective experiment.

We also analyse the possibility of nuclear excitation with helE of solid target. In this case we use X-ray pump from

laser plasma to illuminate solid film mixture of KBr and Rb 4 (decay time 1 our). There is 10° total amount of Rb

isomer nuclei in this target at the range of X-ray transparency. Geometrical loses of X-ray emission is near 0.1. 200 kev

decay y —photons from excited isomer nuclei can be registered by a detector with photomultiplier.

number 1104 T T T
of
decays Fig.3. Time dependence of
75410 | - y-emission detected signal
for Rb target pumping by
X-ray picosecond laser
se104 |- - plasma radiation
254104 | ~
0 | 1
0 2 4 6 8 n

In this figure there is expected signal of y — detector which was switched on for 2 ns after laser shot. Time of life of
excited level is 1 ns. We can see that approximately 10* y —photons should be produced in this experiment and this is
enough to be measured.

3.3.The possibilities of y — laser effect for isomeric nuclear media
Let’s mark that by using of narrow frequency pump of isomeric nuclei it is possible to find the way for solution of the y

— laser problem. The next conditions should be fulfilled to have laser effect in our activated media:
1. Amplification of y — radiation in active media

G= O} 14m)(Ty / Tp)n, L>1
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2. Losses of X-ray pump in laser media. The main losses are from photoionization in our case

O phop(0x) ST AA(To/Tn)

3. Optimal thickness of laser media for X-ray pump
a < 1 )
4, Diffraction losses of y - radiation

L <k, a’
4o _ o .
As 'y = ——5 My, where Ao =I'p = hk.k, / Am,we have two possibilities for active media and pump parameters:

1. Z <30, n, <107 cm?, d= 10" cm, L <100 cm, A, 10 KeV, A, = 1 KeV;

it can be gas Co in “Magnetlc Trap™

2.7 <100, np <102 em™, d =10 ¢m, L < 10 cm, A, = 1 MeV, A= RyZ’ = 100 KeV;
it can be solid Ag'*’

4. Laser triggering nuclear reaction y — source

According to Fig.1 we now consider fast electron generation by laser pulse, its conversion into fast ions and then
nuclear reactions for y - photon production with help of these ions:

4.1. Production of fast electrons by a high-power laser pulse

First, we estimate the number of high-speed electrons produced by a laser pulse. Numerical simulations show that, in

the 10 -1020-W/cm2 intensity range, the absorption coefficient becomes independent of the angle of incidence, and

the absorption is about 10 % without pre pulse Laser pre-pulse increase scale of plasma inhomogenity L and
absorption coefficient 77 It has been shown'® that, in the range 10'®-10%° W/cm? nec L. The same dependence was
obtained in our paper'', which considers the analytical model of pondermotive absorption. Below'' we will use the

scaling of n(L,]) as:
nLD)=(0.1+0.01L)118/(30+118)"",

where /] g - radiation intensity in units 10" W/em?, L = Lo/c. L = ¢, t, . Here c; - ion sound velocity and t; pre-pulse
duration. At pre-pulse intensity 10> W/cm® we have L=10 at t,=10 ps and we will use L = 0, 10 in our numerical
simulations. ,

In our previous paper'’, we considered the physical mechanism of formation of high-speed electron jets due to the
ponderomotive light pressure, whereby an electron oscillating in an electric field is transformed into plasma by the
ponderomotive pressure force. Let suppose that Nef=K.(])¢, /¢ electrons will be accelerated during the laser pulse
where g is the laser pulse energy, K. (J) is the transformation coefficient of laser energy into fast electron energy, and
ge is the energy of an electron. It has been shown™ that for laser intensities more then 10®° W/em?, K.(I) =~ 5. This

means that all the absorbed energy is assumed to be transferred to the motion of high- speed electrons. The energy of an
individual electron is usually specified by laser wave field strength inside the skin- -layer'

e~ m2[(1+2-m)1 1))

Now we numerically estimate Ngf for the following plasma and laser pulse parameters: 1=10%, 7»=10-4 cm, 7i = 100 fs,
21 - . . . -
cr=10" " cm 3 (for materials with Z ~ 10, Z/A ~ 0.5, A- atomic number, Z-nuclear charge), and S = 10 6cm2. For the

chosen parameters Ngf= 1.3 1010 electrons.

Proc. SPIE Vol. 4352

107



It is well known'® that the electron kinetic energy within the first part of a laser pulse at the vicinity of its maximum can

be as high as ge/mc2= (vg /c)’/2 (here vg is electron oscillation velocity) but the second part of this pulse will damp
electron because it can not obtain any energy in vacuum from a plane wave if it was at rest initially. Anyway this
electron can get energy from electromagnetic wave if it inertially penetrates a target and the laser pulse reflects from
this target. Pre-plasma with a length approximately equal to the laser pulse length can significantly increase electron
energy. If we have initial electron momentum in pre-plasma Pe( one can easily estimate its maximum energy

2
gg/mc” = (Peg/me) (Ve fc)’ = (Pe/mc)1]8
From this formula we see that electron energy can be tens of MeV level for relativistic electrons generated in pre-
plasma by the Brunel effect for example.

4.2. Fast ion generation

In the case of a target with small Z, ions are vigorously accelerated under the action of ponderomotive pressure force.
Moreover, at given energy the nuclear reaction cross section drops as Z increases; therefore, this channel works for
light-atom elements. If we suppose that return current has a time to neutralize positive ion charge arriving from

pondermotive pressure, then, from the low of pulse flow, characteristic ion energy takes the form'®:

63y~ Zonmme -z [+ -1 ®

When laser intensity 17§ = 103, the ion energy amounts to 500 * A KeV. Here Z/A = 0.5, which holds true for most of
light-atom elements. If A > 10, such energy is sufficient for nuclear reactions to proceed via ion-ion collisions.

Let’s go now to the analysis of the physical mechanism of particles flying out from target to vacuum and inside dense
plasma. Most fast electrons accelerates by pondermotive force inside plasma but electrons in under-dense plasma
(transparent to laser radiation) fly out from the plasma in specular direction by reflected part of laser pulse action. The
shape of pondermotive potential and laser pulse spatial profile influence the angle 6, of fast electron movement into
vacuum as considered in"”.

During laser pulse duration the relativistic electrons (at laser intensity / ~10""W/cm?) fly out from a target to distance
greater than laser spot size on the target. As a result the boundary area of the target obtains a positive charge and ions
are accelerated into target and in vacuum directions by the electrostatic field.

We analyse this process by simulations with help of kinetic relativistic code PM2D"". To check the simulation results
for ion acceleration into target we also calculated the parameters for ions flying out into vacuum and compared these
results with experimental results because in our experiments only this part of ions have been recorded I Fig.6 shows
spatial distribution of energy flux density of ions flying out into vacuum for laser intensity 10'® W/cm?. In simulations
as in experiments, ions fly out at angle diagram ~15"to normal to target surface. The difference between theoretical and
experimental results is connected with collision-less simulation model.

1
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0§ fast ion extension
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According to our simulations, approximately the same (in angle distribution) ion beam propagates inside dense plasma
from target boundary area with volume V = #(d/2)’L. This movement is connected with electrostatic potential from
charge separation ep = &, and this separation is connected with electrons of energy & ~ nllcn., going away from
this target area. Suppose that fast ion takes energy equal to this potential Zeg ~ &, and that fast electron energy exceeds
electrostatic potential &, 2> e’n, ald’/(4 L* +d’)"  we obtain the next formula for ion energy:

&n =~ 3Zmc’( nldL/A})"”?
This agrees with (8) and at (d/2)"? ~nJn,, we obtain the same result. This ion beam can be used for farther generation
of nuclear reactions considered in
To increase this energy much more we can use foil target with inhomogeneous plasma density. In this case shock wave
which has been born in front side by laser pulse will accelerate ions according to (8) in main part of foil but when it
propagates through decreasing plasma density profile on back side it accelerates ions much more® at least ten times in
energy compare to homogeneous plasma slab.

4.3. Production of y - photons via ion-ion collisions.

As the result of laser ion acceleration there is some distribution in ion energy which depends on laser time and space
profile. Nuclear reaction cross-sections have complicated behavior and depend on particle energetic distribution
parameters. We model these cases by the next formula for the number of nuclear reactions:

©

dn, | de
N, =8, j'de:’g‘— Idec(s) x
0

0

&)

here from Bete formula'®:

452
£{£=_ m,m; 2ne ZiZ"naln(4 e Matm; +m)
dx m, +m; me 1; m,m;

where n, ,m,, Z,— concentration, mass and charge of target atoms, /; — their ionisation potential.

If fast ions leave skin depth area before laser pulse is finished we have stationary ion distribution in energy. In this case
from ion kinetic equation we obtain the following equation for fast ion number:

8N, N, ?
FZL=""Lap,S, where F~—-Zmc’ 19 1+1) = o] EEx2ZmeT) force acting on ions.
oe  ox x 2l g+Zmc?
From these equations we obtain the next ion distribution:
N, (g + Zmc?)
—L mpySl,—————=6(e ¢ 10
P09 E(£+22mcz) ( m) ( )

Here (e — ¢, ) — step function and &,, — maximum of ion energy from g, = Z mcz[ (1+1hmay) 1/2-1 ].

By way of example, we consider reaction p +t =y + “He, whose maximum cross-section is o 2 mbarn for a proton of
8-MeV energy and photon energy is near 5 MeV °. Such a reaction can proceed in a tritium target on a substrate. The
number of photons produced in proton tritium nuclear collisions can be estimated from the equation (9):

1+ 1+
N}'( p)=Np 0'( p)"nu lef,

where N, is the total number of high-speed protons with energy £and Iieffis their free path length

Lep= ErrnZnmt & a9 1)
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For numerical estimates, we can use the following parameters: ng, = 6x10% cm?, ionization potential I =10 eV. The
thickness of the T- ice target is near 1 mm then /,; = 1 mm and does not depend from energy. The number of fast

protons N, = M. - number of fast electrons from quasi-neutrality. The dependencies of photon number Ny ©P from
laser intensity / are shown on Fig.5 for L=10.

On Fig.5 there are the number of y-quanta for Be' (E,=0.2 MeV) and Co® (E, =2 MeV) targets with thickness greater

110 Proc. SPIE Vol. 4352




than l; in the following nuclear reactions: p+Be'’—B'!+y; p+Co®—Ni*>+y+2n. In these targets the y-quanta yield is
more compare to T-ice target from reaction cross-section and more thickness, but the largest neutron yield has a higher
laser intensity threshold because the high Z nuclei have higher Coulomb barrier.

5. PRODUCTION OF CONTINUUM 7-RADIATION BY A LASER PULSE.

Finally we consider the direct hardware component of the Bremsstrahlung radiation of fast electrons formed under the
action of a laser pulse on a target, the quantum energy being higher than the rest energy of an electron. We estimate the
energy of y-quanta produced in spectral range for y-photon registration 4Ey and laser energy - y-quantum one

conversion factor K,. The bremsstrahlung radiation energy is defined by the known Bete-Gaitler’s equation'®

466Z2nnu Tef &2
Uy = ———— [dt] dv [defiseline mc)-1/3]., an
m2 c4h 0 Vef &

where the space integral of the distribution function f(g, t) gives the total number of high-speed electrons at a given
time t, and tef is the effective lifetime of high-speed electrons, which comprises the laser pulse length and the time of

free travel of the electrons produced (nnuccetot)-l, (&; - &) — spectral range for y-photon registration.
For electron energies of several mega-electron-volts, the time of free travel is substantially larger than the laser pulse
duration. To calculate T ef, we use Bete-Bloch’s equation'®. Then we obtain the following simple expression for the

conversion factor:
9762 &, (In(so/mc?)+0.36)
(& - &1)/mc’ (12)

KD ~ Ke()
87 hc ch ln(ge3/212 2mc2
The laser radiation intensity enters in Eq. (12) through the characteristic electron energy €e and K(I). Dependencies
Ky=Ky(LL) from laser intensity for L=0,10 at Z = 10, I;= 50 KeV, (& - £)/mc’ = 10°are shown on Fig.6
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With these parameters and radiation intensity /=100, Ky ~ 10" and the total number of y-quanta appears to be eroz.
From these calculations we can conclude that number of the MeV photons in the line spectral range is much less than
for nuclear transition emission.
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6. CONCLUSION

1. We have shown the feasibility of creating a pulsed monochromatic high-activity y-source by X-ray pumping of
active y -transition of cooled isomeric nuclei confined in MT. The spectral brightness of such a radioactive source using
isomeric nuclei in a magnetic trap is ~ 10° GBk/Hz.

2. The laser intensity being ~10'"° W/ecm?, nuclear reactions proceed in a_target, resulting in production of y-line
radiation. In light-atom materials irradiated by a laser beam with 10%° W/cm? intensity the y-photon yield reaches 10
of the number of high-speed ions due to proton-triton collisions.

3. It has been shown, that the extension of fast ions has a preferred direction lengthways of target normal. The fraction
of laser energy that is converted to energy of fast ions is 1-3 %. So high conversion coefficient confirms the feasibility
of using lasers for ion acceleration and nuclear reaction generation.

4. The received acceleration rate (number of fast particle per unit time) exceeds another methods of acceleration.

Thus, a high-power laser pulse can be used as a y photon-emitting source for investigating in physics of solids, for
biology, and also for stimulating nuclear reactions.
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Fast particles and hard photons generated by a ultra-intense laser pulse
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ABSTRACT

Two sets of computer results are discussed. By means of a 2-D Maxwell-Vlasov coupling code, the generation of MeV-
range electrons and ions is addressed as well as the subsequent X-ray production and neutron production provided by post-
processing the fast particle distribution. With a 3D MHD-fluid target-fast beam coupling code, the propagation of electrons in
dense matter is discussed, with emphasis on the target heating.
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1. INTRODUCTION

As techniques for short laser pulse generation developed into a standard technique, the study of matter irradiated by ultra-
high intensity (UHI) pulses has intensified the escalation in femtosecond laser-solid experiments over the world and simulations
over the last five years. As a consequence, a lot of papers have tried to lay the milestones of the physics discovered in Mbar-
pressure conditions. Now, this first phase of cognitive works is going to drive a renewed interest in this UHI field, stemming
from the possibilities of each of these scenarii to be controled and optimized for various diagnostic or energetic applications:
100 MeV-range fast ions for medical purpose, hard photons for radiography of dense exploding matter, fast electrons to bring
the spark for igniting a compressed fuel for thermonuclear f usion! and neutron bursts as a tool for nuclear physics.

In this paper, we will address the last results we got by means of kinetic simulations of the interaction of a laser-pulse
with a solid-density target, more specifically the generation and transport of fast particle transport inside the target. After the
presentation of the numerical codes, we will discuss and illustrate the heating of the electrons of the target surface and their
subsequent transport in the target volume, then the associated hard Bremsstrahlung emission and finally the fast ion generation
and the fusion neutron they can induce in the case of a deuterated target.

2. MODELING

A thick solid target remains inertially confined during the whole laser pulse. The area where the laser pulse and matter
interact is a strongly-ionized plasma, with an axial extension of a few micrometers, imposed by the ion inertia: expansion of a
1-keV temperature plasma in vacuum and hole boring on the target side create a plasma transparent to the 1-um laser
wavelength. The plasma density stands below the so-called electron critical density n; which is 10%! cm3. In this area,
collisions are dominated by collective processes. The laser wave is screened along the skin depth 7»0/(24t‘\/—ne/—n;), where n,
denotes the electron density of the target: the target is then opaque. The absence of predefined nature of the particle distribution
and the permanent crossing of particle trajectories let the Maxwell-Vlasov model be the standard model. A few years ago, the
standard simulations were 1-D but with a special transverse plasma boostmg,2 they were able to tackle oblique incidence light
but wre limited to siatuations of permaently flat plasma surface. First 2-D PIC simulations! have exhibited clear corrugation of
this surface and have streesed the stron influence of a second space dimension. With our present-day computers involving tenths
of 1-GFlop processors, we have performed 2-D simulations with the code MANET on plasma as dense as 50 times the critical
densities and during the whole laser pulse duration (one picosecond). The constraints of this type of simulation, which imposes
use of parallel machines, is twofold: time step has to resolve the plasma period and the space mesh has to resolve the Debye
length of the plasma bulk (1 keV electron temperature). No way to relax these constraints whenever the fast oscillations of the
laser beam have to be modeled.
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The interaction of the laser beam with the plasma is a strong emitier of fast particles which flow into the target,
whenever a return current can provide the surface region with fresh electrons: this actually defines the notion of thick target
compared to thin target. The life of these particles is essentially controlled by beam currents and not space-charge forces. A
model without fast dynamics of the plasma can then be used, which enables to relax drammatically the constraints on time step

used in standard Viasov-Maxwell coupling codes.4

Consequently, we have developped a code PARIS in order to simulate directly the 3-D motion of electrons which
undergo the self-magnetic field and the axial field, as well as collisions; this code is a 3-D extension of the hybrid scheme
presented by Davies et al.3 At each time step, a group of macro-particles is injected inside the plasma and the whole set of
macro-particles, injected so far, is moved with account of the collective electromagnetic fields via the Lorentz force calculated
from the 8 nodes framing each particle (PIC method) and with account of the collisions with jons via a random rotation (Monte-
Carlo method with multiple scattering via Moli¢re's law). The ions are assumed to be fixed and compensate the electron charge
everywhere: no space charge is considered. Losses are modelled by inelastic collision processes on bound electrons, and free
electrons (via binary encounters and collective interaction). We use the continuous deceleration approximation according to the
Bethe-Bloch cross section® The target is given an imposed density. The target electrons are characterized by 3 local quantities:
the fraction of free electrons (ionization rate), the drift velocity and the temperature. Both isolating materials and conductors can
be modelled. The ionization of the conductors is calculated by a Thomas-Fermi model fitted by More’; for insulating materials,
SESAME table is used (only SiO, is available). The temperature is calculated by the energy deposition bound to the slowing
down of the fast electrons and from a state law, via use of Sesame tables; perfect gas state law is also available. The resistivity
is then inferred from the Lee and More model.® Initially, the target is given a zero temperature (for usual solid target) or a high
one (for fast ignitor studies”>10). Such a code has been used to interpret an experiment of shawdography of a silicate target

coated with a metal. 11

3. ELECTRON HEATING AND TRANSPORT

In a previous worklz, the temperature of electrons have been determined within a 1-D geometry with a infinite mass
ions (using the 1.5 D code EUTERPE). Three parameters have been seen to have an impact: the laser irradiance, the initial
electron density and the sharpiness of the surface. Adding ion mobility creates a density ramp in front of the plasma, which
increases the electron temperature up to the ponderomotive potential.13 By means of 2-D kinetic simulations (code MANET),
the electrons appear to be even hotter, as illustrated in Fig. 1. A combination of two factors can be put forward: the low density
plasma area is enlarged via hole boring; moreover, the strong magnetic fields observed at the hole entrance can bend the electron
orbits to reinject them into the laser-plasma area for new acceleration phase.

We report here on the penetration of an electron beam in Al target, as simulated by the code PARIS. The target is
initialized with a 0.5 eV electron temperature. The electron beam is injected with a peak density at 4 102! em™ and has a
Gaussian profile with a 4 pm FWHM diameter along the transverse direction and 0.25 ps FWHM in time; the maximum is at
time t = 0.3 ps. The initial distribution of the electrons injected in the box is Maxwellian with a peak temperature of 0.46
MeV; the temperature is time-space dependent and follows the density profile with FWHM equal to V3 times the density
FWHM. 2 million of particles have been injected at the end of the simulation which consumed 12 h of one SUN 350 MHz
CPU. In Fig. 2, the current density map of the beam shows self-focusing induced by the magnetic field self-generated by the
beam, with a focal point around 10 um. The target temperature reaches a peak temperature above 1 keV. From the temperature
maps, we have estimated the volume of target with temperature above 0.5, 1 and 2 keV: we found 571 (i.e. 60x3x3), 187
(40x2x2) and 26 um3 , respectively. The 2 keV area is concentrated around the pinching point. The current profile does not
maximize at the beam center and tends to have a hollow shape. This observation could be correlated to a thermal process, as
explained by Haines. 14 Initially, the energy deposition maximizes at the location of the peak current, that is at the beam center,
causing a larger target heating and then a reduced resistivity. The return current is then prompted to use this minimum resistance
way and via magnetic force repells the incident beam.
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Fig, 1: Average kmetxc energ}é of the population of electrons above 0.1 MeV as a function of the laser irradiance (aO 0.73
Ighq in unites of 1018 W.pum Jem?). The solid line shows the ponderomotive potential.
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Fig. 2: (left) map of the electron current density, referred to ncec = 5.4 10!2 A/em? for critical density n. associated to 1 um
laser wavelength, (right) map of electron temperature logm('l‘e(keV)) in a Al target as a function of the beam axis (x) and one
transverse direction (z), through the central part of the beam. Time is 0.2 ps after the peak of the electron pulse.

4. HARD X-RAY EMISSION

In high intensity laser-plasma interaction, the electrons accelerated to high kinetic energy by the laser can emit
Bremsstrahlung X-ray radiation when they slow down m the bulk of the target. Observation of this phenomenon has been
reported, for instance, as early as 1992 by Kmetec et al.13, To investi gate this process numerically, we need to couple a model
for the electron source to one for the electron-photon converter. We compute the characteristics of the electron source with 2D
PIC simulations in which the distribution of electrons leaving the interaction region towards the bulk of the target is calculated,
as a function of energy and angle with respect to the laser direction. To compute the Bremsstrahlung emission of these electrons
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through various depth of solid tungsten, we wrote a deterministic transport code that accounts for electron slowing down and
scattering, X-ray emission by Bremsstrahlung, and uses the analytical fits given by Findlay for these phenomena™".

As a result, we can compute the variations in Bremsstrahlung emission for various interaction conditions (such as target
density, laser intensity)... An example is given in Figure 3, where we plot the distribution of x-ray photons emitted, through
0.12 cm of solid tungsten, by the hot electrons produced by a 1 pum, 5x1019 Wicm? laser pulse incident on a 4 n target. The
left plot is colour-coded according to the log10 of the photon distribution, in photon/keV/sr. We note that the emission is very
broad, reflecting the broad electron emission from the target surface. The right plot shows the photon distribution integrated in
+/- 24° around the laser axis. Summing over the photons with energy above 500 keV, we find an X-ray energy of 0.2 ],
compared to 4.8 J incident in the laser pulse. This amounts to a conversion officiency of a few percents, and supports the
prospect of producing hundreds of Joules of hard x-rays with 10 kJ - 10 ps laser pulses in the future.
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Fig. 3: (left) Energy distribution of the X emission and (right) emission pattern of the X-rays.
5. ION-INDUCED NEUTRONS

Ions are dragged radially of forwardly by the electrons which escape the laser beam, kicked by the laser ponderomotive
force. The ion energy can then approach the electron energy, in the MeV range, and therefore in the case of deuterated targets can
trigger fusion nuclear reactions. Production of neutrons has been quantified, in energy and angle, directly from the ion
populations provided by the 2-D PIC simulations. The target is assumed to be a solid CD, target (1 g/cm3) with 300 um
length at room temperature. During its slowing-down in the target, one jon will cause neutrons to be created according to the

following angle distribution:

E;
Mo o )J g8 1
a, n © =B

expressed as the ratio of the differential cross-section for neutron creation and the ion slowing down power £. 8, denotes the
angle referred to the ion axis. Starting from the angle distribution of the D ions from the whole plasma at the end of the laser
pulse, our model assumes that the ion distribution is axisymmetric around the laser propagation axis, with a 6 pm extension in
the missing transverse direction (to get 3-D from 2-D) and int%grates over the whole ion distribution to calculate the total
neutron yield, the neutron spectrum and the angle distribution$17-18, Fig. 4 displays the ion distribution obtained from a 50 n
density target and the corresponding neutron yield. lons are beamed forward due to an electrostatic shock, strong enough to
reflect ions at twice the velocity of the shock. Such a shock was identified by Denavit,!? in results from 1.5-D PIC
simulations; this type of scenario is therefore confirmed by our 2-D simulations. The anisotropy of the ion is clearly reproduced
on the neutrons. This noticeable feature is much like the one observed in an experiment performed with a very high intensity

contrast on P102 laser at frequency-doubled 1ight.20
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Fig. 4: (left) deuterium population as a function of energy and angle after the interaction of a 5 101? W/cm2, 0.5 ps laser pulse
on a 50 n,, density plasma and (right) associated pattern of neutron emission. Angles refer to the laser light axis (0°).

We should note a large discrepancy about the absolute value of the forward yield, which is roughly 1000 tlmes smaller in
the calculation. The same feature is found in the experiment performed on Vulcan with a poorer contrast (only 104 ) where our
simulations let pronostic from the neutron number a radial ion distribution. Consistancy with the results from Paris must be
found: according to these simulations, a 200 um long - 5 pm wide cigar - shaped volume of hot plasma is created by the
MegaAmps of electrons. The deuterium ion slowing down is modified by the transformation of bound to free electrons. To be
more precise, we have calculated the ion range as a function of the temperature (Fig. 4), following the Mehlhorn's paper
Starting from zero temperature, the range decreases first when increasing the target temperature, by stronger friction from the
free electrons, and then increases when the electron temperature is in excess of the ion energy. The slower the ion, the larger
this last feature. Considering a 2 keV plasma temperature would make a 0.5 MeV (resp. 2 MeV) ion stop 28 (resp. 5) times
further in the plasma. The previous expression let us infer that the number of neutrons, which is bound to the ion energy range
[0-E;] is increased by a factor which is larger than the factor got at the initial energy. We can anticipate that the neutron yield
would approach the experimental figures, within a decade.
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Fig. 5 deutenum range as a function of the target electron temperature, for a 2-MeV energy deuterium ion. The target is CDy
with 7.5 1022 D atoms/cm®.
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6. CONCLUSION

This paper has emphasized four main results, based on 2-D PIC simulations: (i) the average kinetic energy of the fast
electrons is larger in 2-D than in 1-D geometry and tends to be closer to the ponderomotive potential. (ii) the fast electrons are
able to ionize and heat to keV level a 40-pm long plasma; (iii) the distributions of fast electrons post-processed with a general
Bremsstrahlung emission model lead to 5 % laser to X-rays conversion efficiency, and 7 1010 hard photons / laser J at high
irradiance ( 10% W/cmz); (iv) the angle distribution of neutrons is a clear sign of the underlying anisotropy of the deuterium
ions but their number is too small compared to experiences, the discrepancy being partially resolved by ion stopping in a hot

plasma heaten by the fast electrons.

In near term, we prospect to simulate within 3-D PIC simulations on Calder code®3 various scenarii studied in 2-D, by
using the next generation to come of Tflop-crest cluster. High-energy Bremsstrahlung of the fast electrons will be specifically

studied.
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ABSTRACT

The protons with the energy up to 10 MeV accelerated in the forward direction from the thin Mylar film by relativistically
intense 10 TW, 400 fs laser pulse have been observed. When a deuterated polystyrene was deposited on the front surface of
the film and a boron sample was placed behind the target the production of 10° atoms of positron active isotope 1C from the
reaction 10B(d,n)”C have been measured. The activation results suggest that ions (protons and deuterons) were accelerated

from the front surface of the target.

Keywords: high-intensity laser, high-energy ions, activation technique, radioisotope
1. INTRODUCTION

Since their invention more than sixty years ago cyclol:ronsl have been the standard method used to accelerate protons and
jons for experiments in nuclear physics and applications in nuclear medicine. The development of short-pulse high-intensity
lasers’ made it possible to accelerate protons and heavier ions to multi-MeV energies in the interaction of these lasers with
solid targets®> gas jcts6 and clusters.” Unlike traditional sources that gencrate proton pulses longer than several nanoseconds,
the laser acceleration technique allows one to generate pulses that are a few orders of magnitude shorter with a peak current
exceeding 1 kA. Therefore, such a technique offers a unique opportunity for fundamental research in the field of nuclear
physics on ultrashort time scales. In particular, it becomes possible to study the decay modes of radioactive fission fragments
right after the fission event and determine lifetimes of ultrashort-lived positron active isotopes.? We report in this paper a new
technique for isotope preparation that makes use of light ions (protons and deuterons) accelerated to million-electron-volt
energies by a powerful laser beam. This new technique permits the production of a much wider range of isotopes than have
previously been produced by means of laser-induced photoﬁssion."'m The results of this study shed new light on the
mechanism and scaling of ion acceleration and imply that light-ion beams can also be used for advanced inertial confinement

fusion research or as a high-current injector for linear accelerators.

2. EXPERIMENTAL RESULTS

The experiments were performed using a 10 TW hybrid Ti:Sapphire/Nd:phosphate glass laser, which is based on Chirped
Pulse Amplification technique and able to deliver up to 4 J, 400 fs pulse at the fundamental wavelength of 1.053 pm with an
intensity contrast 5.10%:1. The p-polarized laser beam was focused on the surface of thin Mylar foil with a 6 pm thickness.
The laser beam was incident at 45 degrees and focused down to a spot size of ~ 12 pm in diameter with an {/3 (f=16.5 cm)
off-axis parabolic mirror. The maximum focused intensity was 6.10'® W/cm?, In the previous studies® with the same laser
system, 1.5 MeV proton beam was observed in the forward direction from aluminum targets using a high-intensity high-
contrast 0.53 pm illumination. The protons were found to originate from H,O contamination layer on the surface of Al foils.
Proton acceleration was attributed to the electrostatic field of charge separation due to "vacuum heating",'*"> when electrons
are accelerated by the laser electric field at the sharp vacuum-target interface and deposit their energy inside the target.

* Correspondence: A. Maksimchuk, E-mail: tolya@umich.edu
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Acceleration field gradient ~ 10 GeV/cm have been inferred from a previous experiments. In current experiments we have
used the Mylar (HgC004) foil which contains more hydrogen than a contamination layer on a surface of Al target and is
expected to be more dense proton source.

The maximum proton energy was measured with plastic nuclear track detectors, CR-39, placed parallel to the foil
behind it at a distance ~ 20 cm. They were covered (depending on the expected maximum proton energy) with the steps of
Mylar filters with thickness from O to 40 um or from 25 to 525 pm and steps of Mg filters with thickness from 250 pm to
1500 pm. The projectile ranges were calculated using the program SRIM2000.'* The maximum proton energy was found to
vary linearly with the laser intensity (Fig. 1.) and reaches 10 + 1 MeV at 6. 10'* W/cm? Proton energy given by the
pondermotive potential of standing electromagnetic wave'® is only 0.7 MeV, which is much less than the observed maximum
proton energy. Estimation of proton energy from the mechanism of "vacuum heating"’ is closer to observed value but also
underestimate it by a few times. However, for the intensity contrast of 5.10%:1 it is questionable to apply the latter estimation
because a preplasma very likely appears before the maximum laser energy reaches the target. Thus, one may attribute such a
preplasma as a reason for enhanced electron generation and, hence, enhanced electrostatic field which effectively accelerates
the ions.
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10° b ;
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10" 10"
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Fig. 1. Maximum proton energy in the forward direction as a function of laser intensity for 6 pm Mylar foil.

Electrons accelerated in an underdense (with density n. less than critical) preplasma up to the energy €max can penetrate
inside a solid target to their Debye length Ip. ~ ,/ &, / n, and accelerate ions forward from the skin layer. Since the skin depth
is shorter than lp. a big number of ions should have an energy equal to the electrostatic potential and ion distribution function
should demonstrate a plateau effect ("water bag" distribution) until energy cutoff Zemay . Such an ion (proton, Z=1)
distribution function has already been observed in previous cxpt:rimcnts.5

Deuterons should be accelerated less because they are two times heavier than the protons, have less mobility and have
higher energy losses. They follow behind the proton bunch and due to this experience a significantly lower accelerating
electric ficld. Consequently their energy should be significantly lower than the proton's energy. Heavier ions, such as carbon
ions, have little chance to be significantly accelerated without special surface cleaning of the light species. That is why only
high-energy protons were observed in the experiments with Mylar or Aluminum foils.”

We performed an activation experiment on a boron sample with deuterons. The high-intensity laser beam was focused on
the Mylar target covered by a deuterated polystyrene layer. The resultant ion beam was used to irradiate a '°B enriched
sample (enrichment 90%, purity 99%). A cylindrical shaped sample 10-mm in diameter, S-mm thick was positioned on a
CR-39 detector with a few steps of Mylar filters to monitor the energy of ion beam and its alignment. The deuterated
polystyrene layer with a thickness ~ 1 pm was deposited on the front side of the 6 um Mylar film by drying tetra-hydro-
fluorine (THF) with deuterated polystyrene CsDg dissolved in it. The experimental set up is shown in Fig. 2.

Proc. SPIE Vol. 4352 121




Deuterated
Polysterene
Layer CR-39

& Mylar 6 um .

/ Boron
sample

Laser

CETHDEE N AT ETIED

=z

s

High-energy *
deuterons

e

Mylar filter

v

T2

Fig. 2. The schematic diagram of the boron sample activation with high-energy deuterons.

The concentration of boron isotope °B in natural boron is 19.9%. Therefore, in an enriched boron sample the yield of
isotope ''C in the reaction 198(d,n)'!C is enhanced approximately by a factor of 4.5. Since the ion beam has a divergence
angle ~ 40 degrees placing the boron target at 8-mm behind the Mylar foil ensures that most of high-energy ions are incident
on the sample. Nuclear reactions are expected to occur only near the front surface of the sample, because even a 10 MeV
deuteron has a projectile range of only 360 pm. Neutrons carry away most of the energy as kinetic energy released due to
fusion, because they are much lighter than carbon nuclei. Thus, C is produced with low energy and remains near the boron
sample front surface. The yield of UC was measured by counting the number of positrons emitted. The coincidence
measurements require a low background count rate to receive a good signal to noise ratio.
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Fig. 3. Measured decay of radioactivity versus the time for the'®B(d,n)''C reaction (squares). The solid line corresponds to
the theoretical result and demonstrates ~20 min half-life of ''C.

Two 3-inch Nal detectors, placed opposite to each other, have been used to detect the coincidence signal resulting from
the annihilation of electrons and positrons and the production of two gamma-quanta with energy of 0.511 MeV. The
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detection efficiency was measured to be in the range 0.05-0.1 by using a 22Na radioactive source with a precisely known
activity of positron emission. The detection efficiency and background noise depend on the window width of the coincidence
measurement and the detector separation. The background noise was found to be 1-5 count/min and a radioactivity detection
limit was ~10 pCi.

Time dependence of a coincidence signal is shown in Fig. 3. We identified the source of this coincidence signal as the
result of a positron decay of the carbon isotope UC with a half-life of 20.4 min. We measured a maximum of ~ 300
counts/min at 330 s after a laser shot. The total yield of ''C is estimated to be ~ 10° which corresponds to ~ 2 nCi of
radioactivity right after a shot. The laser was able to deliver shots with the time interval of about 7 minutes. Therefore,
accumulation of several shots will increase radioactivity by only a factor of three. If a similar laser had a repetition rate of 10
Hz and the irradiation time is equal to the half-life of 11¢C, a positron source with an activity of ~ 20 LCi can be produced.

We have observed a very sharp power dependence of 11C yield as a function of the laser intensity (Fig. 4) indicating that
deuterons energies are near the threshold of the 108(d,n)!!C reaction. A significant fluctuation of 1€ yield at the maximum
focused intensity can also lead to this conclusion. Reaction yield (per one accelerated ion) produced by an ion with charge Ze
and reduced mass M* in a reaction with atoms having a density n, reads:

t _1
oo dN i E ' ds
Y= N/N, =ng [de—L[de o€ || )
0 deo dr

where N is the total number of reactions, N; is the number of accelerated ions, and bremsstrahlung losses are given by the

Bete formula:

*®
de M
L amt227% g )

dar me

*
Here m and e are electron mass and charge, A = ln(4me/ M J), and Z, and J are the atom charge and mean ionization

potential of the medium atoms. We used the EXFOR data base'® for the °B(d,n)"'C reaction cross section and water bag
distribution function for deuteron energies to determine *'C yield from equation (1).
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Fig. 4. Experimental yield of ¢ versus the laser intensity for the °B(d,n)''C reaction. The inset shows calculated yield of
11C per one deuteron as a function of maximum ion energy.

The inset of Fig. 4 shows that the threshold for this reaction is ~ 0.5 MeV. The comparison with the experimental data
convinces one that the deuteron energy cutoff at the maximum laser intensity used is about 1-2 MeV.
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To verify that high-energy ions are accelerated from the front side of the target, that agrees with Ref. [4] and contradicts
to Ref. [6] we irradiated a 6 um thick Mylar target with a layer of a deuterated plastic on a back side and performed the same
experiment on activation of 198 sample. In this case the activation signal was not above the background level. These results
indicate unequivocally, that for the condition of our experiment light ions are accelerated indeed from the front side of the
foil.

High-energy protons arc also expected in the experiment with the layered deuterated target. They may participate in the
11B(d,n)“C reaction. The cross section of this reaction'® has a higher threshold (above 3 MeV). Taking into account that the
amount of !'B in boron sample was only 10% we expect ¢ yield for this reaction to be much less that for deuterons. To
verify that (p,n) reaction does not contribute sufficiently in 1C yield we focused the laser at the highest intensity on a bare
Mylar film with a boron sample behind. No activation signal was observed in this case. We eliminated also the reaction
1B(d,2n)''C because of (i) boron sample contains only 10% of VB. (ii) it requires energy of deuterons higher than 6 MeV;
(iii) and the reaction cross-section is 10 times less than for the reaction °B(d,n)"'C.

In summary, we have observed protons with energies up to 10 MeV and ~ 1 MeV deuterons in forward direction
accelerated by tabletop laser focused on the thin films. The maximum proton energy is approximately proportional to the
laser intensity and more than ten times higher than estimated from the pondermotive potential. We have also demonstrated
the production of ~ 10° atoms of a positron active isotope ¢ from the °B(d,n)"'C reaction. The activation results have

suggested that ions are accelerated in a plasma from the front surface of a Mylar target.
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Effect of a laser pre-pulse on ion acceleration when an ultra intense laser pulse interacts with a
foil target
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Abstract

Upon the interaction of an ultra intense laser pulse with a solid target, generated fast electrons can
produce MeV ions from laser plasmas. These fast ions can be used in different applications ranging
from ion implantation to nuclear reaction stimulation. The most important point is the efficiency of this
fast ion production. We analyze - with help of an analytical model and PIC code simulations - the
different acceleration mechanisms and compare the efficiency of electrostatic ion acceleration, at the
front and rear of a foil target, the ponderomotive mechanism and acceleration by the shock wave in
detail. The optimal plasma density distribution, shaped by laser prepulse, is found.

1. Basic equations.

We consider acceleration of jons from a plasma layer with a thickness of several laser wavelengths.
Such a plasma can be formed by laser illumination of a thin foil. To describe theacceleration of ions in
laser plasma we formulate a set of equations. First we consider the given ion distribution and movement
of an electron subsystem. The electron motion can be described with the help of kinetic or
hydrodynamic equations. The electrons play the role of intermediary through wheh the energy of the
laser pulse is converted to ion energy. Therefore, the purpose of describing of electron motion is to find
a connection between the electrostatic field operating on the ions and the field of the laser pulse. In the
kinetic approximation, plasma electron motion describe by a selfconsistent set of equations consisting
of a collision-less kinetic equation for a distribution function of electrons, and Maxwells equations for
electromagnetic fields. The common solution of the kinetic equatin in this case can be written as

follows:

f(z::p,5P,) = [3(p P2y Do 0)8(z — 2203 Pos D (Poizo)dPodzo )y

Where P03 Po31) . 2(263Po31) ; _ result of solution of equations of electron motion
Py =Py —ed(zn)/c

ié\ﬁz + (P, /c—ed(z,0)/c?) __ea(p(z,r)_g\/ﬁzc“ +(P,.c - ed(z,0)’
dt 1-2%/c? 0z 0z 1-2%/c? L (2)

These equations define the phase trajectory of electrons with initial momentum Ps and coordinate z in

self-consistent electromagnetic fields.
In (2) 4 (z, #) - vector potential of the transverse (div4 = 0) electromagnetic fields, ¢(z, ) — the scalar

potential of the longitudinal fields satisfying the Maxwells equations:
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az 82 - 47te . —
[g - ::Ea—t_z]A(Z’t) =T Ivf(z;t;Pz ;p, )dp

8‘@(?’0 =—4ne(Zn, - jf(z;t;pz ;p, )dp)
o« (3)

We assume spatial one-dimensionality of our task and it allows us to use the law of conservation of
transverse canonical momentum to find p,(po.,zo.t).
The initial distribution function J(Po320) i (1) is the Maxwell — Boltzmann one:

= 1 Py eo(z
F(Boize) = = —exp(- L) 2, exp(- S0
2nmT, 2mT, i @
where the potential ¢(z,) satisfies the Poisson equation:
2
00 _tnezn,fexp(-2e)) o)y
0z, T, n, 5)

theoretically allows us to express a potential by the vector potential of a laser field and the density
profile of ions, and thus to find a self-consistent force operating on the ions. For ion movement we have

the next system of hydrodynamic equations

Qn—*+—?—(nivi)=0

ot oz

o, 0., 1 ATn) Zedp

8t iaZ i Mn,- 0z M oz (6)

However, it is impossible to solve analytically complete self-consistent system (1-6). Therefore, we
simplify the situation and consider two approximate methods of finding a solution of the system. To
check the used methods we also simulate the self-consistent problem by PIC-code simulations.

2. Approximation of a given electron distribution function.

As the first approximate method we set a given electron distribution function and investigate the
acceleration of ions in this electron distribution. We describe the electron distribution function as a two-
temperature Maxwell function:

fo =f,exp(-u*/v.”) +f, exp(-u®/v,”) 7
where
U2 = \/2 - Vo2 - ze(\D/rne;vc.h = (Tc.h /me )”2 (8)

Temperatures of hot and cold electrons is considered to be known. Selection of a such distribution
function is natural and takes into account the basic groups of electrons, both accelerated in a skin layer,
and cold electrons of background plasma [4].

In equations (4,5) we are using the analytical profiles of ion density n; (z). The derivated system (1-5)
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In Fig.1 show, calculated with the aid of PIC - code [2] simulations, electron distribution functions for

the interaction of a laser pulse of duration I ps and intensity 510'® W/em? with Al foil target. From this
figure we see two reference slope angles of thedistribution function, corresponding to the two indicated

~ 2 —
temperatures. Energy of hot electrons can be derived from laser intensity I, as T, = mc*(yT+nl,y =) ,
where - absorption coefficient, ;g - intensity in terms of 10'* W/em? [5]. The electron density is

expressed by a distribution function:

n, =2 j fco(\/v2 —v,’ —2e@/m,)dv
0

. C))

System (1-6) hydrodynamic equations of plasma motion transforms to:

on, 0

—+—(n,v;)=0

ot oz

o) T.n_

ov; 0 1 jgh e Ze 0

v, —V, =

ot 0z Mn, oz M oz

2

Q—(f =—4ne(Zn, — Z n,)

o , (10)
where

n, =N, exp(—2e(p/mcvj2) (11

The system (10) is complete and allows to find N, Vis® For analysis of the system we rewrite this in
dimensionless variables:
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op 0 10 10 oy

L ru—p+——(exp(-Zy)) + p——(exp(-ZAy)) = ——-

e ”ag” néé( p(=Zy)) pnag( p(-ZAy)) 5
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3% =~ ZBexp(-ZAy)~ Zexp(-2y)

g (12)
nm=n;/n,

- profile of ion density, normalized on
L=ct,

The dimensionless variables are selected as follows:
density in over dense plasma, §=z/L _ coordinate, the scale of plasma inhomogenity

T=t/t. _ time, normalized on duration of laser pulse, p=v,/c, (where ¢, =ZT, /M) - Mach

number of ions in relation to velocity of an ion sound,
— ZOA — A= R S22

y=2Zeg/Me A =T, /TiB=ng /np=nT/naTd =" /L gimengionless Debye screening

distance, Z - effective charge of the ions. Obviously, the following inequalities are true for the

dimensionless variables:

A=1,B=1, 61, p=1 (13)
Quasi-neutrality is assumed for the solution of the Poisson equation. The quasi-neutral status is valid if
the process time is great than the time of fast electron oscillation about the ion:

12
tL[pS]Z(4 e 2J ~ (10_3ncr/nh)l/2
mn, ¢

n,

(14)
In a quasi-neutral approximation 8 = 0. The maximum velocity of ions we present as [1]:
meve‘maxz

umax :l+81n3.‘( :l+
2T, (15)

By expansion of the dimensionless function ¥ into a series, the coordinates of the asymptotic values of
these functions are found to be as follows [1]:

W 0.5E-E)% k= 0.5CE+E), = (IN2m)EE+E) (16)

here coordinate & is defined from the requirement W)= O.
There is the next physical picture: fast electrons carry away ions behind themselves; the average
electron moves together with ions, however precise electron motion representsan oscillation about ions
in an electric field during a time like (14). In the one-dimensional case the electrons can not leave the
jons, since the potential increases ad infinitum. We define €max from the requirement that the time of an
electron returning from vacuum is about the laser pulse duration:

t=2v, . (Lm, /ep,, )=t a7

€, max

From here

8 max

2
~v.t, /2L = %f’—i%—[i] ~10
EEN (18)
where t, - duration of laser pre-pulse, producing an initial scale of plasma inhomogeneity. We can

~ . _2 . .
estimate in this case the ratio of ion velocity to speed of light as:": /e~6-10" 1 4 real situation the

potential is restricted. We take for the estimation the potential of a charged disk d diameter 2r (about
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the size of a laser spot) on the surface of the plasma, then

0= 712 - 2q=enr’bn, .,
> (19)

where
"t dn,
nlmnax = J‘——dV
Yodv
(20)
and 7 is the distance which fast electrons move out from the target during the laser pulse. The magnitude
of this charge is estimated, thus, from the assamption of quasineutrality. Then
2 2
Eun = Ny =In(o,, Ir /vy, ). The calculation for Tp=300kev, ne,hz10'3nc,z10'lscm'3, r~3-107 cm gives
Emax™0 oOr v.-/Cz3-10'2. Thus the one-dimensional model gives the same order of magnitude of ion

velocity.
We consider now the estimations for very short pulses, when there is no time for quasi-

tlps]< 070 /n)™ 1 ihis case [4]
Vo = 20+ In(Zo1,))
_ {482 +(1/€)exp(-€” /2),E <&,
0,£>¢,
e=exp(§-EJu=1+e+§ @n

At distance, where the scale of plasma inhomogeneity is about the Debye screening distance, we

assume that ion concentration is equal to zero. Then
r, = ¢t ;n, = n, exp(-&), from this& =2In(Zo, 1, ) @

Vo = 2(1+ In(Zo,; 1, )) ~ 10

max

neutrality to be reached:

)

for ion velocity vi/cz6-lO‘2 again is obtained.
For plasma with a sharp boundary the value of velocity can be determined from the value of the

ambipolar field

E, =T/t 23)
vi = ——Z-_ EatL
Velocity of an ion then M , and their energy
Emax =y —llb— mc ((")OtL)2 = 10

_1n-2
at ™ =107 ang t, = 1.5 ps. Thus, within an order of magnitude, the same ion velocities are derived
from the different models. The connection between ion velocity, duration of laser pulse and pre-pulse is
determined by the following: for short pre-pulse (the initial scale of inhomogeneity is less than the

Debye screening distance of fast electrons) ion energy does not depend on pre-pulse duration, but for

-3 1/2
longer pre-pulse the ion energies less than that given in (18). For short t[ps]<(107ns/n,) basic

pulses the energy of an ion is weakly (see (21)) dependant on pulse duration. For longer pulses the
energy of an ion starts to increase with t,2. This increase over the above is restricted by the fact, that the
energy and number of fast electrons are limited by the finite duration of the laser pulse. The pulse
duration, for which there is saturation, is much more than 1 ps, and pulses of such duration are not

considered in this paper.
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We compare these scalings with the results of our numerical simulations:
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Figures 2, where plasma foil densities profiles are shown, illustrate that an intense laser pulse generates

a shock wave with considerable of density 3-4 times that of foil density.
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From figures 3, where are the ion velocity distributions, we see that the ions are accelerated by fast
electrons on two surfaces of the thin foil, where the electrons leave this target and carry behind

themselves ions. The acceleration happens also at a critical density n

n., where ponderomotive

pressure forms the shock wave. Part of the ions take off into a vacuum in the opposite direction. The
scalings from the given section are valid only for ions on the lefthand boundary, the opposite boundary
we do not consider. From figures 2,3 we see that the values of ion velocity are in the interval 0.020.04
c, that well coincides with our scalings.
It also follows from the graphs, that the maximum velocity of ions increass with time. So at 300 fs and
500 fs the velocity increases from 0.02 till 0.04, that approximately correspond to quadratic
dependence (12,18) of ion energies from duration of laser pulse. We analyze also the dependence of ion
energy from a scale of plasma inhomogeneity and now consider the results of simulations for plasma

with a sharp density profile (such case is implemented without prepulse):.
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The graphs from Fig.4 of ion velocity for time 300 fs show: that on the back side of the foil the sharp
plasma profile provides approximately twice as high ion speed compared with the smooth profile case.
The explanation is as follows: on a sharp boundary. fast electrons travel a smaller distance from ions, as
an ambipolar field is stronger. During the laser pulse the electrons make more cycles of oscillation
about ions, and the rate of acceleration thus is higher. The scaling under the formula (24) gives

magnitude of velocity of ions v; ~ 0.05c, this agrees with numerical calculations.

So, the reason for ion acceleration on both target surfaces is the action of ambipolar field from fast
electrons. The given electron distribution function approximation accurately describes the acceleration
of ions on foil boundaries, but for an exposition of ion shock wave shaping indde plasma it is better to

use hydrodynamic approximation.

3. Hydrodynamic approximation.

The hydrodynamic approach permits us to analyze processes inside dense plasma. It is valid for intense
laser fields, when plasma electron velocity is increased by a field, and greatly exceeds thermal velocity.
The electron distribution function in this approximation can be considered as a d-function. As in the
numerical simulations there is the following inequality between the temperature of cold and hot
electrons T. << Ty, we can use the hydrodynamic approximation, in which T = 0. We show, that in
hydrodynamics there is an additional mechanism of acceleration of ions when propagating a shock
wave in a nonuniform medium.

We find the solution of the self-consistent set of equations (1-6) by expansion on parameter vr/ve. In the
zero order of approximation, we have instead of collision-less kinetics equation - hydrodynamic
equations of motion of plasma electron component. The conservation law of transverse canonical
momentum of electrons allows to reduce a system of hydrodynamic equations of electrons motion and
Maxwells equations to two nonlinear partial equations for vector potential A(z;t) of electromagnetic
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wave and longitudinal electric field E(z;/)=-0p(zt)/0z in plasma [8]. Using the quasi-neutrality
approximation, we have one equation for vector potential amplitude ( Az =A(z,t) = A(z)e”"):

2 2
<;—2+‘°—2>a<a> 0+ 2 O Jiva) 2 (25)

(Dp 1+a

and one equation, connecting longitudinal electric field with vector potential:

0 =3 2 0
E—(—ag\/HA +V; EJlnn(é;)

0 . (26)

In a system (25-26) mp=(47th,-oez/m)”2- electron plasma frequencies and the following dimensionless
variables are used:
Op . ed . ek, 1”2, n, (&) . . . .
tE=-"L:-;a=—"+; E= = (Te /mc*)"?; nE) = —==L_ - dimensionless profile of ion density.
me” mew n,(§ =)

Now we return to system (6), by adding in the equations viscosity and by calculating an field E from
(26). For the analysis of a strong shock wave parameters in plasma it is convenient to onsider (6) in the
u=v,/{JZT, /M

following dimensionless variables: instead of velocity vi we enter a Mach number

< M

ion time t; we measure in terms of 0, V2T, , i.e. time an ion sound takes to transit a skin layer. Then
the dimensionless hydrodynamical equations for ions havethe form:

on

——~+—-— 0

o o (mu) =

LTSI MO R B 9 _mc’ VI+A?

R O R T @

where the dimensionless viscosity n depends only on temperature of ions:

64 2'To, ( T ]s”
n =
L, ¢ n,c \ ZT, . (28)

and L. — Qulomb logarithm.
The system (27) is non-complete, and it is necessary to add an equation for temperature. We consider
the process of shock wave propagation as adiabatic:

e lE -
T e g e .(29)

The adiabatic exponent y we take as equal 5/3, since the equation of plasma state differs a little from a

ideal gas state.

If a laser pulse is shorter than [ / (ZT. /M,))'? , then laser field pressure is equivalent to instantaneous
shock, and the right side of the second equation of (27) is equivalent to the boundary conditions of the
homogeneous system (27). The self-similar solution of the problem of strong shock is known [3]. From

the second equation (27) the velocity of a fast ionis
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Min (30)

2

C C

V. u :\/Zmn WI+A* -1)

that coexists with [5]. The obtained formula gives the velocity of fast ions in the neighbourhood of a
skin layer, i.e. behind the shock wave front. It is known that for a strong shock wave the velocity of

front and velocity of particles behind front wnnected by the factor 4/3, if an adiabatic exponent y = 5/3.

4 M
H=3V
Then a velocity of front we estimate as 4/3 . ¢,

Thus, instead of a solution (27,29) in a medium with a givendensity profile, we divided the problem
into two parts: first we found the parameters of a shock wave in the region of a skin layer, where it is
shaped, and then we considered the exit of given shock wave in the region of low density ¢ear side of
foil). In this region in (27) there isnot a laser pulse force and it is possible to neglect viscosity.

z

&
Let's select the next law of plasma density dependence: n,(z) = bz’ = ni(z,)( J . Here z; is the distance

Z
at which the ion density starts to decrease. A density in this point is n; (z). At z=0 the density equals
zero. Thus the shock wave goes from the position z; and at the position z = 0 goes out the rear side of
the foil target. To get the solution of a homogeneous system (27) in this regionwe transfer to the self-

similar variable y =z/C(~t)* =z/X(t). Details of solution of equations (27) are described in [3]. For
our purposes, we must know from [3] only one parametero= 0.6 and after that, we getthe velocity of a

ey -ti-a)a
shock wave: lt, X . On the surface at z = 0, velocity is going to infinity. Energy (per

unit mass) €~ 2’ ~ X279’ pressure p~M;nz’ ~X*7?1"® Thus the law of energy gain when a

shock wave transits from a point z, to a point z is as follows:

=2(1-a)/ &
£(z) = £(z, )( f-j

! €2y

Further it is necessary to find a limit point z, wherethe ion (thermal ion before front) free path exceeds
the width of plasma stratum, and plasma density becomes zero. After this point the hydrodynamic
approximation is incorrect. The ion free path depends on its energy and density of plasma:

12n°°T;
A (2)=—F—"T—". 32
() Z'e'n (z)L, (32)
We find this point z from the equation #~ A (@),
12n"T; [zr _ (i] (33)
Z’e*n (z,)L,z,\ 7 Z,
hence
1
z b2 S R
[z_] B [Z“e“n (z,)L 34
1 i\l ch

Then ion’s energy behind the front is:

134 Proc. SPIE Vol. 4352




-2(1-a)
12132 T2 Ja(l+6)
1

€(2) ZS(Z')(Z4e4n.(z )L 2

(35)
In this formula &%) - energy of an ion behind the front, which corresponds to velocity (30), n; (z;) -
ion concentration inside plasma, L.- Culomb logarithm.
Coordinate z; is necessary to find the law ofdensity dependence
bZl(S = n(z,) (36)

Now the formula of energy gain can be presated as
2{1-a)
ZI a{1+8)

&(z) =¢(z, )(
AT(ZI) (37)

In depth of plasma Ay <z, , & <1 and the energy really grows.
From this formula we see that the energy gain is the ratio of the hydrodynamic scale to free path and

varies as an exponent whose power is determined by the self-similar index a. The strong density

dependence on coordinates reduces the rate of energy gain, for 8 >> 1, but at 8< 1, i.e. for smoothly
varying medium, the energy gain is much better, though it is necessary to understand that these two

parameters not absolutely independent and a= o (8). In the given model, the free path of a thermal ion

in plasma is assumed as small in comparison with any hydrodynamiclengths.
Now we fulfil the numerical estimations. First we estimate free path of thermal ion, by

expressing it in terms of laser wavelength:

2 2
Ao o 1 ) c T.
~ ZT:T(T.-)Z =[2‘3L J((D—J [a)[m 7 )
CRUL A c pe 0 e , (38)

where 1, - classical radius of an electron. We choose Z * = 10, n. = 10n, then the free path is less than
a wavelength at T, < 1.2 keV.

The width of shock wave front is close to ion free path length because the viscosity of ions:™i = n T
T, /m;
L ~n/minvy ~1, ~ Ay
and typical scale of viscosity Vi , from it width of front and ion free path,

thus, are within one order of magnitude. At a=0.6,6 = 1:
2(1-a)

(2)=¢( )[ z, ja(ns) ( )[ Z ]2/3
£(z) = &(z, =¢(z,)| ——
AG) AG) 9

From this formula we see thata free path ~ 0.1 is necessary for raising ion energy for plasma width 3
(z; = 3) and temperature of ions for this purpose should be less than 450 eV.

So parameters of plasma for ion acceleration can be as follows: ne = 10n,, scale of plasma
density z;= 3 A, Ti = 450 eV. If we want to increase temperature k times more, scale should raise R
times. After laser pre-pulse plasma temperature decreases and scale of inhomogeneity grows- so this
case is realizable.

Let's compare these results with PIC simulations. In the previous figures of numerical simulations, the
shock wave propagates in the region of increasing density. Now we depict a shock wave in the plasma

region with decreasing density.
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From these figures, we can conclude, that the shock front in plasma with decreasing density breaks up
on some fronts (this is kinetic instability of shock wave front when the wave top overtakes wave
bottom). We compare the data of acceleration of a shock wave following fromFigures 4 to the result of
(39) . According to this law the shock wave velocity, on propagation from the point 9 microns to the
1-a/a
(2-——‘1) = (125" =1.16
point 8 microns increases by 8- times. (4 microns is the position, where the
density is equals zero). Refering on Fig.4, from the graph of velocities in the vicinity of the shock front,
we see the visual correspondence to this value. In the numerical calculations from F ig.4 we see thatthe
ion free path is ~ I micron and the scalelength is z; ~ 6MKM therefore, analytical coefficient of the ion

velocity increase is ~ 6"° ~ 3 times as in the simulations.

-0.04

4. Conclusion

We have discussed the process of ion acceleration from foil target by a laser.

1. The light pressure of a laser pulse is transmited to ions by means of electrons and ambipolar
fields. A shock wave is formed in the vicinity of a critical density point (where the pressure is
maximum) and propagates deep into the plasma. The hydrodynamic model gives adequate confirmed
by numerical calculations) exposure of this process. A characteristic shock wave velocity in Al target
for intensity 510'® W/cm® and pulse duration 1.5 ps is about 0.02 the speed of light. Intensity of the
shockwave and ion acceleration have a maximum in plasma with a scale ofdensity gradient about a
wavelength, as there are the maximum of absorption, amount of fast electrons and their energy in this
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case.

2. A strong shock front disintegrates on several fronts, causing an order of decrease of their
intensity when driving in inhomogeneous plasma from one surface of thefoil to other.
3. lon velocity increases as plasma density decreases. It produces acceleration of ions, and

magnification of their energy proportionaly tothe ratio of plasma density gradient to the length of ion
free path. Gradient of rear side plasma density of the target should be smooth to a realize this effect.

4. Culomb mechanism of electron-ion acceleration from two surface, in contrary to that from a
shockwave, is most effective in plasma with a sharp boundary and exceeds the acceleration of ions by a
shockwave. At short initial scale of plasma inhomogeneity ion energy does not depend on this scale.For
longer scale, ion energy decrease is inversely proportionally to square of plasma gradient. For short
basic pulses the energy of an ion is weak (logarithmic) depending on pulse duration. For longer pulse,
the energy of an ion begins to increase proportionally with the square of pulse duration down to a
condition of saturation, at which energy flows of fast electrons and accelerated ions are compamble.

5. From the point of view of maximum jon acceleration, the optimal target should have a few
micron thickness with smooth density gradient (scale of density inhomogenity about a wavelength)at

rear and sharp density gradient front.
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Abstract

The light scattered backward from a target illuminated by ultra intense laser pulses carries important
information about the nonlinear laser plasma interaction. We analyze the possibility of using this
information with the help of developed analytical model and PIC simulations. The spectrum of
scattered light is shown to be shifted, to be broadened and to be malulated, in comparison with the

initial laser spectrum.

Introduction

The measurment of the spectrum of laser radiation scattered from a dense plasma is an important
method of investigating laser plasma [1,2]. Reconstruction of plasma parameters by resuls of spectral
measurements requires us at first to find the connection between these parameters and the spectrum. In
the present paper we study the plasma dynamics in strong laser fields by a numerical simulations and
analytical modeling. On the basis ofthe obtained velocity and density the nonlinear plasma oscillations
are evaluated. Doppler shift and broadening of the spectrum of scattered radiation are obtained. At
considered high laser pulse intensities the spectrum is explained not only by movementof the critical
density surface that was obtained earlier but also generation of nonlinear sound oscillations in the

plasma.

1. Basic equations.

First we consider plasma in a laser pulse field as an electron subsystem with a given ion distribution.
The conservation law of conservation of electron transverse canonical momentum allows us to reduce
a system of hydrodynamic equations of electron motion and Maxwell equations to two nonlinear
differential equations for electromagnetic wave vector potential A(z;1) and longitudinal electric field

E(z;t)=-0p(z,t)/0z in the plasma.

o’ & 6E.  a 5
—7———'—) = + — I—", ]
<a§_, S3)a =)+ ) r———Hazx/ » (D

d }1+a2 o f1+a2 ; oE
= =E-— -8, =1 o
arv I__v2 ag ]—V', 7 E?& n(n(§)+6§), (2)
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OE /ot 3)
nE&)+oE/ ¢
dimensionless (in terms of ¢) longitudinal hydrodynamic velocity of electrons, andcop=(47cZnioe2/m)
— electron plasma frequency. In a system (}3) the following dimensionless variables are used:

ed . g ¢ . &1 = (T/me?)'%; here (E_,)_———(&)
mc mcm,, n (=00

where v=-—
12

- dimensionless profile of

mf’ . .
éz-;——:,‘t:(l)pt, a=———2—,

ion concentration of plasma. The equations (1,2) feature fast (in comparison with ions) oscillations of
electronic density. We average on time (on scales of plasma oscillations times) the equation (2) or
consider circular polarization of a laser wave (A? - slow function of time). Then, in an approximation
of quasi-neutrality, the field E is connected witha by the equation:

0 = 2 0
_a—§\/]+A +Vy aE"lnn(ég) @

After that, for amplitude of vector potential a from ( 1), the next equation is as follows:

62 o’
(—5 (n(§)+ J1+a ) ———— (5)
aé (,0,, \’]+a

The knowledge of an ambipolar field (4) allows us to formulate equations of ionic component motion:

on.
i V(v )=0
Y (n,v)

ZT,+T, Vn, Zmoc dl+a’
M n, M o0&

Qv—+v Vv +
ot

If the laser pulse is shorter than / / (ZT./M)'? (where I, - length of the skin layer) the pressure of a
laser field is equivalent to instantaneous shock on the plasma, and the right side of the second equation
(6) is equivalent to the boundary conditions for a homogeneous system (6). The solution of a problem
about such instantaneous shock for a system (6) is explained by an example in [5].

2. Under-critical plasma parameters.

The analytical solution (6) is difficult, however with the help of the second equation (6) it is possible
to estimate the velocity of shock front. For this purpose we rewrite (6) as the dimensionless equation
for the continuity of momentum flow:

v, ofv’ c2 1+a
AT & _imylra |, (7

ot 6&[ 02 () M J ™
Here ¢, = ((ZT, +T,)/M)"*-ion sound velocity and v; = v/cs

It is possible to omit the term containing plasma pressure, and also we assume that the laser field
momentum flow is completely converted to ion momentum flow (by means of fast electrons), then
from (7) we obtain the following ion velocity behind shock waves front

0.5
:(2zm°\/l+a2] (8)
Am_
We take Z/A = 0.5, m/m, = 0.0005, therefore v, =0.02(1+a’)

5-10'® W/ecm? (a® = 5) ion velocity is vi~0.03. We emphasize that the expression (8) approximates a ion
velocity near a position n = n,, where the ponderomotive pressure is applied. If we want to estimate

"4 For example for laser intensity
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the velocity inside over-dense plasma, the conservation law of momentum flow produces a factor n,/n
inside brackets in (8). For such a case, the formula (8) has been represented in [3]. These estimates of

ion velocity are confirmed by our PIC simulations:
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Fig.1

We see in Fig.1 that numerical simulation gives magnitude of the shock front velocity as y ~ 0.014.
The estimates based on Egs.(8) agree well with these numerical results.

3. Shock wave of a small amplitude.

The analytical solution (6) is possible for laser fields of small inensities (a < 1). In this case, the shock
wave is feeble, and it is possible to use perturbation theory for solution of the equations (6). We

substitute M = Mo +on, and expand (6) into a series of dn;. For the first order perturbation theory, we

obtain the sound equation for 8n;. For the second order the density perturbation &n is described by
KdW equation[4]:

68~n+ 66n+6n 88n+[38383n+9_cPT oom dég _ mc? A2
o o5 ok, 08 m < O0¢ (E-8&) 4T, & 9)

oo g |2l g v 0w [mm. O
N, Mc 2¢° o 8M o . (10)

The term that contains an integral describes damping of nonlinear ionsound oscillations, and the term

containing parameter 3, describes dispersion of plasmons.
The equation (9) together with the equation for a vector potentiala:
82 0)2 52 2
(=5 +—)AE) = (MBI -A/2) + () + 5 —)A
05 o ot* 2
P (11)
gives a system describing generation of a weak shock wave. For Al plasma and actual experimental

data we substitute Oy /@ =10, v, /e=0. , then B= 0.05 and a = 0.03. The equations (9,11) are valid
for 8n< 1, therefore we can use the expansion in a in the equation (11). The restriction on amplitude of

where
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a field in plasma, for which the perturbation of ion density in (9) remains weak, is s follows:

2
me A2«

4T, . (12)

The scale length of ion-sound oscillations in (9) is about the length of a skin layer, the velocity is about
the velocity of ion sound, so we can conclude that ion-sound frequency is equal to the ratio of these

parameters for this case.
For a solution of a system (9,11) and for definition of plasma density profile in a shock wave it is

necessary to set boundary conditions alongé and initial conditions at T also.

4. Solution of the boundary problem.

To determine the boundary conditions, we integrate (9) overS at the left-hand boundary of plasma:

2 2 2
¢ (13)

At the right boundary we set boundary conditions for function and derivative to zero. The initial

on

conditions also we put as: 511[;:0 - 0. Thus the mathematically problem about excitation of a shock

wave has been completely formulated.
First, we qualitatively explore parameters of a shock wave in a homogeneous equation (9) using the

following method. We search for a solution of form ST](E,—‘E—WT)’ where w - velocity of a shock
wave in a system moving with a velocity of an ion sound. Without a dissipative term theequation (12)
becomes the Newton’s law equation with an effective potential:

BSn”=———a——(6n3/6—w6nz/2)
The potential has a maximum at 8n= 0 and minimum at dn = 2w. Dissipation reduces the effective
driving force from the maximum represented by the potential to a minimum. Thus, the rarefaction
wave moves to the right, and the Mach number is connected with density perturbation by a relation

which is well known for a weak shock waves: M, =1+w =1+8n/2. To construct the density profile

for a shock wave we solve the equation:
88 —w) +Bon" +=P [ &1f du
T

=0
(h—1) ) (15)

Far to the left of the front, where SN(W) =2W+&(1) 4y Jinearizing (15), we obtain a linear integal
equation for &:

ws'+B8"'+9—P Ig’ du — =
T o (u-n) ) (16)
We search for a solution (16) as e(p) =exp(itk — 1MW) The density oscillations thus have a scale k'

and exponentially rise with an increment y. Such oscillatory character of a density in a plasma shock
wave was noted in [2]. The dispersion equation following from (16) has a simple form coinciding with
the well known dispersion law for an ion sound:
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and is solved easily:

~w+Vw? +40’
Y= 8B

\/SW +3Vw?+40’

k =
¥ s
Near to the shock front, the solution (9) can be found only numerically. We calculated this numerical
solution with the above mentioned boundary conditions, by taking B = 0.05, a = 0,

2
ZME A% (e = 0,%) = 4texp(—8F)

4T, . In a figure 2, illustrating the numerical simulation, the spreading

shock front and oscillating structure behind are shown (at T=5). At a later time the structure described

above should be generated.

Fig.2
5. Analysis of laser pulse reflection from plasma density modulated by a shock wave.

As was shown before, upon action of the laser pulse on plasma, there is a shock front following by the
oscillation of density. We can linearize the hydrodynamic equations because laser field, inside over
dense plasma with sharp density gradient, is attenuated in @,/0)>>1 times. Then we consider joint

solution of the equation for a:
o ¢ 0 o . 5
o .(22)

where 5=6771 , and equation KdW for mED.
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or 62; 0t oe 4T, & (23)
We consider vector potential also as ap + a;. We restrict this to terms of the second order, as the
equation KdW is written to within the second order. As a result we obtain the next system:
*  ,.c, 0 o

- -1n,)A,(E7) =0
0E® c ot (Dp (24)
o o o
(£+2 -c—'a‘T-Jr—: n,)A, = -0n(E,1)A, (€, 5) — (& D)A, (5 7)
(25)
681] oo 80 ém B[f&n Zmc’ 8(A F2AA +AD)

o ag o o8 4T, & 26)
Let's select plasma geometry relevant to a figure of the numerical simulations.

4 l n=l
— |

| n=, 3

Field ay from (24) take as

A, (E,%) = A,sin(\Jo’ /o’ -1 E) a7
We show at first, that the system (25,26) in under-dense plasma slab, with n=const, describes
connected electromagnetic and sound waves and generation of sound harmonics. We search for a
solution of the equations (25), (26) using a series expansion. A linear approximation gives the

following coupled equations:

& 2i% 2 O A, =-nE DA, G

oE? c ot o, (28)
2

86n+86n Zmc® 0 Oa, l:ch 0 Aoz

ot o 2T, o% 4T, g (29)

For solution of homogeneous equations we take:
A, = A, exp(i(o, —0)T-ikE)

on = dnexp(-iw, +ik,&) (30)
Then from (28), (29) the following conservation laws fa the interacting waves are obtained:
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2
Kk, = (©+0)yf1 -, =& =k, =22

From (31) the frequency of a sound and scattered waves can be determined:
2

c
—_ ] P
0, =20 1-n,—

c ®

2
o =o(l -2 [1-m 22

Taking finite length L = 3/ of plasma slab we see that a narrow frequency line is broadened andd —
function transforms to:
(Q-o)

in( )
[0)
(Q-v,)—> O 0) ,(Q—-m)<<0 )

Next iteration gives this system:

? ¢ 0 o - . - .
(@ +2A P NHAL = -3 DA(E,7) -1, (5 1)A (8

P (34)

o8, | o8m, _ Zmc’ & __Z_r_n_cf__a_Az

& o 2T, &g 7 4T, et (35)
The conservation laws for fields give the next frequency conditions:

Oy, =O— O +®; =20,
(36)

It means that a spectral line is shifted on the second harmonics of ion sound.It is broadened as given

by Eq.(33) and has amplitude about the first harmonic ~ Sn/np. Thus in a scatter spectrum there are
harmonics of ion sound frequency determined by Eq.(32).

Obviously, the solutions of equations (30) are valid fa homogeneous plasma and this rough
approximation is good enough. To satisfy initial and boundary conditions it is necessary to use a self

similar solution of the equation KdW (23) from a selfsimilar variable oM(&:7) =5n([3g/1”3). As
shown in [4], solutions in this case are expressed through Airy functions. Such density profile,
containing downward peaks, is qualitatively similar to numerical calculation results.

For the analysis of the spectrum of scattered radiation we use perturbation theory for (2):

& ..c 9 o W rp = S o O~
(5_57 +2i PR n,(ENAY(E,T) = (&, VAT (ET)
e (37)
In under dense plasma n(£) = n, << 1 and this plasma is transparent to laser pulse, but deep in plasma
no(€) > 1 and laser pulse does not propagate inside this region.
Solution (37) we present through a Green function. Let's take into account, in the Green function the
point of reflection &y(t) (boundary between over and under dense plasma), where the function equals
zero. From the law of motion of a point of reflection we selectéy(t) = -v; 7, then this function has the

form:
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This function is correct for slow dependence of &(t), as from homogeneous equation (37) it is not
satisfied precisely. Further we create a zero order approximation of the solutim (24). Take as this
approximation a laser standing wave:

AVE,R) = A, sin( o’ /o," -1, (E-V,T) (39)
Thus we neglect the broadening of a spectral distribution of the laser pulse, connected with its
duration, considering effects of sound genemtion more essential. For the correction to a field we get
the following expression:
AVET) = - [dT [ d¥G(EE33,7)8n(E, AV (E.T)
—o Bl(T) . (40)
As perturbation of density, we substitute the following solution of the equation KdW— where Ei is

(5, %) = o, B ()
Airy function. T

The picture of the scattering looks like the following:

s

Wave €

Plasma /‘\/\_/
boundary

4._—.__

Airy function

7%

)\ \/ & =

Y

For the spectral distribution we have the next expression:
AVG(E) = 1 [A© € Bexp(iQt)dQ
2n 41
We take a limited big interval & , where the field has the form of a propagating wave. For further
evaluations we insert the new variable to integrate over and interchange the order of the integration.
Then for (41) we obtain the following expression:
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(42)

The integral on 7' can be easily taken, as it represents the Poisson integral. After that the integrals ont"
and &" are evaluated. These integrals give d - functions relevant to the laws of conservation of energy

and momentum for generation of sound by a laser pulse:
2

o
Q-Q =-u|—-n,
[0

r 43)
With the help & - functions from (43) it is possible to fulfil the next integrations on k ando;. As result,
the vector potential of scatter radiation for large§ becomes:

.| r{a/3)s
AD @) = ABngexp(i, 5 1,0 G2
P \/564717/2(0_3(6__5 _np)s/z +(g)2 _np)l/z(z —u) + Q)4/3

P P

(44)

From this formula we see that:
The correction really is a plane wave propagating fran a boundary.
Doppler shift is to the red side and has a large value at negativew, where @ is related to the optical
frequency. The spectrum is almost symmetrical about the maximum. The spectrum is shifted,
broadened and its amplitude decreases as ~@™. For the shift we have the following expression:

c ®? ®°
Ao =0, (6" (—5 -n,)" +(:D"2‘ -n,)"?(2 —u))

o, p (45)
There is frequency o* at which (44) converts to infinity. It has taken place because for the
evaluation of Fourier components (43) we used this solution during all time. The introduction of an
integral with cuttoff at some time removes this limitation. But it is obvious that (46) is valid while

M
AT <A, Thus, near to maximum of the spectrum our description is inapplicable, but wirgs of the

spectrum we circumscribed correctly.
Let's compare the obtained results and our numerical simulation which we have shown in Fig.4
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As we know from Fig.2 the calculated plasma boundary velocity is 0.014 c. It gives a shift D 1o
the laser spectral line which is also equal to 0.014. It approximately corresponds to the maximum on
this graph. From the graph, we see that this peak is broadened and located in the interval of frequencis
up to 0.02-0.025. To explain this broadening we should also take into account the generation of sound
harmonics in under dense plasma. For this purpose we compare the spectrum from (45) and the

simulation data. In the numerical simulation cope/co=2, Vr./¢=0.] c/c = 1.5107, then 6 = 10 and

from (45) it follows that Ao/® = (.05, which is close result to the simulation result.

Finally we discuss the modulation, observed in simulation of the spectrum. Finite time of Fourier
A

transformation is- 300 fs. It corresponds in Fourier spectrum to dimensionless frequency cx300pc _
0.011. This is approximately the modulation of the spectrum in figure 4. Thus, by experimentally
measuring shift and width of spectrum on experiment wecan estimate under dense plasma parameters .

7. Conclusion

This theoretical analysis of short high power laser pulse reflection from a dense plasma resulted in the
following conclusion:

1. Ponderomotive pressure of laser light near critical density prodices a shock wave which propagates
deep into plasma. This process changes the profile of plasma density and creates two areas: transparent
under-dense plasma and above-critical dense plasma. The critical density surface separating these areas
moves with supersonic speed deep into the plasma together with the front of the shock wave at ultra
high laser intensity. In under- critical and above-critical areas intensive nonlinear ion sound waves
generate. In the transparent area the degree of nonlinearity is higher, due to higher field amplitude.

2. The indicated processes affect the spectrum of scattered radiation in the following way:

i) Critical surface movement produces Doppler red frequency shift of scattered light.

ii) Scattered radiation has a border peak of spectrum with wide spectral baseline from ion sound
oscillations in over dense plasma.

iii) The nonlinear ion sound in under-dense plasma produces harmonics in the spectrum of the
scattered radiation, widen and modulate it. This process forms a spectum central peak also.

3. Low frequency modulation of a scattered light spectrum is produced by finite duration of a laser
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pulse.
4. The measurements of the spectrum of reflected radiation thus allow us to determine the speed of

critical surface, and the density in under-dense plasma.
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ABSTRACT.

An interaction of a super strong linear-polarized electromagnetic wave with a dense plasma layer is investigated with the
help of a self-consistent method of the analysis. It is shown that at falling a powerful harmonic wave at thin plasma layer the
reflected field can be in the form of ultrashort pulses of radiation with amplitude considerably larger than an amplitude of an
incident wave. A process of interaction of a plasma layer with a standing electromagnetic wave is considered also and a
generalization of classical results about character of an electron motion in an electromagnetic field is obtained for a case of a
strong field and large radiation friction. In a strong field a minimum of an effective potential splits into two new that resuits
in violation of mirror symmetry of plasma layer radiation.

Keywords: Ultrashort pulse, plasma layer, laser-plasma interaction, radiation friction, radiation field

INTRODUCTION.

Recently large attention is given to the problems of generation of powerful ultrashort pulses and coherent electromagnetic
radiation of high (up to x-ray) frequency through an interaction of a super strong laser radiation with a solid target [1-6].
The reason for occurrence of high harmonics in a spectrum of reflected wave is the following: at falling a powerful

electromagnetic wave with intensity 10'8 —10"°wt/cm? ona target the electron plasma with large density (about the order

of 102 cm ~3) is formed on its boundary, the electrons of this plasma layer move not only in transversal direction but also
commit the longitudinal vibrations at a double frequency under the action of magnetic component of the incident wave.
There are two approaches now to the solution of such problems. First is based on a direct numerical simulation of Maxwell
equations for process of interaction of plasma and powerful electromagnetic wave by a particle-in-cell method [2,4] and has
all known lacks intrinsic to numerical experiments of such kind: technical complexity, difficulty of interpretation and
selection of the physical solutions etc. In the second approach the simplified description permitting to receive analytical
expressions is used. The model of an oscillating mirror is usually considered [1], in which the high harmonics in the
reflected wave arise due to the periodic modulation of its phase: Eg « cos(wt+@g +y (1)), w(t) =ygsin2wt, where o -
is a frequency of an incident wave and ¢ is its initial phase. The incompleteness of such approach is due to the facts that,

at first, the mirror is supposed to be absolutely reflecting, secondly, the time dispersion and dynamic relativistic effects are
omitted. Besides the form of mirror oscillations in such approach is supposed to be harmonic that, generally speaking, does
not correspond to the precise solution of self-consistent equations of motion for the plasma layer. At the same time at ultra
relativistic amplitude of an external field when the work of a field on the wavelength becomes considerably larger than the
rest energy of the electron (accelerating parameter a = eEq/mw ¢ >> 1), the indicated effects should play an essential role.

Actually at reflection of a wave from a mirror moving towards with constant speed the reflected amplitude is proportional to
the factor A = (1+ B)/(1- ), where g is the ratio of mirror speed to the speed of light in vacuum c [7]. In essentially
relativistic regimes of interaction of the electromagnetic wave with the plasma layer (& >>1,[,B|~l) the form of the
reflected field can evidently has a strong dependence on the amplitude factor 4.

The essential results describing the process of reflection of the powerful (ultra relativistic) electromagnetic wave
from the plasma layer can be obtained within the framework of electron sheets model [8]. This model gives the consistent
microscopic description of plasma layer interaction with electromagnetic waves and allows to solve many self-consistent
problems about interaction of fields with charged medium. Especially simple equations of motion can be obtained in the
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case of small width of the plasma layer (considerably less than the wavelength of the incident radiation) when in the model
it is possible to use one sheet only. Just this case will be considered in the present paper.

In particular it will be shown that at ultra relativistic amplitudes of the external field the reflected wave has essentially
nonharmonic character: there is a synchronous radiation of harmonics of the incident wave frequency. Namely the
sinusoidal incident wave can be converted into a sequence of short pulses of electromagnetic radiation with large amplitude.
Thus due to the enrichment with the harmonics the decrease of each pulse duration takes place and the amplitude of pulses
can essentially exceed the amplitude of the incident wave. The process of interaction of the plasma layer with a standing
linear-polarized electromagnetic wave will be considered also and the generalization of the classical results about the
character of electron motion in electromagnetic field [9] for the case of the strong field and large electron concentration

(large radiation friction) will be obtained. It appears that in the strong electromagnetic field («, >2) each minimum of an

effective potential splits into two new minima. It results in violation of mirror symmetry of plasma layer radiation and
dependence of the stationary state on the initial conditions due to essentially non-linear character of electron’s oscillations.

For simplicity in the following analysis we shall consider that an ion background is fixed and electron concentration in
plasma is large enough, so that the frequency of an external field will be much less than plasma characteristic frequency.
Besides we shall consider that the initial velocity of the electrons is zero (approximation of a cold plasma).

1. MODEL AND MAIN EQUATIONS.

Let consider a charged medium homogeneous in directions perpendicular to Oz axis. In this case the densities of charge
p(z,t) and current ](z,t) depend only on z and are independent on x and y . Formal solutions of Maxwell equations can
be in this case obtained by a method of a Green function and look like [8]:

- +00 400 Iz_zv| . R
E(z,t)=27r I fa’t' dz'o|t-1 — szgn(z—z')p(z',t')ez
c

—0—00
+-00 -+00 ot -
—%’5] _[dt'dz'5(t——t' —l—z—c—z—!]j(z',t') )

+00+0 -z .
()2 jdt'dz‘é[t—t'—lz ‘Js,-gn(z_z-)[j(zv,f)az]
€ o oo ¢
Here [, ] is the sign of a vector product.

Let now consider a thin layer of electrons extended in x and y-direction with the width considerably smaller than the
wavelength of the incident radiation. In this case the layer is equivalent to an infinitely thin charged sheet the dynamics of
which can be described by 3 + 1 functions of time: three components of speed ¥=v(r) and one space coordinate z=Z (1)

(fig.1). The densities of charge and current of such sheet have the form:
p(z,0)=08(z-Z(1);J(z ,0)=0V(1)8(z=-Z(1)), )

where o is the surface density of charge.

Substituting now expressions (2) in equations (1) and integrating over z' and /', one can obtain the following

expressions for the components of electromagnetic field:

Ez(z,t)=27tasign(z—Z(t'))

ﬂ_l.(t') (3)
1- B.(¢)sign(z=Z(¢))

E|(z,1)="2r0C

[ﬂi(r'),ez]
I- B.({)sign(z-Z(1))

H(z,t)=2nosign (z-Z(1))
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where E|=E, &+ Eyé,, vi=vee,+vye,, f=v/c and the “delaying” time ¢ is determined from the equation

c(t-t)=|z-Z (1.

It is worth to mention that the expressions (3) are one dimensional (or, more precisely, 3 + 1 dimensional) analogues of
the classic Lienar-Wihert solutions [7] and give the exact expressions for the field created by the infinite plane. Here the

component E, can be interpreted as a near field and component £ as a field of radiation.

Let consider an expression for a spectral component of the radiation field £ »(2) - Substituting into equation

E ,(2)= jthJ_(z,t)exp(—ia)t) “)
the expressions for the field (1), one can receive

E_Lw(z)=2—”+j?0+fodtdz'h(z',t)exp{—i(a)t+kR)}, ()
4

—a0 —o0

where R =| z —z'| and k=w /c . Then using expression for the current density according to (2) one can obtain:

Elw(z)=27r0'+fodt,5‘l( Nexpl-i(ot+kR)} (6)

-0
For periodic (with period T =2z/w ) motion of the plane the spectral decomposition of the radiation field contains only
components at frequencies new with values

T
Eln(z)=27r0'%j dt B, (1)expl-in(wt+kR) . (D
0

Let consider now an influence of the radiation field (3) on the motion of the electron sheet. It follows from expressions
(3) that the interaction of the electron sheet with the own radiation field results in appearance of a specific self-action force

{81
1

T 2 2 2
Oy, =-270 B, Py, =-270 b1 3 B, (8)
- .Bz
2
Le. there is effective viscous force (8) with a constant coefficient of viscosity 77, = for transversal motion and non-
2 2

. . . . 2ro o .
linear coefficient of viscosity = £ lz for longitudinal motion.

c l—ﬂz

The equations of motion for a separate electron of the sheet in homogeneous along x and y fields look like:

%:eé+e[ﬁ,ﬁ]+ﬁsa’

- - , 1
FsaJ_ =-2rcepf, Fsaz =_27raeﬂl 1—,82 B )
z

Here p is the relativistic momentum of the electron and e is its charge.

2. GIVEN LONGITUDINAL MOTION OF THE PLASMA SHEET.
Let at first consider a given longitudinal motion z=z(¢) of the sheet. For transversal motion of the sheet in a field
E, =Egcos(w!—kz+¢q) (normal falling of the linear-polarized wave at the plasma layer) one has from equations (9):
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dpy

dt

Let for simplicity the surface density of charge o is large enough. In this case the sheet is practically an ideal

mirror and, as was shown in Ref. [8], it is possible to neglect the inertial (dispersion) term dp,, /dt in equation (10) (strictly

speaking, the larger 3, the greater should be the surface density o for the sheet be the ideally reflecting mirror). Under
these conditions the expression for the reflected wave has according to (3) the following form:

=eEycos(wt—kz(t)+pg)(1-p,(1))-2nocep, . (10)

1- B, (")
Ep =—Ey ——EF—cos(w!+kz ~2kz(t') + 11
Ry =0 T gy () +90) an

Note that the expression for the amplitude Doppler factor 4=(1-5; )/(1+ B,) in this case appears valid not only for
uniform motion but also for arbitrary dependence /3, = f,(r) with replacement of ¢ by the delaying time #'.

Let now the dependence of the longitudinal velocity on time is determined by an expression f3, = ffysin2m t (a phase

difference between the mirror oscillations and electromagnetic wave is determined by the value ¢ ). From (11) it follows
that for S, — 1 the function A has a form of infinitely high pulses at the double frequency. The amplitude modulation of
the reflected field due to the factor A (cf. (11)) essentially enriches for By — 1 the radiation spectrum so the shape of the

reflected wave considerably differs from a sine wave. In fig. 2 the time dependence of the reflected field is displayed for
different values of S, . There is a large number of odd harmonics of base frequency @ in the reflected wave and the closer

is fBy to unit the more harmonics is involved in the formation of the reflected wave. The principle point is the rigid binding

for the phases of all harmonics to the phase of the incident wave. As a result all harmonics are added synchronously and the
reflected field has the form of short pulses of radiation following with frequency @ with the amplitude directly proportional
to the number of harmonics and with duration inversely proportional to that number. For relative complex amplitude of 2p +
1 harmonic one can obtain substituting the solution (11) into the spectral decomposition of the radiation field (7)

= T . . .
Er ap+1y/ Eo =—CXP[I—2—p)[Ap(/30 Yexp(igg )+i B, (Bo )exp(—'(ﬂo)] (12)
where the coefficients A4 and B are defined by the following expressions:

Ap(B)= 3 [1+2(—n+p)]J,,((2p+1)—’;—OJJ_n+p(%"-)

n=—oo

B,(Bo)= +Zw [1+2(n—p—1)]Jn((2p+1)—'[—?}ln_p_l(%o_j,

n=—om

Here J,(x) is the Bessel function of the n-th order. Thus the expression (12) gives the precise analytical solution to the

problem of reflection of the sine wave with frequency @ from the ideally reflecting mirror oscillating in the longitudinal

direction with arbitrary amplitude S, and frequency 2w . It is worth to mention that similar formulas can be obtained for
the general case with dispersion.

The analysis of expression (12) gives not only a numerical value for a conversion coefficient of the incident wave
power into harmonics, but also displays its strong dependence on the phase difference between the oscillations of the

electron sheet and the wave.

3. RADIATION OF THE SHEET IN THE FIELD OF MONOCHROMATIC WAVE.

Let proceed now to the self-consistent analysis of the reflected field in the case when the sheet moves under the action of the
linear-polarized incident wave E, = Eqcos(w {~k z +@,). Here contrary to the case considered in section 2 the

dispersion of electron medium (inertial term) and highly nonharmonic character of electron oscillations will be taken into
account. The trajectory of the electron sheet in this case can be presented as the sum of three components:

1). Transversal oscillations at the frequency of the incident wave.
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2). Longitudinal oscillations at the double frequency of the incident wave.
3). Longitudinal drift under the action of a radiation pressure force.

At relativistic intensities the radiation pressure force acting on the sheet will be very large that will cause fast
longitudinal acceleration of the sheet to about the speed of light; after that the sheet practically will stop to reflect the
incident radiation. Therefore it is necessary to compensate the mean radiation pressure by, for example, an external
electrostatic field E,=—F,,, (in real experiment such field can be produced by positive charge of heavy ions, for example.

Actually for 202> ag , where a=2rce/mmc, the force of the electrostatic attraction from the ionic background appears
to be larger than the force of light pressure, and the steady state regime is possible in the system). At « >>1 for the full

compensation of the radiation pressure force it is necessary to put E,., =(a, /2a)Ey [8]. In this case equations of motion
p p ry to p ext 0 0 q

(3) for the electron sheet have the following form:

d| By

—| === |=agw cos(wt - kz(t)+¢o) (1= f;) - awf,

d 2
Nyi-2 (13)

2
i ﬂz b4

=aqpwcos(wl —kz(t)+po) B, - av——f, -wg,
“Wr-p 1-p2

where g =¢eE,,,/mwc is a dimensionless compensatory force. A numerical analysis of the system (13) displays that the
longitudinal oscillations of the electron sheet have essentially nonharmonic character for large « that differs from the

usually supposed sinusoidal law of motion. Besides there are parts of trajectory where the mirror moves towards to the
incident wave with the speed close to the speed of light. According to expressions (3) just from these parts there is the
radiation of large amplitude pulses (generation of high harmonics).

The most effective increase of reflected pulses’ amplitude and enrichment by harmonics occur according to (3) for the
motion of the sheet towards the incident wave with the speed close to ¢. For the oncoming acceleration of the electron sheet
a swinging wave with frequency considerably smaller than the frequency of the incident radiation can be used in addition to
the constant compensating field. Then the constant electrostatic field compensates the radiation pressure force of the
incident wave and the swinging field provides at some moments the counter speed of the sheet close to the speed of light.

Let, for example, the external field is selected in the form E,,, =§QEO k(1+sin(0.1w1)) , where the factor k=1 is
o

introduced for the regime to be quasistationary. For this case the shape of the reflected field Ep is shown in fig. 3 for
a =100 and different values of g and k. The reflected ficld represents a set of trains following with frequency of the
swinging wave (0.1e in fig. 3) and each train consists of the short pulses with large amplitude which are radiated from the
parts of trajectory where S, ~-1. The duration of each train is about the half of the swinging field period and there is a
nonuniform effective compression of the train due to the Doppler conversion of the frequency. Distance between different
trains in the set practically does not change because these segments correspond to the instants when | ,BZ[<1 and the

Doppler frequency conversion is inessential. Note that here contrary to the approximation utilized in section 3 (fig. 2)
accounting the inertial term results in the two-polar shape of each pulse.

4. RADIATION OF THE SHEET IN THE FIELD OF TWO COUNTER PROPAGATING
WAVES.

It was already noted that the electron sheet commits finite oscillations in the field of the powerful electromagnetic wave
when the radiation pressure force is compensated. In the previous section the force of radiation pressure was compensated
by the homogeneous electrostatic field. However for the interaction of the electron sheet with the high-power
electromagnetic wave the realization of such field in real experiment can be impossible. A more attractive scheme exists in
which there are two waves of equal amplitudes running towards one another. Thus the problem of interaction of the electron
sheet with a standing electromagnetic wave arises.

For electric and magnetic components of the standing linear-polarized wave one has:
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E, =2Eyjcoswtcoskz; Hy =-2E sinwtsink z . (14)

The equations of motion (9) will be recorded now in the following way:

d| By

—| === |=2aqcostcosz -2ay B, sintsinz~ap,

dt /1_ 2
A . (15)

2
d . I
2 =2a0ﬁysmtsmz—a——y2-ﬂz

dt /1—,82 1-4;

The normalized dimensionless variables @t — t;kz — z are introduced here.

Let at first ﬂy, B, << 1. In this case equations (15) become:

d
2B =2 - intsinz—
” By =2aycostcosz 2a0p, sintsinz-a g,

16
d P S 2 (16)
::’7'6: =2aypf,sintsinz—a B, f;

In the equation for g, the term —a ﬁ§ B, should be taken into account despite of the smallness of longitudinal and

transversal velocities of the electron sheet because the factor @ >>1 and this term can be about the order of remaining
terms in the second equation of the system (16).

One can conclude that equations (16) belong to the well known type of particle’s equations of motion in a high
frequency electromagnetic field when the force of the sheet self-action (radiation friction) described by the last term in (16)
is neglected. The classical result [9] is that in the absence of radiation friction the longitudinal motion of particles represents
fast oscillations at frequency 2@ and slow drift in an effective Gaponov-Miller  potential

U (z)= (ez / 2ma)2)<E2> ~ cos2kz (here character ( ) means time-averaging operation). It is natural to suppose that if
there is a dissipation of energy due to the radiation the particles after some time will occur in a minimum of the potential

energy kz=rn/2+qn (g=0,%1,...), ie. in a node of the wave. At this points the electric field is equal to zero so the

particles will stay at rest and will not radiate. Rigorous analysis of the system (16) displays that the inclusion of the non-
linear radiation friction terms can essentially change the situation.

Let, for example, the condition £=4 ag /a<<1 is valid (this condition does not limit the analysis to a case of small
amplitudes, since for any accelerating parameter a it is possible to take rather large density for the sheet charge so that the

condition & <<1 remains valid). Retaining in equations (16) the terms of the first and second order in £ one can obtain for
the slow longitudinal drift Z the following equation (see Appendix):
2

2 2 2
4, 2004, G714 o527 |, (17)
ar? a dt a? 4

and for an effective potential energy and effective friction coefficient the expressions:

a2 4 a2
U (z)=——02—c0522+ 2cos4z, ¥ ==L (18)
2a R2a a

The first term in (18) corresponds to the Gaponov-Miller potential, the second one describes the effect of non-linear
radiation friction. It can be shown that at a, <2 the drift corresponds to the motion in the Gaponov-Miller potential: the

steady state equilibrium position is in the node of the standing wave electric component (z = 7/2+qx ). However for

a >2 the former equilibrium position becomes unstable, each effective potential minimum splits into two adjacent

minima which for large a; tend to #/4+qx/2 (fig. 4). Comparing for Z an effective oscillation frequency near the

154 Proc. SPIE Vol. 4352




minima of the potential energy with damping (cf. (18)) one can conclude that the drift of the sheet has a character of
aperiodic motion to a new equilibrium position. At new equilibrium positions the amplitudes of electric and magnetic fields
of the standing wave are nonzero so the electron sheet commits intensive oscillations at frequency @ in transverse direction
and at frequency 2@ in longitudinal direction radiating the electromagnetic waves. Thus the effective radiation of the

plasma layer in the field of standing wave is possible only for powerful enough fields ensuring @ >2 (note that the

analytical solution is obtained under condition of & <<1). The numerical analysis for the complete set of equations of
motion displays that taking into account the relativistic factors in the system (15) does not change qualitatively the character
of the longitudinal drift. For large enough intensity of the standing wave the amplitude of the relativistic velocity S, of fast
longi'tudinal anharmonic oscillations at frequency 2w aims to unit and the radiation takes the form of a sequence of
powerful pulses following at the double frequency of the wave. The shape of the radiation field is shown in the fig. 5 and 6.
The essential point here is the dependence of the radiated field on the initial conditions. Actually if the initial value of the
longitudinal coordinate is close to the equilibrium position then the steady-state amplitude of the radiation field is achieved
practically during one-two periods of the incident wave. If initial position is far from equilibrium then at first one or two
pulses are radiated with amplitude larger than the steady-state values (fig. 5) then a long period follows when the pulses
have rather small amplitude and further the steady-state regime is achieved. Last case can be interesting to a problem of
generation of ultra broadband single optical pulse.

Let mark another interesting effect arising due to a bifurcation in the considered system. For &, > 2 the radiation of the
plasma layer acquires an asymmetrical character (fig. 6), i.e. fields radiated to the left and to the right are different. In this
case not only the transient process of steady-state achievement but also the stationary state itself becomes dependent on the
initial conditions. In fig. 7 the steady-state trajectories of an electron in the ultra relativistic case (@, =35 and a, =150) are

shown for some initial position of the layer. The asymmetry of the curves indicates asymmetry of radiation in the positive
and negative directions of z axis. For other initial conditions the trajectory can be mirror reflected with regard to the node of
electric component of the standing wave. The parameters of the layer radiation in this case change to the opposing.

5. DISCUSSION OF RESULTS.

Above considerations show that during interaction of the powerful electromagnetic wave with the dense plasma layer the
sequence of ultrashort pulses with amplitude much greater than the amplitude of the incident wave can be generated.

Let estimate the value of acceleration parameter which can be realized experimentally now. From expression (8) one has
ay ~ 50 for a power density of an incident radiation 5-102! W/cm? and a wavelength of 2 microns. The increase in the
amplitude of the reflected pulses with regard to the amplitude of the incident wave is more than 15 times (see fig. 3a).
Further advance in super-power laser pulses generation will allow to increase the acceleration parameter. For values
aq ~200 (fig. 3b) the intensity of the pumping wave about 8-102 Wiem? is necessary that does not seem inaccessible.

An alternative way for the increase of efficiency of powerful ultrashort pulses generation during the reflection from the
plasma layer can be the usage of cascaded reflection process that will be considered elsewhere.

Let estimate the value of parameter o accessible in modern experiments. The surface density o is determined by a
volume concentration of electrons N and by a thickness of the sheet. Let the wavelength of radiation falling at the sheet is
A. Then for the thickness of the sheet smaller than /4 all points of the sheet will move practically along the same
trajectories. For such case all expressions obtained for indefinitely thin sheet are valid (if the width of the medium is larger
than A/4 then for the correct solution of the problem it is necessary to take into account the difference of velocities for
different layers inside the sheet so the set of equations becomes more complicated though the proposed method is still

usable). Thus for the electron concentration N of the order of 1022¢m > and the sheet width equal to A/4 one can obtain
for parameter o the value from 10 to 100 depending on the wavelength. It is obvious that for more thin sheets the value of
a can be made smaller.

In the present paper the perpendicular falling of the electromagnetic wave at the plasma sheet is considered. The
obtained results can be easily generalized for the case of oblique falling using the method considered in Ref. [3]. Besides the
proposed technique allows to find not only the reflected field but also the transmitted wave. For example in Ref. [8] the
expression up to the third order in parameter o is analytically retrieved for radiation passing through the thin plasma sheet.
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For simplicity the ionic background was not considered in the above calculations. However one can easily take into
account the effects of ions with the help of the approach used here for electrons. This is valid also if there is nontrivial initial
distribution of electrons with velocity - for each value of velocity it is necessary to use the separate electron sheet with
partial charge density, in this case the effective force of radiation reaction can be calculated by integrating over the velocity

distribution function.

In experiment the thin plasma sheet model can be realized by evaporation of the freely suspended thin (about several
microns or less) film by the powerful laser radiation. Probably this problem can be solved most naturally in the field of two
counter propagating waves. It is necessary to note that the analogue of longitudinal low frequency swinging of the sheet
considered in section 3 is evidently the case when one of the waves or both are modulated.

It is worth to mention in conclusion that the experimental confirmation of a capability of electromagnetic pulses’
generation can be obtained in interferometric experiments, for example, using the division of a wave front {11] already for a
moderate value of incident radiation power. Also the optical nonlinearities can be used for demonstration in the scheme

based on the effects of two-photon (multiphoton) luminescence [12,13].

APPENDIX.

In this appendix the analytical results concerning the character of the electron sheet motion in the field of two counter
propagating waves used without proof in section 4 will be justified.

The equations (16) can be written as the system of three first order equations:
d o
;t—ﬂy =2aqcostcosz —2apf; sintsinz—ap,

d o
—Zﬂz=2a0ﬂysmtsmz—aﬂyzﬂz (A.1)

2
Let introduce the following dimensionless parameter (hereinafter we shall suppose that it is small): & =290 Then the
a

equations (A.1) can be written in the following way:

2
d o 4a)
" By =2aycos tcosz—2aypB; smtsmz——g——/jy

2
d o 4o
—6-17/32=2a0,8y smtsmz——;—o—ﬂf B (A2)

d
dt “= ﬂz
The solution of the first equation of a system (A.2) can be obtained with the method of sequential approximations, using

for the transversal velocity the series expansion f, = Se” ﬂ}(,") and equating factors with identical powers of & . For the
n

solution to within 0(53) one has

2
i =—£—(costcosz~ﬂzsintsinz)+i— sintcosz+0(8,)+0 iﬂz +0(53) (A3)
a: 3 dt
ag 8ap

d Y
For the second bracket in the r.h.s. one can omit all terms proportional to 620([32) and 520(Z ,Bz). Substituting

equation (A.3) into the system (A.2) one can obtain two equations of the first order:
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d o o
— f, =€esintsinz (costcosz— B, sintsinz)+

dt
e d
+ ——2—smtsinz sintcosz+0(ﬂz)+0(—ﬂz) ~
403 di A4
-£p3, [costcosz +0(B, )+ O(.s)]2 +0(£3)
d
dt z=p,
Introducing S, =&w, one has
—d—wz =lsin 2sin2z+—2—sin?t sin2z
dt 4 8[13
—EW, (sinzt sin? z +cos? t cos® z)+ O(gz). (A.S)
—z=gw,
dt

The equations (A.5) can be solved by the averaging method [14,15], for what it is necessary to write them in a canonical

form: diX = £ F(X,t,£). With this purpose we shall make a change of variables w, =W, +K (z,1), where the function K
t

. . . I . . .
is choosen so that to compensate in the first equation of the system (A.5) the term Zsm 2tsin2z ~1. It is easy to test that for

this purpose it is enough to put K(z,¢) =- %cos 2tsin2z.

The system (A.5) in new variables has the form:

d _ £ 2

—w, = ——sin

2 2, .2 )_
dr* 8ol

. £ . . .
tsm22+§cos2tsm2z(sm7't sin“ z+cos“ ¢t cos” z

- —f:——cos2 2tsin2zcos2z -
3 (A.6)
2

z+c0s2 1 cos® z)+ W, cos2tcos2z + 0(s?)

ENEE

-EW, (sin2 f sin

iz=£ W, —lcos2tsin22
dt 8

Making now in (A.6) time-averaging operation one can obtain for the drift component of the longitudinal coordinate the
following equation:

2

2 a
sin2Z 1+Toc0522 , (A.7)

> &d

4z -287,
dr* 2 dr 1622

whence equation (17) directly follows. According to the averaging theorem [15] the error due to the replacement of the
solutions of equations (A.6) by the solution of the average equation (A.7) have the order of O(¢) evenly for the times of the

order of 0 <t <1/e.
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Figure. 3. Radiation field of the plasma layer at the presence of the swinging field for
a=100;a, =50;k=1.5 (a) and a=100;a, =200;k=0.3 (b).
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Figure. 4. Dependence of the normalized effective potential energy of the slow drift on
longitudinal coordinate for different values of acceleration parameter: curve 1 - aq —»0; curve 2 -
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Figure. 5. Non-stationary radiation field of the plasma layer in the transient regime:
@ =100;a, =150 ; normalized initial coordinate of the layer z5=03.
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Figure. 6. Radiation field of the plasma layer in positive (a) and negative (b) directions
of 0: axis for «,=150,a=100. The motion is near the left equilibrium position (with

regard to the node of electrical component of standing wave).
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Figure. 7. Stationary trajectories of the plasma layer motion for «,=5 (a)
and 150 (b). The motion is near the left equilibrium position.
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Abstract: Back reflection of short, intense laser pulses at oblique incidence on solid targets is
explained with a model where a periodic electron density modulation acts as a diffraction grating. The
pump and reflected electromagnetic waves drive through he ponderomotive force the grating and the
overall system becomes parametrically unstable. The basic equations governing this system are given.
A linearized stability analysis yields the instability growth rate for a homogeneous plasma and the
convective gain coefficients for the inhomogeneous case. The results support the feasibility of the
suggested mechanism. An absolute instability is predicted to set on at a typical threshold intensity 16°
W/cm?, laser pulse length 100 fs, and spot size 30 um. The instability is shown to saturate at a level of a
few percent, because the higher harmonics in the electron density modulation turn the diffraction more
diffuse thus reducing both the sustaining ponderomotive force and the back reflection coefficient.

1. Introduction.

The interaction of super-intense ultra-short laser pulses with solid targets is presently actively
investigated both experimentally and theoretically (for a review see, e.g., [1] . The hot, solid-density
plasma formed is a unique physical object the study of which represents fundamental physical interest.
Basic research methods of such plasmas include excitation and interpretation of emitted secondary
radiation. Various diagnostics in a range of intensities has been proposed and demonstrated
experimentally for short pulse interactions. For instance, the mechanisms of back reflection from low
density plasmas due to the onset of electronic parametric instabilities has been discussed in detail in [2].
Theoretical studies of similar processes at a reflection of a pair of laser pulses from an overdense plasma
surface are carried out in [3]. In experiments where laser pulses of relativistic intensity impinge on a
solid target at an oblique incidence, back scattering may reach the level of the order of a few percent
[4,5]..

In this paper, a possible mechanism explaining the origin of the back reflection of intense short
laser pulse from a plasma surface is suggested and studied theoretically. The basic idea is that a periodic
electron density modulation acts as a grating that diffracts the incident laser field into the backward
direction in addition to the specular reflection. All the electromagnetic waves together form a
ponderomotive force that under proper phase matching conditions drives the inital perturbation. The
system presents a parametric instability with a characteristic threshold behaviour, growth rates and
saturation at higher pump intensities.

The hydrodynamic equations governing the motion of the electron plasma in the laser and
secondary electric fields are given in Sec. 2. Due to the short laser pulse length, ion motion is
negligible. A stability analysis ofthe model system in Sec. 3 shows thatin a underdense homogeneous
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plasma slab an instability involving the excitation of a longitudinal electron plasma wave and
backreflected electromagnetic waves develops once the pump intensity exceeds a well defined
threshold. These considerations support qualitatively the idea that the same mechanism could also be
operational in a more realistic situation of an inhomogeneous plasma. In Sec. 3 we, therefore, also
estimate the convective gain of longitudinal wave propagating along the target surface. The calculated
value turns out to be large enough so that an absolute instability could set on within the focal spot area
encountered in actual experiments. For a linear density profile the threshold intensity, according to our
calculations in Sec. 4, is of the order of 10'"® W/em? at a pulse duration of about 100 fs. In Sec. 5 the
nonlinear evolution of the instability is discussed: the saturation is mainly caused by density profile
steepening due to the ponderomotive pressure and density modulations due to the instability.
Modulational effects can be described by diffraction involvingonly the two lowest order waves. This
simplified model yields a nonlinear equation for the reflection coefficient. Its solution turns out to be in
good agreement with the experimentally observed coefficients ofback reflected laser energy.

2. Basic equations

We consider the interaction between a short laser pulse and a solid target. lon motion can be
neglected during the interaction time when the laser pulse length is of the order of 100 fs or less.
Electron motion must treated relativistically because of the high laser intensity. Maxwell equations

together with the fluid equations form the basic set:

d my edA4 - e __ =~ Vn
— = - +eE +=[v[VA]}l-T —
dt /1—v2 /c? cot c[v[ Il n
—Z—'Z+V(m7):0
(N

VE = 4ne(n - n;)
- 9’4 4m . OE
-—e

clat? c cOt

The vector potential A" describes the transverse electromagnetic field comprising of the incident laser
beamn and the scattered waves; the field E” is the longitudinal field originating from charge separation in
the plasma. The density, velocity, and temperature of electrons is denoted by n, v, and T, respectively,
and n; stands for the background ion density.

We assume an s-polarized electromagnetic wave with an amplitude Ae, and a wave vector ko at
oblique incidence on a plasma surface. At reflection both a specular component (Aex, k) and a
backreflected component (A;iex, ko) are formed (see Fig. 1) For small reflected intensities we can
expand Egs. (1) in the parameter eA/mc® and we obtain the two coupled equations

’FE @’p - ©p z 04> viie', - 0 1 OF
—_— T E: = A\ =
7t n(&) S n(&) 5% t= 33 n@ag(n(g) ag) o
— 2 2_. - — I —_
M—%%f#n@)u—f/zn";—gm
Qp

The upper equation describes the longitudinal plasma wave driven by the ponderomotive force (~ VA?)
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caused by the laser fields. The second equation describes the electromagnetic wave propagation under
the influence of plasma oscillations. The fields are written in a normalised form, A=eA ‘/mc* and
E=cE’'/mco,, the dimensionless time and space coordinates are T = ot and E=w,r/c, respectively; vin is
the thermal velocity, ©p= [4nZni(o0)e*/m] % is the plasma frequency and N(£) = ni(§)/ni(x0) describes the
frozen ion density profile normalized to the bulk ion density n(ec). The physics behind the coupling is
simple: the laser field excites by the ponderomotive action density oscillations which, in turn, scatter the
laser field. The spatially and temporally varying density gratingdiffracts transverse electromagnetic
waves into new directions and oscillation frequencies. We shall show, that in a plasma that is transparent
to the pump wave this process is unstable and leads to generation of electronic density perturbations at a
wave length Xo/2sin® where X is the incident laser wave length and 0 is the angle of incidence.
Such a diffraction grating scatters the incident laser beam not only into the specular but also into the
back direction. A completely analogous parametric instability, Double Stimulated Brillouin Scattering
(DSBS) (see, e.g., [6]), occurs for longer laser pukes, say one picosecond or more. In DSBS ion sound
waves can be excited and consequently the ion density modulations introduce the corresponding
diffraction grating. In the presently considered process, the ions are assumed immobile.

V4
A ko

As ; ky

vacuum
y

Fig.1: Incoming s-polarized (along x-axis) pump wave (A, ko) diffracts from the grating formed onto
the plasma surface and generates specular (A, k;) and backreflected (As, k) waves.

3. Linear Stability Analysis

When the density inhomogereity scale L of the plasma exceeds the skin depth I, i.e., L > I
Egs. (2) simplify to:

o°N
o’

—I—aA AM+ME)A=NA4

= "o L Eyad?
> n)A4
(3)

) GT

Here ny = (mp/o))2 is the relative density given in terms of the critical density ande= vg/c is the
normalized thermal velocity. Instead of the longitudinal field E we have used the relative electron
density perturbation, N = (n-n;)/n; = V: -E, which reveals more transparently the scattering of transverse
electromagnetic waves from density perturbations in the inhomogeneous plasma.

In the derivation of (3) we have neglected the derivatives Vg1, because L > I;. Assuming s-
polarized waves, A= (4, 0, 0), writing 4 = 49+ A4, and N = Ny + N, where 4; and N, are small
perturbations, we obtain from (3):
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— & n()ANp + n()(n(g) "AA{) /Z)Np = non(Q)A(AoAI)

2 “4)

—AA4A +— + —N)4, =N A
! n, o0 (n(e) — Np)4, pao

where the spatial coordinate &= (£,) is split into in-plane and perpendicular components & and ¢
components with respect to the the surface. The lowest order electron density N is modified by the

intense pump field Ao, and is obtained from

N,

2

- o

—&'n, AN, +n,n(E)N, =—* n(&)AAoz
ot 2 (5)
Equation (4) describes the following physical processes: 1)changing of the plasma density profile under
the action of the ponderomotive pressure and 2) the generation of surface plasma waves in the planar
interaction region. In more detail the generation of a plasma wave by a ponderomotive forcehas been

investigated in Ref. [7] where also Eq. (5) was first derived.
If the plasma is uniform along the surface, the plasma wave (5) is independent of the coordinate

£ and, therefore, no back reflection of the pump wave occurs. It is also worth pointing out the problem
of boundary conditions related to the plasma spot on the surface: It is artificial to assume reflection of
plasma waves on the spot boundaries. In this case there appears a standing plasma wave able to reflect
the laser pump wave in the back direction and no plasma instability would be required. In the present
paper we shall neither consider the effects of two-dimensional plasma inhomogeneity in which case the
average density, No = 14V? <Ao%>, is taken as a solution for (5). Then in Eqs. (4) one can simply
introduce a new density profile n(g) — No = m(c) and the model reduces to that described by the
original equations (3).

As discussed above, the instability develops in the transparent plasma region where the fields
have their largest amplitudes. To demonstrate the onset of the instability, we shall first consider a
uniform, underdense plasma layer which lies in front ofa reflecting surface. The solution of Egs. (4) can

be written as

Ay = Ay expi(—Xp S+ X0:&~ D]+ Ay, expi(Xp.S+ Xo;ﬁ - Q0]
A =4 exPE(‘X{gG - X/&E.- -Q)|+ 4, eXPF(XIgQ - X/gé -Q1)] (6)

N, =1, eXPE(=X 6+ X pe& —Cp D+ 1, €XPE(H e+ X pe &~ Q]

Xj(Qj)———kj kg, € =(0; + )/ o,

where 7(Q) = ki /ko and Qj = (o) + iy)/ &g for j = 0, r, p; the projections of the wave vectors are
denoted by ;. = x;cos and yj = x;sin. These formulas describe the reflection of the pump wave at ¢
= 0 from the overdense plasma (1 > | when ¢ < 0). At ¢ > 0 there is an underdense (n < 1) plasma layer

with a thickness of a few wave lengths.
Figure 2 illustrates the wave vectors of the incident and scattered laser fields and the plasma

wave described by Egs. (6). Momentum and energy conservation, i.e., spatial and temporal phase
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matching, imply that

koy = Kry * Kpy
Ko, = Kz + kpz (7)

Wo = w1 t wp
The absolute values of the wave vectors and frequencies are obtained from the dispersion relations:

2sin@ =y + (1/6) tan® (&> —n - y* &*)"?

(cos%0 - )2 =[(1-8) —n—(sind - x)* 1>+ 0.5(8* —n-x ")'"? (8)

where y = Kpy / koy, 8 = @p / @0, and  n = (wpe / coo)z, ®p is the plasma frequency in the transparent
underdense region, ®pe is that in the dense bulk plasma.
The growth rate of the instability y is obtained by inserting (6) into (4):

vy = (N/8)(x,/ReQ; ReQp)l4of . 9)

By calculating x and & from (8), we get an estimate fory. Let us consider the parameter range 8 <2 and
(2sinf €)* < n < 4. Equation (8) gives y ~ 2sin6 (1 — 0.5n"?) and & ~ n'? leading to an approximation yo

fory:
Yo~ o (N / 4nc)"sin® (eAg/mc?). (10)

For a laser intensity 1=10'7 W/cm?, unperturbed plasma density n. = 0.02n, and angle of incidence 6 =
30°, the growth time vo ' is approximately 30 fs according to (10). Thus in a transparent plasma the
instability will have enough time to develop during the laser pulse.

The growth rate calculated above using a plasma model consisting of homogeneous slabs is, of
course, only indicative, because in actual conditions we have a spatially inhomogeneous plasma density
distribution. In that case we may have either convective amplification or an absolute instability. In the
convective case the waves grow exponentially along the surface with a gain coefficient [8]

G =y0" 2/ Viy Vpy (11)

The inhomogeneity due to density gradients resides in the parameter 1 2 = (8/oy)( koy - kiy - kpy); Vi
=dw;/9k; denotes the group velocity of the wave i. Using the dispersion relations (8) and approximating
the density gradient scale length by L, , we find the following expression for the convective gain
coefficient

G~ koL, sin’0 (eAp/mc?)* >30 (12)
for the same parameters as used in connection with Eq. (10) and for a laser spot size L,=30 microns.
Thus, in an extended laser formed plasma a convective instability generating a back reflected wave can

develop. As is known, already at G > | also an absolute instability can be exited. Therefore, we shall
continue to analyse the conditions for an absolute instability in inhomogeneous plasmas with and
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inhomogeneity scale lgngth ls << L, << along the perpendicular direction z.

np. kp
Ao, ko
Ay, ky
N
Z
np Kp
As, ko
0 Ao, ko
y

Fig. 2: In the upper frame the incoming pump wave decays parametrically into a plasma wave and a
reflected EM wave; in the lower frame the specularly reflected pump wave experiences a similar decay.
When the plasmon is along the plasma surface the two processes become coupled as shown in Fig. 3.

7

Fig. 3: An absolute instability can be excited when the plasma wave is along the surface.
The two decay instabilities Ay —> Ay + nyand A — A +1p become coupled because of the common
plasma wave and the specular reflections Ag = Argand A;p — Apr.
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4. Absolute Instabilities

We shall consider a linear plasma density profile n(g) = ag = (c/wpL;)s. An analytical solution of Eqgs.
(4) will be given below for that particular case. We assume a surface plasmon which propagates as
shown in Fig. 3. This configuration enables energy exchange between incident, back and specularly
reflected waves. Above a threshold intensity of the pump wave, the wave amplitudes can grow
exponentially inside the focal regionand an absolute instability develops.

Let us calculate the threshold for this process. For this purpose we Laplace transform Egs. (4)

with respect to &, the normalized z-coordinate along the normal of the surface, and find

5 a 5
(~a——e2x7pe +Q%p +e7pIn, =ag0—(p° —x’1)a,

op op
. (13)

o -
(—aa——x“?/g +Q7 +p2)a1 =n,a,

The Laplace transforms

A = - pc)d N = —pc)d
19 I a exp-pe)dp r© I np (P)exp(-p)dp have the same temporal and spatial variation along

the surface coordinate £ as in (5). When performing the transformation we have neglected the spatial
dependence of 4y, although the inhomogeneity scales of 4y and A4; are comparable. It is standard
approximation, although relative corrections may be of the order of unity [8]. As a result, equations (13)
reduce to an ordinary second order differential equation for a;(p)

2
o? 9 ab(p) 2Ly f(p)a, =0,
op op
2 Iy =< 2
b=p?(I+]ag| ) +Q,7 +Q,7 —xf: (I +|ay]") (14)

-— 2 —_ —_
f=Q,7p? = 2ap( +]a,| ) +Q,°(Q,° - x5)

where O = /ny; Q0 = ¥ /n, . We have omitted some small terms in (13) to obtain (14).

To solve Eq. (14) we shall transform it into a Schrodinger equation with zero energy with the
help of the transformation

2, () =a(p)exp( [ep) 0

and obtain

2
o2 220 _ypya(p) =0
op (16)

The effective potential U (p) in the Schrédinger equation (16) is given by
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Using the methods described in [8] we obtain the threshold intensity for the absolute instability in the
following fashion. The discrete energy eigenvalues € can be determined with the aid of semiclassical

quantization rules, i.e., by requiring that

=0 dp=mn(2n+1),

(18)

where p,  are solutions of the equation U (p) =0 (turning points). The instability develops only if there
are the regions, where U (p) < 0. The potential (17) is a fourth order polynomial in Ay which can attain

negative values. At a5=0 U(p)= ;]1—(p2 +f)lz —fzj —x,gz Y +op which has no positive roots. At normal

incidence, when y,:=0, real roots are also missing Accurate to a factor about unity the first root occurs,

when
2
eA, o | A
a., =(——), = — | ———
oth (mcz)"l [mp] L, sin6

This gives an estimate for the instability threshold. At w/w, = 0.1, L= 024, 0 = 30° we obtain a
threshold of about 10'® W/cm® which agrees with experimental data.

(19)

5. Analysis of the Nonlinear Behaviour

We shall next consider the saturation properties of the instability. The ponderomotive pressure
will steepen the plasma density profile which influences the scattering from the surface and
consequently the total electromagnetic field. As the electromagnetic field, on the other hand, is
responsible of the ponderomotive force, the feedback loop is thus established. To begin the analysis, we
shall assume a given value of the reflection coefficient and from this basis evaluate the electron density
profile. A stable operating point is found when the reflection caused by the grating due to the density
modulation is consistent with the force sustaining the grating.

Let us study the neighborhood of the plasma surface around the operating point of fully
developed instability. From Poisson equation we obtain for the electron density perturbation

on ¢’ P
p

In a steady state situation, the electrostatic force must compensate the pondermotive pressure

(p/nch ~ 1+ 47 Q1)

So the grating amplitude is approximately given by
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where the time-averaged potential A% includes both the incident and back reflected waves
A? = 4% (1 + R? + 2Rcos(2ysin0)). (22)

The diffraction efficiency, and consequently also the reflection coefficient R, of the induced grating can
be calculated as a function of the density profiledn/n.

Figure 4 shows, as an example, the constant density contours < n/n > = 0.5 for two values of back
reflection coefficient, R=0.4 (broken line) and R=0.8 (solid line), and for two pump amplitudes 4,= 1
(lower pair of curves) and 7 (upper curves). The ordinate axis denotes the perpendicular direction into
the plasma and the abscissa the transverse direction both in nits of lyy=c/w;. In the unperturbed situation
the plasma-vacuum boundary is at z=0. We have assumed an angle of incidence® = 45°, and plasma
density such that l/A=0.2 where lg=c/m, (note that the effective skin-layer depth, ls=lso(]+A02)”4,
depends on the pump field amplitude 49). From Fig. 4 we can conclude that: 1) The plasma deformation
clearly increases with Ay . 2) At small pump amplitude values Ao and reflection coefficients R, the
induced density profile modification is rather insensitive to R, and its shape is nearly harmonic. A good
approximation is obtained by expanding Eq. (22) in power series of 4y. 3) At large pump amplitudes the
profile shape is more sensitive to the level of back reflection R and it exhibits higly anharmonic features.

4 T T T

AR R

i aad
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~
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3
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i \ /-“
]
13
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p .
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Fig. 4: Constant density contours <3n/n>=0.5 for R=0.4 (broken lines) and R=0.8 (solid lines); in the
upper pair of the curves the pump amplitude is A=7 and in the lower ones Ay=1. The ordinate is the
distance into the plasma (down the z-axis) and the abscissa the spatial coordinate along the input
surface; both are given in units ofly=c/®,. The unperturbed plasma vacuum surface is at z=0.

The introduction of higher harmonics irto the density profile modification makes the reflections
from the grating more diffuse and can thus lead to a saturation of the instability. We shall estimate the
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value of the reflection coefficient under saturation conditions taking into accountthe incident and both
of the reflected waves (in the back and specular directions). Such approximation corresponds to the two-
wave theory of a diffraction, i.e., to a model where the incoming wave diffracts from a purely sinusoidal
perturbation, sin(qy), with k=kys+q. This model is valid for lowest order expansion in A. At A>>1,
higher harmonics sin(Nqy) appear introducing new diffraction orders with k=kyotNq . The simple two-
wave model is a reasonable approximation even close to the saturation level where A is of the order of
unity. Instead of the vector potential A,, it is more convenient to use the wave electric field Ey. In the

vacuum region, the total electric field is of the
E, = E, exp(ik,y +ik.z) + Y _E, exp(itk, - q)y+T,2) + ke.
/ ) (24)
2 2.2 2
Fq =—0‘/c +(ky -q)
The first term stands for the incident field and the sum term contains the reflected components. Within

the plasma region we have.
Ef = Z E; expli(k, —q)y—v,2)+ K.
q

(25)
yqz = —6028(0))/02 +(k, —q)2
We shall assume a high dielectric permeability of the plasma, so that
yf] = —0)28((1))/02 = y“’ (26)

The amplitudes of the spatial harmonics of the fields are determined by the usual boundary
conditions on the plasma-vacuum surface. Since the depth of the surface modulation, as also the scale
length of the plasma inhomogeneity, are less than the wave length, we actually apply these conditions at

the critical surface inside the plasma:

EX = EAp
=/(»)
8E, OE,” (26)
oz o

z=f(¥)

The equation of the plasma surface (rippled by the instability) z= f(y) is expanded in spatial harmonics

S = Zéq exp(—igy) + K.c. (28)
q
The amplitudes &, are assumed smaller than the relevant vacuum wave lengths, but they can be
comparable to the width of the plasma skin-layer. An estimate of the depth of modulation & is obtained

by equating the ponderomotive and ambipolar forces, i.e., In& = 63\/1 +4% , from which we find

kE<(o/o,)A4; <1 (29)

We have assumed above the width of the skin layer to be of the order ofc/wy,.
The boundary conditions (27) involve an infinite set of equations for the amplitudes £,. We shall
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truncate this system to contain only the wave numbers ¢ = 0 and g = 2k, which is consistent with the
two-wave approximation of the diffraction theory. The equation of the surface is thus of the form

f(y)=¢&,+&, cos(Zk, y—¢,) (30)

where &> are the modulation amplitudes and ¢, the relative phase. When substituting (24) and (25) into
(27) we shall check that the depth of modulation of the surface is less than a wave length (in agreement
with (29)), although it can exceed the skin-layer depth, i.e., 4.£<7, k.y<! which also follows from

(29) at 4p~1.
In the vacuum region, the electric field which is consistent with (30) is given by

E, =E/(cos(k,z+k,y-wt)—cos(-k,z+k,y—-01)+
+2k (& +1/y)sin(-k.z+k,y-ot)+2k.E,sing, costh,z+k,y+or)- 30
- 2k.&; cosg,sin(k,z +k,y+ot)

Accordingly, the amplitude back reflection coefficient equals 24.£,. For its determination we need the
fields in the plasma. Their general form within the two-wave approximation is as follows:

E/ = exp(—yz)(E,,’cos(kyy —ot+o, )+ E_,' cos(k, y +or+a; ) (32)

Substituting (31) into (26), we find:

(k- I7)U g exp(=id) + 281y Sin(9) + & 57, sin(¢))

E, explio, )= 2E, exp(y&, + 2ip — in/ 2) 0%
10 - 11
: , k. 191, exp(—id) + 28,1, si I,si
E2 exp(iOL2 ) - 2E, exp(,yao + 21¢ + i(Pg _ 17[/2)( - Y)( ! eXp( l¢);_ 2&01125"1(4)) + gz 0 Sln((b))
0 — 4

d=arctg(k./y)<<1
(33),

where 1, = 1,(y¢,):1, = 1,(y%,) are modified Bessel functions of order 0 and 1, respectively.

It is worth emphasizing that the system depends in an essentially nonlinear manner on the
amplitudes &. If the second wave amplitude &; is zero, i.e., =0, the surface is planar, and we obtain the
standard Fresnel formulas:

E, =2(k. /7)E,
E, =0 (34)
oy =26-m/2

The nonlinearity starts to appear, when the surface oscillation amplitude becomes of the order of skin
layer depth, y&, ~ 7, that is when the arguments of the Bessel functions reach the value of about unity.

From that observation it is possible to deduce the amplitude back reflection coefficient (which is equal
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to 2k.%,) to be of the order of k./y. Also it is obvious, that for large modulation amplitudes &, (y&, > 1)
the electric field amplitudes decreases. The back reflected wave disappears both when &—0 and when

£, >> 1/y, reaching a maxima at about &; ~1/y.
The electron density in the plasma is determined by the average plasma wave intensity:

] 62\/J+ <E.(z,p,0)>° )

,y)=2n,(H — 35
e )= 2 CHG)+ = (35)

Where Zn; is the background density of electrons and H(z) is the Heaviside step function. From (35)
we get the constant density contours. In particular, he reflecting surface z = f (y) is determined by the
critical density contour n(z,y) = n,= mo-/gge’ . Inserting the plasma field from (32), we find

2 12 vt ' ;
| E, +E; +2E,E, cos(2k,y+o, +0;)
) s :—ln -
J(3.80-82) 2 ( w1 Zn =1 ) (36)

We again decompose f (y)into spatial harmonics and keep only the two first terms of the ensuing series.
Thereafter we compare the result to the initial assumption made for the surface profile:

12 '
E
f(y,E_,,,,EJg)z—]— ln(———”—)+2E—2,cos(2kyy+a0+oc2) =
2'Y n., In—1 E() (37)

=&p +&,c08(2k,y —0;)

As a result we find for& » and for ¢, the expressions:
%

! E,

— In(—F—) =

2y (nc,./n~]) S0

E,

—,=§2

YE, (38)
oy, +a, =-0;

As was pointed out before, the amplitude back reflection coefficient R = 2k.&, is determined by &, . By
inserting the second equation of (38) into (33) we obtain

(I ()~ 1,7 (82)) _ ¥&21p (1E2)
1 (Y€ (YE ) 21,(v€5)

I+ k—ji sin(2¢)
(39)

Z

o =arctg

which can be used for solving &, . The amplitude of the incident field does not enter in (39) (although it
appears in (38)). This is connected to the expansion in Eq used in the derivation of Eqs. (38): The fields
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are proportional to the incident amplitude (as we have a linear boundary conditions), and as a result the
ratio E,'/E¢' is independent of Ey . The dependence on Epenters only in higher order €rms.

Equation (39) has a solution
V&, =04 Ry, =2.5(k. /7)? =0.025cos’ 0 (40)

at o/w,=0.1. Physically it is clear, that in the diffraction grating a nonlinear anharmonic profile
develops, when the amplitude of perturbations becomes comparable with those caused by £y, i.e., when
the modulation amplitude &, becomes of the order of the depth of the skin layer. In that case the profile
of the surface looses its harmonic structure (field is inhomogeneous along z), and higher harmonics at
the expense of £, . Note that the amplitude &, describes a global shift of the surface into the plasma
and is not connected with a saturation from unharmonic behavior. Thus the back reflection coefficient
approaches zero both at small pump intensities, when the surface modulation is small, and at large
intensities, 49 > 1, when the surface modulation acquires higher harmonics resulting in a diffuse
scattering of a radiation on them. The maximum backreflection is reached at 4o < 1. We shall further
elaborate on this by writing an approximate analytical expression for the reflection coefficient R as a
function of the pump intensity: R(I). According to Eqs. (11) and (12), for small values of the pump
amplitude ay, the amplitude of the back reflected back increases exponentially the gain factor being
dependent on the pump intensity. From (39) it follows that saturationat a level R, occurs when the pump
intensity is further increased. Beyond / > I, the magnitude R, should decrease, because according to
(33) the amplitude E, decreases exponentially, when y&, > 1. Thus a reasonably good approximate
expression for R (I), in the range [ > Ly, can be written as:

exp(G(D)-exp(G(, )

1
I+ G
* 1 PO o

R(D) =

where G (/) is given by (12) and the threshold value Iy, by Eq. (18). From (33) one obtains for R(l) =
Rorexp(-21/1;g) where the reference intensity g corresponds to the value Ag=1 (the subscript 18 follows
from the approximate numerical value Ls~10'*W/cm?® . A plot of the amplitude reflection coefficient
R() is given in Fig. 5 for a numerical values G, ly, and Ry, taken from (12), (18), and (40),

respectively.

0.015 - ! .
R() f \

0.005 \“\:
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Fig. 5: The approximate reflection coefficient R(I), according to the fit (41),.versus laser intensity I in
units of 10" W/em®

6. Summary and Conclusions

We have discussed the possibility of inducing of grating structure on the surface of plasma by high
intensity oblique incident and reflected laser beams.

The absolute instability conditions in inhomogeneous plasma are found, so at intensity of laser pulse
more 10'® W/ecm? and the duration near 100 fs the instability should develop.

The constructed profile of plasma surface becomes essential anharmonic at relativistic laser intensity
and the reflection coefficient in back direction becomes saturated.

It was shown that reflection coefficient of back scattered light can be some percents and it correlates

with experimental date.
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X-ray short pulse generation from femtosecond laser-produced
plasmas and its application in pump-probe spectroscopy

Hidetoshi Nakano, Peixiang Lu’, Tadashi Nishikawa, and Naoshi UesugiT
NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi, Kanagawa 243-0198, Japan

ABSTRACT

High-density plasmas created near a solid surface by a femtosecond laser pulse emit ultrashort x-ray pulses that are synchro-
nized to the laser pulse. In the first part of this paper, the spectral and temporal properties of the x-ray emitted from plasma
created on aluminum film by a femtosecond laser pulse are shown. The minimum pulse duration was <3 ps as measured by
an x-ray streak camera. The energy conversion efficiency, from laser pulse into soft x-ray at 14 £ 0.05 nm, was 10°-107.
More than a 30-fold enhancement in soft x-ray emission was achieved by fabricating an array of nanoholes on an alumina
surface. In the latter half, we demonstrate time-resolved absorption measurement in the soft x-ray region by means of pump-
probe spectroscopy. Using a 10-ps x-ray pulse, we measured time-resolved absorption of optically-pumped silicon near its
Ly edge. We found that laser-pulse irradiation caused a more than 10% increase in soft x-ray absorption near the edge,
which means that the transition of electrons in inner shells was rapidly modulated by excitation of valence electrons. The
absorption change recovered within 20 ps.

Key words: x-ray source, ultrafast, laser-produced plasma, x-ray spectroscopy

1. INTRODUCTION

The recent development of high-power ultrafast laser technologies has made laser-produced plasmas more attractive for their
potential use as bright x-ray sources."? High-density plasmas created near a solid surface by femtosecond laser pulses emit
short x-rays pulses in the energy range from sub-keV to MeV. These x-rays are also synchronized to the incident laser pulse.
Therefore, they are extremely important as diagnostic probes in pump-probe type experiments for observing the dynamic
response of optically excited materials. From this point of view, efforts have been made to demonstrate time-resolved dif-
fraction®* and absorption measurements’ ' using femtosecond laser-produced plasma x-rays. To date, more attention has
been paid to diffraction measurements, since x-ray diffraction provides direct information on atomic positions and molecular
structure. However, x-ray absorption measurements are also important in material study. From the x-ray absorption spec-
trum, we can extract microscopic information on a material, such as the electronic states of atoms, chemical bonds, and local
structures. In addition, pump-probe absorption spectroscopy using short x-ray probe pulses is expected to be able to reveal
the dynamics of electrons in inner shells in optically-excited materials, as opposed to that of valence electrons, which have
been well studied by laser spectroscopy.

In the first part of this paper, we will describe x-ray emission properties from femtosecond laser-produced plasmas and
our recent experimental results showing enhanced soft x-ray emissions.>"® Using a nano-structured target, we achieved more
than a 30-fold enhancement in soft x-ray emission while keeping pulse duration less than 20 ps. The latter half demonstrates
time-resolved absorption measurements in the soft x-ray region by mean of pump-probe spectroscopy.” We observed, for the
first time, a rapid absorption change induced by femtosecond laser pulse irradiation in silicon membrane near its L;;;; absorp-
tion edge.

2. X-RAY EMISSIONS FROM FEMTOSECOND LASER PLASMA CREATED ON METAL
SURFACE

For practical use, intense x-ray pulses are needed. From this point of view, we tried several ways to improve the efficiency
of conversion into x-rays. There are basically three approaches to improving conversion efficiency. One is modifying the
conditions of the laser pulse to create plasma. Using a prepulse to form gaseous plasma before incidence of the intense laser
pulse is the most powerful and controllable scheme,®* 158 though there is the drawback of pulse broadening. Using a pre-

* Present address: Advanced Photon Research Center, Kansai Research Establishment, Japan Atomic Energy Research Institute, 8-1
Umemidai, Kizucho, Souraku-gun, Kyoto 619-0215, Japan.
¥ Present address: Tohoku Institute of Technology, 35-1 Yagiyama Kasumicho, Taihaku-ku, Sendai, Miyagi 982-8577, Japan.

Laser Optics 2000: Ultrafast Optics and Superstrong Laser Fields, Alexander A. Andreev,
Vladimir E. Yashin, Editors, Proceedings of SPIE Vol. 4352 (2001) © 2001 SPIE - 0277-786X/01/$15.00 175



pulse scheme, we can adjust the pulse duration, photon flux, and emission spectrum by selecting appropriate prepulse condi-
tions.>'® Another way is choosing appropriate target materials or modifying them. Metals with higher atomic number Z,
composite materials such as metal-doped glasses,m‘ ! and nano-structured targetslz‘m‘ 19 are examples. In the following sec-
tions, we will describe the properties of x-ray emission from plasma on metal surface created by a femtosecond laser pulse
and the enhanced emission properties we obtained by fabricating a nanohole array on an alumina target surface.

2.1. X-ray emissions from Al-plasma

The light source was a Ti: sapphire laser system consisting of a passively mode-locked Ti: sapphire laser, a pulse stretcher, a
regenerative amplifier, a 3-pass linear amplifier, and a pulse compressor. It operates at 10 Hz, and provides 100-fs, 100-mJ
optical pulses at the wavelength of 790 nm. The extinction ratio between the main pulse and undesirable satellite pulses that
preceded it by more than 1 ns is better than 10°, which is high enough to ignore the influence of the satellites as prepulse.
The laser pulses were focused on the target at normal incidence with a 200-mm focal length MgF, lens. The spot size was
about 30 pum, and the peak intensity was 1.6x 10'® W/cm?. As a target, we used a 4-pm thick aluminum film deposited on a
silicon wafer. Targets were mounted on a motorized stage and scanned to expose a fresh surface for each laser shot. To
measure soft x-rays in the sub-keV region, we used a grazing incidence flat-field spectrograph and a single-shot time-
resolved spectrograph.9 A spherically bent mica crystal (2d = 1.994 nm) with bending radius of 100 mm was used to meas-
ure x-ray emission spectra in the keV region.20

Figure 1 shows time-integrated x-ray emission spectra in the sub-keV and keV regions. The unit of the vertical axis in
Fig. 1(b) was of the order of 10® photons/A/st. In both regions, one can find fine structures corresponding to line emissions,
which are dominated by emissions from AI”-AI**, on a broad continuum-like pedestal. We estimated the electron density of
the plasma at the emitting zone to be 8x 10% cm™ from the intensity ratio among Li-like dielectric satellite lines. The effi-
ciency of conversion into soft x-rays at a wavelength of 14 nm was measured to be 4x107 %/A/sr using a multi-layered mir-
ror combined with a microchannel plate (MCP) detector. The temporal evolution of soft x-ray emission is shown in Fig. 2.
This shows that soft x-ray emission at 4-10-nm wavelengths started almost simultaneously and lasted almost the same
amount of time. The duration of the soft x-ray pulse was 3.0 ps, which is almost the instrumental limit. Due to a small
source size (< 100 um) and short pulse duration (< 3 ps), the peak brightness exceeds 107 ph/s/mmz/sr/O.l%BW when the
input energy of the 100-fs laser pulse is 20 mJ.

2.2. Dependence of soft x-ray emissions on atomic number of target material

Figure 3 shows soft x-ray emission spectra from femtosecond laser-produced plasmas created on Si, Ti, Sn, and Au. In all

cases, the intensity of the laser pulse on the target surface was 1.6x10' W/cm?. These graphs show that the emission spec-
trum becomes less structured with increasing atomic number

T T T T | T T T T ] T T T T [ . . . . .
30l@) 1,- 1610"® W/em? A due tol 7nurperous transitions that give emissions in this energy
—_ Al range.!” Figure 4 summarizes the dependence of the conversion
g i Al ’ efficiency into soft x-rays on the atomic number of the target
> 20 materials. We measured conversion efficiencies at 8 and 14 nm
@ using the multi-layered mirrors and MCP detector. At both 8
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Fig. 2. Temporal evolution of soft x-rays emitted from Al-

Fig. 1. Time-integrated spectra of x-ray emitted from Al-
plasma.

plasma.
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Fig. 3. Time-integrated spectra of soft x-rays in sub-keV region emitted from (a) Si, (b) Ti, (c) Sn, and (d) Au. In all cases,
the intensity of a laser pulse was 1.6x10' W/cm®.

and 14 nm, the efficiency increased gradually with some undulation with increasing atomic number. This trend is the same
as that seen in ns-laser plasma x-rays. The humps in Fig. 4 correspond to maximum emissivity for L-, M-, N-, and O-shell
jons. We can select the target material that will provide intense soft x-ray emissions in the wavelength range suitable for spe-
cific applications. For example, for x-ray absorption spectroscopy, broadband x-rays without fine structures are required.
Therefore, a high-Z target material should be used. For all materials, the duration of soft x-ray pulses was 310 ps, which is
close to the instrumental limit. In the case of pulse broadening, which was observed at higher pumping intensity, particularly
in high-Z materials, soft x-ray emission at longer wavelength stayed a longer period of time.

2.3. Enhanced soft x-ray emission from plasma created on nano-structured target

We found that by fabricating an array of nanoholes perpendicular to the surface of an alumina target, as shown in Fig. 5, soft
x-ray emission from laser-produced plasma is enhanced and the pulse duration is kept short.'"® A nanometer structure on a
target surface, such as a porous or nanohole structure, is expected to realize a low average density with a high local density.
Low average density is a favorable for overcoming the tiny interaction volume of the material with an intense femtosecond
Jaser pulse, which results in a limited efficiency of conversion into soft x-ray emission. High local density is required in or-
der to maintain the relatively high cooling rate of plasma created near the target surface.

The targets were made by the anodic oxidation of an aluminum plate. In Fig. 6, soft x-ray emission spectrum from
plasma created a 100-fs laser pulse on an anodic alumina target with mean nanohole diameter and cell size of 90 nm and
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Fig. 4. Dependence of efficiency of conversion from a femto-
second laser pulse into soft x-rays on atomic number Z of
target materials.

Fig. 5. SEM image of an anodic-alumina structure.
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Fig. 6. Time-integrated soft x-ray spectra emitted from anodic
alumina and plain alumina targets. The intensity scale on the
plain target is expanded by a factor of ten.

100 nm, respectively. The intensity of the laser pulse was 1.5x10' W/cm?. In the figure, the soft x-ray emission spectrum
from plasma on a plain alumina target is also shown (dotted curve). The intensity scale on a plain target is expanded by a
factor of ten. Comparing Fig. 6 with Fig. 1, one can see that additional groups of line emissions due to oxygen ions appeared
in the case of alumina targets. Figure 6 shows that soft x-ray emission over the entire wavelength region was enhanced about
30 fold when using a target with an array of nanoholes on its surface. Further enhancement of soft x-ray emission was ob-
served at the shorter wavelengths corresponding to the emission from highly ionized species (AI""-AT""). The measured
pulse durations of soft x-ray emitted from anodic and plain alumina targets were 17 and 5 ps, respectively. The lower heat
conductivity of the anodic alumina target might have affected the pulse duration. Figure 7 shows that further enhancement
was achieved by using a target with larger pore diameter, which means a lower average density to interact with laser pulse.
By fabricating nanometer-sized structures perpendicular to the surface, similar enhancement of soft x-ray emission is ex-
pected for other target materials.”'

Fig. 7. Enhancement of time- and wavelength- (5-30 nm)
integrated soft x-ray emission as a function of the mean di-
ameter of nanoholes on an anodic-alumina target.

3. TIME-RESOLVED ABSORPTION SPECTROSCOPY OF OPTICALLY EXCITED SILICON
USING FEMTOSECOND-LASER PLASMA X-RAY PULSES

We have demonstrated time-resolved measurement of soft x-ray absorption in optically-excited silicon membrane by means
of pump-probe spectroscopy.7' 17 The dynamic change in the soft x-ray absorption near the Ly, edge induced by a 100-fs
laser pulse was probed by synchronized soft x-ray pulses emitted from femtosecond laser-produced plasma. A block diagram
of the setup is shown in Fig. 8. The 50-mJ laser pulses were sent into a beam splitter, where 80% of the energy was reflected.
Reflected light was focused onto a flat target using a 200-mm focal length MgF, lens at the normal incidence to generate soft

Ti:sapphire laser BS

100 fs, 50 mJ Variable delay
<>
Plasma forming pulsc/e -
Focusing lens 7 Pump pulse
(f= 200 mm N

Grazing incidence
flat-field
spectrometer

MCP
Target +
(4-pm Ta) CCD

Plasma X-ray focusing —»-"o« Toroidal mirror

mirrors : | (f =300 mm)
: t

(f = 400 mm)
Laser Soft x-ray

pulse  pulse

Fig. 8. Experimental setup for time-resolved soft x-ray absorption measurements by means of pump-probe spectroscopy.
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Fig. 9. Time-integrated spectrum (a), streak image (b), and line trace of the streak image (c) of the soft x-ray pulse emitted
from Ta-plasma created by a 100-fs Ti: sapphire laser pulse.

x-ray pulses. To obtain a broadband soft x-ray pulse without fine structures in a spectrum, we used a 4-um-thick Ta film as a
target to create plasma. Figure 9 shows the emission spectrum and shape of the probe soft x-ray pulse, which indicate that
the temporal resolution of the system was ~10 ps. The emitted soft x-rays were focused by a set of grazing incidence con-
cave mirrors onto a 100-nm-thick silicon membrane. The sample was set on a pinhole with a radius of 100 um. Soft x-ray,
which transmitted through the sample, was again focused onto the entrance slit of a flai-field grazing incidence spectrograph.
The spectrograph had an unequally grooved grating with a nominal groove number of 1200 mm™. To detect soft x-rays (10—
15 nm), we used a MCP detector coupled with a cooled CCD. The sample was a 100-nm-thick silicon membrane without
any supporting structures. The remaining 10 mJ of laser light was sent into an optical variable delay line and a variable at-
tenuator, and then focused onto the sample by a 500-mm focal length lens. To ensure spatial overlapping, the diameter of the
spot size of the laser beam focused on the sample was set at 5mm. The estimated photon flux on the detector was
~ 1000 photons/A in each pulse. The spectral resolution was higher than 400 (in A/A}A) near 100 eV.

3.1. Change in soft x-ray transmission by femtosecond laser pulse irradiation

Figure 10 shows typical transmission spectra with and without laser pulse irradiation. In this case, the laser and the soft x-ray
pulses arrived simultaneously on a sample. Curve (b), the thick dotted one, shows the transmission spectrum of the sample
when the pumping pulse was blocked. Curve (a), the thick solid one, was obtained when the sample was irradiated by a laser
pulse. The intensity of the pumping pulse on the sample was 3x10' W/ecm?, which was well below the damage threshold
(~ 0.1 Jem®). In the figure, a slight downward shift of the

absorption edge is observed with laser pulse irradiation. Wavelength [nm]
Curve (c) shows the normalized difference between curves 1.0 1|3 112 0.1
(a) and (b). The differential transmittance Tp is defined as - ®)
Tp = (I, - T,)/T,, where T, and T, represent the transmit- — 0.8 adigl o PR
tance with and without laser pulse irradiation, respectively. 2 o 0.0 I:D
Curve (c) shows that a sharp change in transmission only = 0.6 -
appeared near the L;;;; absorption edge. The most signifi- 2 'T
cant dip in the differential transmittance appeared at % 04[-~ 0.1 t?
99.5 eV, which corresponds to the energy difference be- € )
tween the Ly, level and the top of the valence band. = 02} -ty =

Figure 11(a) shows the differential transmission spectra 0.0 . ‘ ! -0.2
at various time delays between pump and probe pulses 100
when the intensity of the pump pulse was 3x10'© W/cm®. Photon energy [eV]

The delay step was 6.6 ps. Change in transmission is
clearly observed only at -10ps <1y <20 ps, where 1,
represents the time lag between the arrival of the probe

Fig. 10. Transmission spectra of Si membrane near the Ly, ab-
sorption edge. The thick solid and dotted curves, (a) and (b), rep-
resent transmission spectra observed with and without laser pulse

pulse and that of the pump pulse at the sample surface. In
obtaining these curves, we confirmed at each step that
there was no big difference among the transmission spectra

irradiation, respectively. The thin broken curve, (c), is the differ-
ential transmission spectrum, which shows the difference induced
by the femtosecond laser pulse irradiation.

Proc. SPIE Vol. 4352

179



\1|\|x|1}:|||\||||

@) et ——izess S L 10 2 3
Ip - 3)(1010 chmZ —_‘AV;AA ‘J\\'I'AAM"‘J\VA‘E 20 ps :; 02 »_( ) Ip = 3x10 W/Cm - 9 8
W ; 3.3ps g i Tg
. S -

p 3 - é
gor L% 1z
=2 ) B g 7]
;3 : , Z:l i I{ Probezplﬂsﬁi{n i é
'TQ. : [ I | | | ! 0.0 u.lml| P SR 1'.". L] Ii’M;Tg 0 -

= 90 95 100 105 110 -40 -20 0 20 40 60

Photon energy [eV] Delay [ps]

Fig. 12. (a) Differential transmission spectra of Si membrane induced by laser pulse irradiation at various soft x-ray probe pulse
delays. (b) Depth of differential transmission at 99.5 eV as a function of soft x-ray pulse delay time. The dotted curve represents the
temporal profile of the soft x-ray probe pulse, which was observed with an x-ray streak camera.

measured in case of no pumping laser pulse. Therefore we can exclude the possibility of irreversible processes induced by
strong laser pulse irradiation on the sample, such as melting and destruction. In Fig. 11(b), the depth of the dip at 99.5 eV is
plotted as a function of time delay Tp. The dependence of the relative increase in absorption on the time delay at Tp < 0 ps
fits the pulse shape of the soft x-ray within the error bars. This means that the absorption change built up almost instantane-
ously (< 10 ps). On the other hand, on the positive delay side, one can clearly see the recovery of the absorption change. By
fitting the result to an exponential function, we obtained the recovery time constant of about 20 ps.

3.2. Dependence of soft x-ray absorption change on pumping laser intensity

In Fig. 12(a), transmission spectra of the silicon membrane are shown for three different laser pulse intensities (I, = 3x10°,
1x10', 3x10" W/cm?). In all cases, the probe soft x-ray and the pumping laser pulses arrived on the sample simultaneously.
From the spectra, one can see that the amount of Ly yredge downward shift increased with increasing pumping intensity I,.
However, the spectral resolution of our system does not allow us to quantitatively discuss the amount of absorption edge
shift. In all cases, significant change in differential transmittance only appeared near the absorption edge. The most signifi-
cant dip appeared near 99.5 eV. In Fig. 12(b), the dip in differential transmittance at 99.5 eV is plotted as a function of arri-
val time delay of the probe soft x-ray pulse to the pumping laser pulse Tp. Although the SNR was not high enough, the re-
covery time constant seems to increase with decreasing pumping laser pulse intensity I,. The recovery time constant at the
intensity of 3x 10° W/cm? was about 35 ps, while it was about 20 ps at 3x 10*° W/cm?
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Fig. 11. (a) Change in soft x-ray transmission spectrum of silicon membrane by irradiation of a 100-fs laser pulse. Spectra are
shown for four different laser intensities. In all cases, the laser pulse and probe soft x-ray pulse reached the sample simultaneously.
(b) Dependence of the depth of the dip in differential transmittance at 99.5 eV on probe soft x-ray pulse delay 1p at various pumping
pulse intensities /.
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3.3. Discussions

The most probable reason for the absorption change is the modification of the energy structures across the band gap due to
high-density electron-hole pairs created by the strong field of the pumping laser pulse. We observed an absorption edge shift
of about 0.2 eV toward the lower energy side when the sample was pumped by a laser pulse with an intensity of
3x10' W/cm? However, this amount of shift was close to the resolution of our system. The estimated initial density of
photo-induced carriers is 10% ¢m™, which is high enough to modify the band energy. It is well known that the band gap en-
ergy shifts downward due to renormalization of the band energy.”” By using an empirical formula given in Ref. 22, the
amount of band gap shift is estimated to be 0.15 eV when the density of induced carriers is 10* cm™. This estimation sup-
ports our assumption that the Ly, ;; absorption edge downward shift is related to the band gap renormalization in a highly ex-
cited semiconductor. The smaller shift at lower pumping intensity [Fig. 12(a)] is consistent with the formula given in
Ref. 22. From the results described in Ref. 23, high-density electron-hole pair plasma decays within tens of picoseconds. In
our case, soft x-ray absorption change was observed within this decay time. Reference 23 also indicates that the recombina-
tion rate of induced carriers increases with increasing carrier density. Our result in Fig. 12(b) qualitatively agrees with this.
When high-density electron-hole pair plasma exists, the electronic structure of the silicon is modified. As a result, the L-
absorption edge corresponding to ionization potential could have shifted when the plasma existed. To make the origins of the
absorption change clear, further studies are required.

4. SUMMARY

In summary, femtosecond laser-produced plasmas are attractive ultrashort x-ray sources for time-resolved spectroscopy.
They emit x-rays covering the sub-keV to keV energy region with durations of less than 10 ps. Due to a small source size
and short pulse duration, the peak brightness exceeds 10%? ph/s/mm?/st/0.1%BW. We found that the photon flux of soft x-ray
emission can be enhanced more than 30 fold by making an array of nanoholes on an alumina surface and the duration of
emission kept to less than 20 ps. Even greater enhancement was achieved at the shorter wavelengths corresponding to emis-
sion from highly ionized species. By using a femtosecond laser-produced plasma x-ray, we demonstrated time-resolved ab-
sorption measurement of optically excited silicon by means of pump-probe spectroscopy. As a result, we found that a more
than 10% increase in soft x-ray absorption near the L, absorption edge in silicon was induced by a 3x10'%-W/em’-
femtosecond-laser pulse irradiation. This absorption change recovered within 20 ps. The origin of this observation is most
likely the modification of the energy structures across the band gap due to high-density electron-hole pairs created by the
strong field of the pumping laser pulse.

Potential applications of ultrafast x-ray pulses from femtosecond laser-produced plasmas are expected to open a new class
of material studies, such as dynamics of electrons in inner shells, photo-induced phase change, chemical change, and struc-
tural change, with high temporal resolution.
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Energy distribution of charged particles in laser erosion plume on ablation of
solid metallic targets with excimer laser
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ABSTRACT

The Langmuir probe was used to study erosion plume resulting from ablation of a tantalum target in vacuum with
excimer laser (308 nm) radiation. The spatial and temporal dependencies of electron and ion probe currents were obtained in
real time. Relying upon a series of dependencies of electron probe currents on the value of probe potential, electron
temperature of different plume regions was taken at various distances from the target. It was established that the plume
electron temperature is non-uniform. The ion concentration in the plume determined at various distances from the target.

Key words: erosion plume, Langmuir probe, ion scatter velocity, electron temperature.

INTRODUCTION

The process of ablation of solid targets has long been the subject of a large body of research. This is related both to
complexity of involved processes and to possibility of wide practical applications 12 One major application of solid target
ablation by laser beam is the process of thin film deposition with pulsed laser.

Practical applications, especially the processes of laser-plasma deposition, require the information on characteristics
of erosion plume. The energy spectra of ions are known to play an essential role in deposition of thin films by physical
methods °, particularly in laser-plasma deposition 4. Of great importance in these processes is the possibility of ion energy
spectrum control, which has a pronounced effect on deposited film characteristics (type of crystal structure, crystal size,
adhesion, etc.) *. Determination of the plume energy parameters (energy spectrum of ions, electron temperature, density),
their dependence on laser pulse energy, spatial evolution and angular dependence are of special importance in pulsed laser
deposition of thin metal films. The resolved in time and space measurements made in the course of plume motion from target
to substrate yield information on kinetics and velocity of different particles.

The investigations of laser erosion plume in ablation of metals, semiconductors, ion crystals, ceramics widely
involve the probe methods 569 Tt is typical of laser ablation of metals that the target evaporation threshold approaches the
threshold of plasma generation °. Thus, in pulsed laser deposition, erosion plume of metal is largely ionized >''. In highly
jonized plume plasma the Langmuir probe makes records of charged particles, which present a considerable share of the
plume particles, and provides therewith for high local accuracy of measurements. The Langmuir probe was used to take the
plume electron temperature 7. to measure the velocity distribution *° and energy spectrum of ions 3,

This paper reports the investigation of erosion plume in ablation of tantalum target by excimer laser radiation (308
nm) using the Langmuir probe. The spatial and temporal dependence of electron and ion probe currents was obtained in real
time. The measurements were taken of ion velocity, of electron temperature and ion density distribution in the plume, and of
their dynamics.

EXPERIMENT

The experiments were run in the vacuum chamber which was evacuated by diffusion pump to p<10”° mm Hg. Laser
erosion plasma was generated by XeCl excimer laser. Pulse half-height duration made 20 ns, pulse energy was regulated
between 2 to 25 mJ. The beam was focused by two-lens objective and directed to the target at 50° to the normal. The targets
were made as discs from tantalum foil of 0.5 or 1 mm thickness, 99.9% purity (Alfa, Asohnson Mattey Comp.). The discs
*Correspondence: Email: onov@laser.nictl.msk.su; Telephone:09645 22214; Fax 09645 22532
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were fixed on electric drive axis and rotated at 10 Hz frequency. The focus spot had an ellipsoidal shape and 0.5 mm?’ area at
the target. The target and vacuum chamber walls were earthed. The Langmuir probe of 5 mm length was made from tungsten
wire of 0.2 mm diameter, which was placed into ceramic tube. The probe potential could be varied within +18 V. The
controlled voltage at the probe was supplied by a bank of accumulators which was connected to the probe by one pole
through a potentiometer, and was earthed by the other pole through a load resistor. To stabilize the probe potential when
current was flowing, the source of controlled voltage was bypassed by 2.5 WF capacitor. The value of load resistance could be
discretely varied from 10 to 1000 Q. The signal from the load resistor was processed by high-speed ADC and stored by IBM
PC computer. The ADC digitization period made 0.1 ps. The range of measured ADC voltages was £5 V. The time of charge
arriving to the probe was counted from the moment of generation of laser pulse recorded by photodiode sending the signal to
the ADC trigger input. The probe was placed in the vacuum chamber with its axis parallel to the target plane and was moved
parallel with the normal to the place of radiation focusing at the distance of 3 to 160 mm from the target surface. For the
purpose of running angular measurements, the probe could be deviated from the normal by +80°. To study the particles
scattering over the target surface, the probe was moved within 3 mm above the target plane up to 45 mm away from the
irradiated area. In all measurements the probe axis was kept parallel to the target plane, and the probe was held with its side

parallel to ablation area.

RESULTS AND DISCUSSION

The performed experiments yielded more than a thousand of time-of-flight curves (TFC) of probe current in ablation
of tantalum at different probe-to-target separations and probe potentials and at different energies of laser incident radiation.
Changing the sign of probe potential, we obtained TFC both for ions and for electrons. For the characteristic points of TFC
volt-ampere probe curves were generated; their electron branches served to determine electron temperature, and the potential
of ion current saturation was found from the ion branch.

The times of leading ion groups arrival were measured for several probe-to-target separations. The time of arrival
was determined by the delay of probe signal front edge measured at the amplitude half-height relative to laser pulse. The time
of signal front edge arrival was found to be proportional to the probe-to-target separation. The ion scatter velocity was
determined from the probe curves as the ratio between the probe-to-target separation and the time of corresponding current

value delay relative to laser pulse onset.

For the leading group of Ta ions the scatter velocity does nod depend on probe-to-target separation and makes 1.9
10* m/s. This value of velocity obtained by us satisfies the dependence v~(M)'2, where M is molecular weight of the
element; this dependence was observed by the other authors for jons of barium, yttrium and copper '? when the experiments
were conducted at laser radiation density 2 J/em®. In this paper the experiments were run under similar conditions.

The probe time-of-flight curves of tantalum ions differ considerably at different probe-to-target separations. The
evolution of TFC of tantalum ions with the distance for 2 J/em? radiation flux is shown in Fig. 1. The signal amplitude is
reduced as the probe-to-target separation increases, so for convenience the TFC in Fig. 1 are not scaled. Al the curves were
obtained for the range from 0 to 100 ps, it was reduced to 30 us in order to gain higher resolution. As seen from the curves
given in Fig. 1, the delay of signal front edge is proportional to the probe-to-target separation.

When the probe is moved to 10 mm (Fig. 1, curve 1) away from the target, the time-of-flight signal presents a
smooth curve that has one maximum with steeply sloping front edge and more flattened back edge falling off to zero within
10 ps. If we assume that this curve corresponds to some smooth distribution by ion velocities, then it should retain its smooth
shape even at further scatter. Though, the time-of-flight signal exhibits more complicated behavior as the probe-to-target
separation increases. With the probe moving away from the target several maximums can be observed on TFC, which
become even more pronounced as the distance increases. As seen in Fig. 1, TFC has two maximums at the distances of 23
mm and 75 mm. At 113 mm, three maximums can be distinguished, and at 133 mm four maximums are already observed. It
turned out that velocity distribution in the group of particles corresponding to an individual maximum on curves 4 and 5 can
be described by Maxwell distribution 1314

I) =K-L-t* -exp(—(L1)*/V’ m
or by shifted Maxwell distribution®

1) =K L £ exp(—(L/)=Vs) > /). @)

where K is proportionality factor, v=(2k- T/M) 2 is most probable velocity, L is probe-to-target separation, v, is velocity of
mass center of jon group moving away from the surface in collision mode. These distributions were used to describe the
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obtained experimental data. After mathematical processing of the experimental data it turned out that each of curves 1-5 (Fig.
1) presents a sum of four Maxwell curves having different locations of maximums; that is, at negative probe potential four
groups of positively charged particles are observed in the plume through TFC for all the studied distances. For illustration,
Fig. 2 (a, b) presents TFC for L=23 mm and 113 mm, respectively. Though one can see two maximums on the first curve and
three of them on the second curve, both the curves are approximated with a high degree of accuracy by four Maxwell curves.
When the probe is located at 23 mm from the target, TFC is described by the curves with maximums in the points of 1.1, 2.1,
4.0, 16.7 ps which correspond to particle velocities 21, 11, 6, 1.4 km/s. The curve obtained at the distance of 113 mm in the
region below 30 ps with four distinct peaks is well approximated by three curves which are described by Maxwell
distribution. To describe the curve in the region with scatter time more than 30 ps, one more approximation should be used,
i.e. shifted Maxwell distribution with relatively low mean velocity. The maximums of these distributions are in the points of
5.3, 10.2, 17.7, 49 ps with most probable velocities 21, 11, 6, 2.5 km/s. It can be seen from velocity values obtained for the
distances 23 and 113 mm to the probe that velocities of the first three groups of ions are constant, and the velocity of the
fourth group increases with the distance from the target. An increase in velocity of the fourth ion group is also confirmed by
TFC approximation at all the studied probe-to-target separations (10-133 mm). Two- and three-mode distributions of ions by
velocities were noted previously by the other authors for multi-component targets of ion crystals 16 and HTSC ceramics .

It has been established in our earlier studies that in ablation of Ta, ion probe current saturation is achieved at probe

potential ~10 V '®. The probe current value in ion current saturation mode is found by the formula

I,=0,5-Sen-V, 3)
where S is probe area, € is electron charge, n is ion density, V is ion velocity at the boundary of probe collision-free layer B
The ion time-of-flight signal can be point-by-point transformed to distribution of charge density in the flying plume

ni) =1(1)/(0,5- S-e-V)=1I1) - t/05 S e L) 0]

where t is arrival time of recorded ions, L is probe-to-target separation. Relying upon these relationships we evaluated the
concentration of particles in the plume at different distances from the target using the obtained TFC. It has been found that
maximum concentration of ions in the plume varies from 3.3-10"* cm™ at the distance L=10 mm to 1.4.10" cm™ at L=133
mm.

The first groups of ions moving with constant velocity are formed at the start of ablation process in the mode of free
collisionless release. For these ion groups amplitudes of signals reduce with the distance as L? 8 corresponding to spherical
layer scatter. More slower groups of ions are resulting from the release process characterized by the presence of Knudsen
layer when a backward flow of particles emerges having an effect upon further evaporation conditions " The time of
evaporation of atoms from the target surface can far exceed laser pulse duration as the result of radiation heating of the target
surface by plume plasma and backward flow of particles from plasma. As the hydrodynamic scatter model % shows, when a
cloud is scattered to the distance of several centimeters the density of neutral particles retains its maximal value at the target
surface. It is well known that neutral particles in the plume have lower scatter velocities than charged particles 2 Though,
their leading part that moves faster than the “tail” of fast ion groups can be ionized as the result of resonance recharging, that
will lead to increase in scatter velocities of slow ion groups. A long “tail” on probe TFC can also be formed during ionization
as the result of neutral particle flow overlapping the back front of electron cloud of the plume charged part 3

The emergence of “hot” electrons in plasma can be caused by the processes of multi-photon absorption, by
backward retarding absorption 2 by build-up of Langmuir vibrations 21 As a consequence of Coulomb interaction with
external layers of erosion plume, these electrons form a high-energy leading part of ions, their energy reaching several
hundred electron-volt, which is observed in the experiment 31822 Though, due to low depth of external field penetration into
the plume plasma, a portion of these ions in the whole mass of plume ions is rather small and makes several per cent their
overall amount '#%,

The time dependencies of electron probe current are complicated similarly to time-of-flight ion curves. They are
also considerably varied with the probe-to-target separation. At long distances they have several maximums which are close
in their temporal location to the maximums on time-of-flight curves of ion current. A typical view of electron current curve
with the probe placed at the plume axis is shown in Fig. 3. The probe-to-target separation is 23 mm. Relying upon
dependence of the amplitudes of TFC maximums on the probe potential, electron temperature T, was determined in the
plume parts corresponding to these maximums.

The electron temperature was found from the plot illustrating the dependence of logarithms of peak amplitudes on
the electron current time-of-flight curve upon the probe potential. The slope of this plot in the region below electron
saturation current is equal to e/(k-T.), where e is electron charge, k is Boltzmann constant, T, is electron temperature in
electron-volt terms. This follows from the probe equation

1, X exp(eV/kT,),
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where V = ¥, - V, is probe-to-space voltage, V, is probe potential, V; is plasma potential that can be different from zero by
the value of (k-T.)/e, I is probe current. The probe equation is valid when positive voltage at the probe is above (k-Tc)/e;

below this value ion current is comparable with electron current, and the relationship Inl(V) is shifted from the linear one .
The value of T, was determined for the probe-to-target separations 23 mm, 75 mm and 133 mm using three observed
maximums, the temporal location of which was varied with the probe-to-target separation. The results are presented in Table
1. The temperature appeared to be different at all the three maximums. The tend is toward temperature lowering to the last
peak, i.e. to the tail part of the plume. Though the obtained temperatures apply to electron clouds related to different groups
of ions scattering at different velocities. If, by analogy with ion TFC, we ascribe to the maximums on the electron curves the
obtained scatter velocities, then, relying upon temporal location of TFC maximums for different probe-to-target separations,
it is possible to distinguish the temperatures corresponding to the electron cloud which is related to a specific ion group and
moves form the target at a constant velocity. These are, for example, the first maximum at the distance of 22 mm, the second
one — at 75 mm, and the third maximum — at 133 mm, each of them being associated with an electron temperature,
correspondingly, 6.4 eV, 5.9 eV, 5.3 eV. Thus, the temperature in the electron bunch moving at a constant velocity falls with

distance from the target. The formula 2
T, =298 10"- A"+ 127 (- )P T K,

where A is atomic weight of an ion, Z is average charge of ions in the cloud, I is laser radiation intensity (W/cm®), A(cm) is
radiation wavelength, t(c) is laser pulse duration, gives an estimate of electron temperature for tantalum atoms with single
ionization (Z = 1) as T, = 4.8 eV, and for Z = 1.5 (tantalum atoms with single and double ionization) as T, = 5.6 eV, which is
in a good agreement with the obtained results. In measurements of electron temperature in the plume by probe method on
ablation of ion crystals with excimer laser 16 2 drop in temperature T, with the distance from the target surface was also
observed.

At the start of scaling a short pulse is seen on the electron current probe curves, the temporal location of which does
not depend on the probe-to-target separation at 0.1 ps resolution. It is produced by photoelectrons released from the target
surface under laser radiation even before intense ablation. A similar pulse of photoelectrons was recorded in ablation of
dielectrics ®'°. The amplitudes of these pulses are also dependent on the probe potential. T, measured for them at the distance
of 75 mm is 11.5 eV, and it makes 7.35 eV at the distance of 133 mm.

' The electron TFC were studied when the probe was moved over the target surface at the distance of 3 mm from the
surface. In this case three maximums are also observed on TFC. A typical view of the electron current at the probe placed
near the target surface is given in Fig. 4. It is seen that the shape of the signal is considerably different from the probe current
curve located at the plume axis. The relationships of amplitudes of different peaks are also different. The absence of a peak
of photoelectrons engages one’s attention. The initial part of scaling shows an individual peak that is slightly seen or is
lacking when the probe is set on the normal to the target. This peak is produced by the electrons scattering outside the ion
cloud, but held by Coulomb forces. Due to high concentration of charges in the cloud propagating along the normal this peak
is not discernible. In the direction along the surface concentration of charges in the ion cloud is much lower (diagram of ion
scatter ~cos°0 '®%%), and the peak is clearly seen. The values of electron temperature were taken from the maximums of
electron TFC. The dependencies of signal amplitudes on the probe potential were obtained by moving the probe from the
normal to the plume at the distances of 15 mm, 30 mm and 45 mm. Table 2 presents the obtained values of T,. The first and
second maximums on TFC correspond to ion groups propagating at constant velocities. We notice that the temperature falls
with the distance from ablation area, as well as in the direction to the plume tail. It should be noted that all the three values of
temperature in different parts of the plume along the surface are lower than those noted along the normal to the surface.

CONCLUSION

The distribution of ions by scatter velocities in the erosion plume on ablation of tantalum targets in vacuum is not
smooth in its nature. The velocity distributions in individual groups of ions are well described by Maxwell one-dimensional
distribution. The leading groups of plume ions propagate at constant velocities. Slow groups of ions are accelerated in scatter.
This can be caused by variation in ion concentration as the result of chemi-ionization and recombination processes, as well as
by variation in ion scatter velocity due to second-kind collisions. The accelerated motion of electrons in slow modes exhibits
the dominant role of processes of electron and ion collisions with neutral particles in the tail part of the charged area of the
plume in the studied range of distances. Plasma here does not yet reach the state of free flight condition. The electron
temperature in different parts of the plume has been taken at various distances from the target relying upon series of electron
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probe current dependencies on the probe potential. It has been established that the plume temperature is not uniform.
Concentration of ions in the plume has been determined at different distances form the target.
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Table 1. Values of erosion plume electron temperature (eV) at different probe-to-target separations taken vertically.

Distance from probe to target, mm

Number of maximum on TFC 23 75 133
1 6,4 6,25 5.8
2 5,7 5,9 53
3 4,8 5,0 4,7

Table 2. Values of erosion plume electron temperature (eV) at different probe-to-target separations taken horizontally

Distance from probe to normal, mm

Number of maximum on TFC 15 30 45
1 4,2 3,9 2,90
2 4,0 3,65 1,85
3 3.3 2,6 1,80
4 .

=' 1

=

=)

St

E--3

=

QL

St

S

=

[ 3]

%]

=2

)

S

Ay 21

b T

) HH
P AN
'\MM&_———W L
o A5 . .
0 0,00001 0,00002 0,00003

t, s

Fig. 1. Dependence of shape of probe time-of-flight curves on probe-to-target separation.
For convenience the curves are not scaled, and the scanning time is shortened.
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Laser plasma source for highly charged ions
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ABSTRACT

A production of large amount of ions with low temperature (less than 100 eV), low momen-
tum spread and narrowed charge state distribution by petawatt-class short-pulse laser is under
consideration. Residual ion energy as the least unavoidable ion energy after ionization of gases
by a short intense laser pulse is calculated as a function of laser pulse parameters. Electron
thermal energy coupling to the ions is estimated taking into account a multi-group structure of
free electrons produced by optical field ionization.

1 INTRODUCTION

The progress achieved over the past decade in the generation of intense femtosecond laser
pulses! made it possible to extend substantially the area of theoretical and experimental research
on the interaction of highly localized intense electromagnetic fields with matter (see, e.g.,?). Many
applications based on the interaction of short intense laser pulses with gases and plasmas, such
as laser particle acceleration,®* X-ray laser,’ harmonic generation,® and fast ignitor scheme for
inertial confinement fusion,” are discussed intensively.

A possibility to produce highly-charged low-temperature ions by optical field ionization (OFI)
of gases under the action of short intense laser pulses opens a new attractive approach to create
an ion source with a low ion momentum spread and a charge state distribution that can be
narrowed down to essentially a single charge state.®

In the present paper we calculate the residual ion energy (RIE) as the least unavoidable
energy of ions produced by OFI, estimate the restrictions on the extraction time of ions due
to recombination and collisional heating, and also estimate the laser pulse power necessary to
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produce highly charged ions without their substantial energy spread due to ponderomotive laser

acceleration.

2 RESIDUAL ION ENERGY

Meaning comparatively wide laser beam we assume one-dimensional geometry with the elec-
tromagnetic pulse propagating in z direction. Electric field E in the pulse has the following

form

E = {E(t — z/c),0,0} cos(wo(t — 2z/c)
We discuss the motion of ions in nonrelativistic limit because of their large masses M:

aVi(t, 1) |elkes
o = 0 0M
~1

which leads approximately (as an expansion with parameter (woTimp) ") to the

E(t) cos(wot) (1)

le|kes
Mu)o
Here t} is the moment of time when an ion of the ionization degree k was born, e, = (1,0,0).

Further we have to take into account that V;(¢%,%;) is the result of regular motion of ion with
jonization degree k — 1 in quiver electric field after it’s birth at the moment ¢t =t _;:

le|(k —1)es
Muwg

(E(t) sin(wot) — E(£]) sin(wot})) 2)

Vilt, tp) = Vi(th, 1) +

Vi(ti, 1) = Viltiop thoa) + (E(t5) sin(wot}) — E(t_y) sin(wot}_,)) (3)

As a result of (2) and (3) one gets

le[es

Mwo

(kE(t) sin(wot) — E(#) sin(wotf) — (k — D) E(ti_) sin(wot}_y))
(4)

Vi(t: tZ) = Vi(tlt—p tZ_l) +
Processing the recurrent relation (3) one can generalize formula (4)

Vi(t,t;) = Vio + ——— (kE(t) sin(wot) — > E(t]) sin(wot’;)) (5)

3=1

where V is the velocity of the neutral. The residual velocity of the particular ion of k-th degree
jonization is a limit of (5) at ¢ = 4-o0:

* |6’ex k * . *
V,’(t,tk) = V'O — Mwo ?—; E(t]) SlIl((.dotj) (6)

This expression leads to the following formula for RIE

1 2 Z 1 +00
RIE = =MV? OB sin?
g Vio 2Mwt ; Nj(+oo)——[o N;_1 (1)W;(2) E*(¢) sin®(wot ) dt (1)
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where N;(t) is the density of ions with j - th degree of ionization, Wj(¢) the rate of ionization
of the ion with ionization degree k - 1 to the ion with ionization degree k, Z the nuclear charge.
Here we use for W;(t) so called ADK formula® which implies tunnel mechanism of ionization.
This formula is valid for ionization by laser pulses with relativistic intensities if the typical energy
of ejected electrons during ionization (which is equal to residual electron energy REE (see for
example'®)) is less than electron rest energy mc®.'' Calculations below give REE < 100 keV
which justifies application of ADK formula in our consideration.

The most important consequence of (7) is the dependence of RIE on the highest degree of
ionization k at the assigned parameters of laser pulse and gas. For the first glance relation (2)
gives RIE = k*(m/M)REE but the precise final formula (7) predicts RIE = (m/M)REE. For
k >> 1 this is much less than ”naive” consideration of (2).

3 COLLISIONAL HEATING and RECOMBINATION
TIMES

One of the channel to couple an electron energy to ions is the collisional one. During an
action of the laser pulse this channel is efficiently suppressed by large value of the electron-ion
relative quiver motion velocity in strong laser pulse electric field. After the laser pulse an energy
exchange between electrons and ions becomes more effective. For this exchange we have to take
into account the group structure of the electron velocity distribution function.!® Namely every
emerging group of electrons during the ionization of k-th shell has the temperature T which
differs from the temperature T, ;_; corresponding to the electron group emerged during the
ionization of previous k& — 1-th shell. The characteristic time of the Coulomb collisions between
ions and electrons of k-th group can be estimated with the help of formula (see for example'?)

miw?
Tetk = drk?etngt A’ ®)
where A is the Coulomb logarithm (A ~ 10), n,4 the density of atoms. By virtue of small velocity
of ions we estimate the typical velocity of relative motion of electrons of k-th group with respect

to ions wy, by the formula

3
wp = /< (Vi) > = /< (Vi = Vo) > + (Vo) = [ “ T,

where V. is the electron quiver velocity which is equal 0 with the absence of laser pulse. As a
result we obtain for 7.;; the estimated formula (Te is measured in eV and n,4 is in cm™3)

3/2
T

€

(s)- (9)

Tes b = 105 X
k2nat
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The time for electron-ion energy exchange Tz is determined by e with the help of well

known relation!?

M A T3/?
TeipB = —Teip = 10° X L [s], (10)
R 2m k? ngt

where A is the atomic number of the gas in use. Notice that the value 7 kg gives the typical
time for electron of k-th group to deliver it’s kinetic energy to ions until T becomes equal to
the ion temperature. Instead of this we have to estimate the typical time for electron to deliver
the kinetic energy equal to €, to ions. To estimate this time we have to multiply 7e; x,r by the

ratio €ion/Tek
1/2

e Eion A EionT k
Tei kB = "“‘1: kTei,k,E = 10® x 7 E [s] - (11)
€, a

All T, ;. could be calculated by formulas of 1

Tonization of Xe from Xe° until Xet? (4 = 131, Uy = 890 eV is the energy of ionization
of Xet?® to Xet26) by laser pulse with wave length Ao = 1.053 um, peak intensity Inae = 10%°

W/cm?, duration Tim, = 100 fs leads to
REFE ~36.5 keV, RIE ~ 0.15 eV, T2 = 27 keV .

The ionization Xe® — Xet! occurs in the vicinity of I = I = 1.3 x 10* W/cm? and the
‘onization Xe+25 — Xet?8 occurs in the vicinity of J = Iin 6 = 3.7 x 10'® W/cm?. The set of T..
enables to estimate electron-ion collisions and energy exchange times by (9) and (11). Except

times 755 at k = 1,2,3 (which are larger than at k =4,5,... 26) all 75{7'p are near the same

Teisg ~ 3 mks
at atomic density nyy = 1017 cm™ and €0 = 100 €V. It means that the effectiveness to couple
the electron kinetic energy to ions is about 23 times higher than for any single electron group

and the typical collisional time to heat ions up to €;,, = 100 €V 1s
T ~ 0.1 mks.

Besides the ion heating discussed above the recombination is undesirable process which could
destroy the sharp charge states distribution. Here we estimate the typical collisional three-body
and electron-ion radiative recombination times. For collisional three-body (o3) and electron-ion
radiative (o, ) recombination rates we use the following formulas,'®'* which should be applied to

different electron groups
az = 8.75 x 107" T 1° cm®/sec ,

U 1/2 U -1/3
a, = 5.2 X 10742 (T_kk> {0.43 + %ln (](’]kk) + 0.469 x (Ti) cm3/sec,

where Uy is the energy of ionization of the ion in k£ — 1 charge state to the ion in k charge state.
Collisional three-body (73) and electron-ion radiative (7,) recombination times are the smallest
ones for k = 1 and are equal to ~ 1 mks and & 2 mks correspondingly (nyt = 10'" cm™2). Thus
for considered parameters the typical collisional heating time is about one order of magnitude
shorter than any recombination times and equals to ~ 0.1 mks.
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4 PONDEROMOTIVE ACCELERATION and LASER
POWER ESTIMATIONS

The radial inhomogeneity of the laser pulse intensity will push out electrons by the pondero-
motive force

Foond = mc*Vi4/1 + a?/2,

where the normalized laser strength a is related to the intensity 1, of a linearly polarized laser
pulse (of wavelength A) by the relation

a= (262/\211;/71'771205)1/2 ~ 8.6 x 107X [um] /11, [W/cmz]. (12)

In a relatively dense plasma, when the electron plasma frequency w, = (4me’n/ m)l/ isin
excess of the inverse laser pulse duration (w,Timp >> 1) and the laser spot size rg is higher than
the plasma skin depth c/w,, the space charge separation field will act on an ion of k charge state
by the force Fy = kF,onq. If the laser pulse duration Timp is smaller than the maximal time of ion
acceleration ~ ro/Vi than the velocity of an ion of k charge state due to ponderomotive action

of laser pulse can be estimated as'®

V}c ~ FkTimp/Ma

and consequently the maximum kinetic energy of ions equals to'®

MVE 1 mk* <cnmp>2 a* )
R mc’,
L_L 1 +CL2/2

where L| = rg is the characteristic transverse scale of the laser pulse intensity.

2 32 M

The above estimated ion energy (13), which determines the momentum spread of produced
ions due to ponderomotive acceleration, will be smaller than the claimed ion energy €., only
when the laser pulse radius (L, ) will be comparatively large:

1 . [m a? me?\
Ly > Ly~ —ky/— ( ) CTimp- 14
4\/—2— fw,/l-—{-a?/Q Eion ? ( )
sFrom the other side the maximum laser pulse intensity .., has to be high enough to produce
charge state with required degree of ionization. As a result the laser power Pp, has to exceed
a minimum value P; in order to produce ions with the required degree of ionization k£ and the
energy spread lower than €,,:
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2

i 1 m a4 me
P = - ZImaX P ~ L2I ~ _~k2—_—_——_&—_—_—
L= 57 = L N Lilthk B 558 0 a2, /2 Eion

where Iy, 1 is the threshold intensity to produce the charge state with required degree of ionization
k and ay, is the corresponding normalized laser strength (see (12)).

(CTimp)2 Ith,k (15)

For deep shells of Xe ionized by the laser pulse with wavelength Ao = 1.053 pm, Timp = 100 fs,
the threshold intensity I g6 is of order 4x10'® W/cm? that for €;0, = 100 eV leads to Log ~ 42

um and Pi ~ 70 TW in accordance with Eqs. (14) and (15).

5 CONCLUSIONS

Here we made estimations of residual ion energy, electron-ion collisional energy coupling time,
and recombination times in a homogeneous gas (Xe) ionized by a short intense laser pulse. Our
results show that such estimations are not in conflict with parameters of the scheme® and can be
accessible at present time to produce highly charged ions with low ion temperature and narrow

(essentially a single) charge state.

To avoid substantial transverse momentum spread of produced ions due to ponderomotive
laser acceleration, the laser pulse power should exceed the minimum value that is of order 100
TW for considered example of Xet?® jon source. It should be noted that a special attention
has to be paid for the processes of laser pulse self-focusing, filamentation and self-modulation,®*

which can cause the ion momentum spread to increase.

Acknowledgments

The work was partially supported by the Russian Foundation for Basic Research, grant No
08-02-16263.

6 REFERENCES
[1] D. Strickland, G. Mourou, Opt. Commun. 56, 219 (1985); P. Maine et al., IEEE J. Quantum
Electron. QE-24, 398 (1988).

[2] Proceedings of ICONQ’98:Ultrafast Phenomena and Interaction of Superstrong Laser Fields
with Matter: Nonlinear Optics and High-Field Physics, Moscow, 1998, Proceedings of SPIE,

3735 (1999).
[3] E. Esarey et al., IEEE Trans. Plasma Sci., 24, 252 (1996).
[4] N.E. Andreev, L.M. Gorbunov, Physics-Uspekhi, vol. 42, pp. 49-53, 1999.

196 Proc. SPIE Vol. 4352




[5] P.V. Nickles et al., Phys. Rev. Lett., 78, 2748-51 (1997).

[6] Atoms in Intense Laser Fields, M. Gavrila, ed., Academic Press, Boston (1992); I.P. Christov
et al., Phys. Rev. Lett., 77, 1743 (1996).

[7] M. Tabak et al., Phys. Plasmas, 1,1625 (1994).

(8] PHELIX Petawatt High-Energy Laser for Heavy-lon Experiments, GSI-REPORT 98-10,
Gesellschaft fur schwerionenforschung, Darmstadt, December 1998.

[9] M.V. Ammosov, N.V. Delone, V.P. Krainov, Zh. Eksp. Teor. Fiz., 91, 2008 (1986).

[10) N.E. Andreev, M.V. Chegotov, M.E. Veisman et al., JETP Lett., 68, 592 (1998); Proceedings
of SPIE, 3735, 234 (1999).

[11] N.V. Delone, V.P. Krainov, Usp. Fiz. Nauk, 168, 531 (1998)

[12] N.Krall and A.Trivelpiece, Principles of Plasma Physics, Academic Press, New York, 1973
[Russian translation, Mir, Moscow, 1975].

[13] M.J. Seaton, Mon. Not. Roy. Astron. Soc., 119, 81 (1959).

[14] Ya.B. Zel’dovich, Yu.P. Raizer, Physics of Shock Waves and High-Temperature Hydrody-
namic Phenomena, Academic Press, New York (1966).

[15] G.S. Sarkisov et al., JETP Lett., 66, 828 (1997); 69, 20 (1999).
[16] S. Dobosz et al., JETP Lett., 68, 485 (1998); JETP, 88, 1122 (1999).

Proc. SPIE Vol. 4352 197



On the effect of electron plasma waves with relativistic phase velocity
on large-angle stimulated Raman scattering of modulated short laser
pulse in plasmas
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ABSTRACT

Suppression of a large-angle stimulated Raman scattering (LA-SRS) of a short modulated (two-frequency)
laser pulse in a transparent plasma in the presence of a linear long-wavelength electron plasma wave (LW EPW)
having relativistic phase velocity is considered under the conditions of weak and strong coupling. The laser
spectrum includes two components with a frequency shift equal to the frequency of the LW EPW. The mutual
influence of different spectral components of a laser on the SRS under a given angle in the presence of the LW

EPW is examined.

1 INTRODUCTION

The stimulated Raman scattering through large angles of laser radiation in plasmas'™® is known to have a
significant effect on a propagation of a short (< 1 ps) intense laser pulse in plasmas,®5 and, hence, on operation
of various schemes of laser-plasma particle accelerators.® In order to optimize these schemes, one must clarify the
conditions under which the detrimental pulse errosion due to the LA-SRS could be minimized.

We have shown previously’™® that certain nonlinear processes of a laser pulse evolution in a rarefied plasma can
suppress the backward and near-backward SRS. Namely, when an amplitude modulation of a pulse occurs with a
spatial period close to A, = 2mc/wpe, Where wye = (47r32n0/m8)1/2 is an electron plasma frequency corresponding
to the electron background density ng (which is the case under the conditions of resonant self-modulation?® of a
pulse), the resonant suppression of the LA SRS of higher-frequency spectral components of the modulated pulse
occurs.8 We noted”® that the self-modulation of a pulse is accompanied by the excitation of a large amplitude
long-wavelength electron plasma wave with a phase velocity close to the group velocity of a pulse, hence, to ignore
the influence of the LW EPW on the scattering process would be incorrect in many cases. We found® that the
features of the LA-SRS of a monochromatic pulse (we denote its frequency wg, wo > wpe) in the presence of the

LW EPW whose phase velocity coincides with a group velocity of a laser radiation are follows:

e The Stokes band of the weakly coupled SRS [a; = eE1/(mewoc) K (wpe/wo)*/?, where a; is a normalized
amplitude of the laser electric field] undergoes a suppression when a normalized amplitude of a density
perturbation Npw = dnpw/no in a LW EPW becomes of order or exceeding the ratio wpe/wo; under the

same condition the anti-Stokes branch appears.
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e For the limit of strong coupling [(wpe/wo) V2 g < 1], the density perturbation amplitude must be as
large as Npw > (aiwpe/wo) 23 wpe /wo to approximately halve the maximum increment of the LA SRS.

The suppression of the LA-SRS in the presence of the LW EPW is caused by the multi-wave nature of the process.
In an unperturbed plasma, the weakly coupled LA-SRS is a three-wave resonant process, in which a pump EM
wave (wg, ko) decays into a scattered EM wave (wo — wpe, k,) and a plasma natural mode (wpe, k.), where
ke = ko — k. In a plasma perturbed by a LW EPW the phase modulation of scattering Langmuir waves?i11
occurs. Then, the complex spectrum of scattering plasma waves (wpe + nwrw, ke + nkrw)!? participates in the
scattering process. The sidebands (which are not natural plasma modes) are shifted to integer multiples of a
frequency wrw = wpe and wavenumber kpw < k. of the LW EPW, and can exist only at the expense of the
original natural Raman mode (wpe, ke), whose energy can be completely exhausted for Npw ~ wpe fwo. ! Hence,
in the presence of a LW EPW, the transfer of the energy of the unstable plasma oscillations to a great number of

satellites, which are not natural modes, dramatically decreases the growth rate of the instability.®

The results reported in the present paper substantially supplement the earlier investigations.”® We have
examined the spectral features of the LA-SRS of a modulated (two-frequency) laser pulse in a rarefied plasma in
the presence of a given linear LW EPW with a phase velocity close (not necessarily equal) to the phase velocity of
a laser pulse. In order to describe the LA-SRS of a laser pulse under the conditions of resonant self-modulation,
the two-frequency pulse is considered with a frequency difference equal to the frequency of the LW EPW, which
is close to the electron plasma frequency. Since the frequency difference of the laser spectral components (pump
waves) is close to wpe, resonant suppression of the SRS of the higher-frequency pulse component”® does not occur,
because such effect necessitates the frequency difference of the pump waves close to 2wp.. In the presence of a
given linear LW EPW, the convective amplification of the unstable modes in the frame of reference co-moving
with the pulse is studied in the approximations of weak and strong coupling. In the regime of weak coupling, the
dispersion analysis of the instability has shown that the Stokes components of scattered radiation from spectral
components of the pulse are both suppressed provided Npw > wpe/wo. The latter condition fulfilled, the anti-
Stokes bands from both components of a pulse appear in the spectrum of scattered light (however, the anti-Stokes
increments remain small if compared with the increments of the instability in a non-perturbed plasma). We have
found that the LA-SRS of a higher-frequency pump wave undergoes more severe suppression in the presence of
the LW EPW than the scattering of the lower-frequency one (it is notable that the increment of the latter even
increases until Npw < 0.5wpe/wo, and for larger Npw the decrease occurs). The phenomenon of suppression is
found to be almost 1ndependent on the detuning Awrw = wrw — wpe of a frequency of the LW EPW, which can
occur in the process of the resonant self-modulation (in such case, |Awrw| <« wpe'?). Under the condltlons of
strong coupling, when the scattering process is nonresonant in character, and its spectrum is much wider than the
electron plasma frequency,’? the instability experiences suppression for Npw > (a1wpe/wo) 23 wpe/wo rather
than for Npw ~ wpe/wo.

2 BASIC EQUATIONS

To describe the LA SRS of a laser radiation in rarefied plasmas we represent a high-frequency (HF) electric
field in a plasma as a sum of two components with close frequencies

1 . . . .
a(r’ t) — 5 {ao(r’t)e—zwot-{-zkgz +a, (r,t)e—zw5t+z(ksyr)} +c.c., (1)

where the dimensionless amplitudes of a laser pulse ag = eEq/(m.woc) and scattered radiation a, = eE, /(mew;c)
are assumed to vary slowly in time and space on the scales wg(i) and ka(ls), respectively. In the present report
we consider the nonrelativistic electron motion in the electromagnetic field, so |ag(;)| < 1. Both incident and
scattered radiation obey the dispersion relation for electromagnetic (EM) waves in plasmas wg(s) = (ko(s)c)2 +wl,.
Hence, in the case of strongly rarefied plasma (wo(s) 3> wpe), one can let, without loss of generality, wo = w; and
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|ks| = ks = ko thus including possible deviation of a frequency and wave number of scattered radiation from wq
and kg in the spatio-temporal dependence of the envelope a; (r,t). Hence, the wave vector of the scattered field
is determined as k, = (ks ,kocosa), where |k, | = ks = kosing, and a < 7 is a scattering angle reckoned
from the direction of a pulse motion. Since now, we consider the case of the linearly polarized laser light and
analyze the SRS through a given angle in the plane orthogonal to the plane of the laser polarization (k, L ag),
where the coefficient of amplification of waves achieves a maximum.5® Ponderomotive force at the beat frequency
of incident and scattered EM waves excites an electron density perturbation with a chatacteristic wave vector
k. = e ko —k; [so that k., = 2ko sinz(a/Q) and k. = |ke| = 2kosin(a/2)], which is responsible for the stimulated
Raman scattering through an angle a:

Siig(r, 1) = %Jns(r,t)ei(k=’r) +ee. )

Assuming that the scattering angle is not small [sin(a/2) ~ 1], we suppose that the envelope of the scattering
plasma waves dn,(r,?) is also slowly varying on the laser time and space period. Apart from the short-wavelength
plasma waves, which participate in the scattering process, the short laser pulse can create a long-wavelength
electron plasma density perturbations.!®!3 These long-wavelength electron plasma waves possess a relativistic
phase velocity close to the group velocity of a laser pulse, and can be utilized in various schemes of plasma-based
particle accelerators.® The electron density perturbations related with such waves may have an amplitude of

order tens per cent of the background electron density.**

We will describe the SRS of a laser radiation under a given angle in a time scale short compared to the
ion plasma period 7, = 2m/wy; [where wp; = (4re?ng/m;) is an ion plasma frequency], using nonrelativistic
hydrodynamic equations for a cold electron fluid with the immobile ion background and the Maxwell equations
for scattered radiation. Apart from the scattering plasma waves (2), we account for the presence of a IW EPW
in a plasma. We arrive at a pair of linear coupled equations for the amplitudes a; and Ny = dn,/ng, in which the
electron quiver velocity vow (r,t) of the LW EPW enters (VLw known, corresponding long-wavelength electron
density perturbation 87irw (r,t) can be retrieved using the continuity equation):

2

(2 vy ) ) e = Eeagn: (3)
t ot g s = 4&)0 04V

8 - . ~ 2 2 * 1 2(.%

a + (VLW)V) - Z(kti)vLW) + Woe Ns = _§(kec) (aO)as)' (4)

In Eq. (3), v4 = ¢’k /wo (as the limit of strongly rarefied plasma is under consideration, we set |vg| = ¢). The
functions ag(r,t) and Vrw (r,t) may be determined self-consistently, or be given in a certain form. In the latter
case, Eqs (3) and (4) form the basis of a linear theory of the LA SRS in plasmas. Eq. (4) is linear in the amplitudes
of the decay waves, and nonlinear in V. Generally, the LW EPW might be nonlinear wave, and vy may be
represented as a row expansion in harmonics of wrw and kypw whose amplitudes are expressed through powers
of a normalized amplitude of the density perturbation Npw = dnpw/no in a linear wavell15 [The connection
between Npw and Vow in a linear wave is given by Eq. (9)]. In the present report we presume the LW EPW
to be the linear wave. This is possible when the effect of the LW EPW nonlinearity on the scattering process is
negligible, which necessitates the following limitation of the amplitude of the density perturbation®

w 1/2
Npw < ( pe) . (5)
wo

Throughout the present report, we meet the condition (5) and omit the term (viw, V) in the second-order
operator of Eq. (4).° Further, for the sake of simplicity, we exclude the variable coefficient ¥rw from Eq. (4) by

means of a unitary replacement

{a, N} = {és , N;}exp (—z\Il) , (6)

t
v = *—/(kg,{il,w)d’r,
4]
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which accounts for the phase modulation of the decay waves in the presence of the LW EPW. Since the transfor-

mation (6) preserves the absolute value, the instability onset may be studied in terms of the amplitudes {és , NS*}
Instead z and ¢, it is convenient to use variables ¢ = z — ¢t and n = t of the frame of reference co-moving with
the pulse (r, remains the same in both frames). When the change of variables is made, the equations for the
amplitudes of the modulated waves read

. 6 ~ = - ~ a\il ~ oy T _ "‘)ge T *
(3 (5’7; + (Vg,V)) a; + As (5;7— + (vg’v)‘ll) - 4w0aoNs ? (7)

AN - 1 .
((55 ~c) +w§e) Ny = -3 (keo)’(ad, ). ()
Here, ¥4 = (c%k, ) /wo, —2¢csin’(a/2)), V = (8/0rL,0/5€).

We consider below a given shape of both laser pulse and LW EPW thus neglecting their evolution on time
scales of interest. The LW EPW is given to be one-dimensional, linear and free, with the electron quiver velocity

Viw = € UphpywNLw cosd, (9)
¢ = kiwz—wrwt+ o, ’ (10)

where ¢g = const is a constant phase shift of the LW EPW, and vppyp, = krw /wrw = ¢ is its phase velocity. We
account for the possible deviation of a wave number and frequency of the LW EPW from the plasma wave number
ky = wpe/c and plasma frequency,'? so that in Eq. (10) kLw = kp + dkrLw, and wrw = wpe + dwrw. In order
to make a dispersion analysis of the SRS instability of the laser pulse subjected to the resonant self-modulation,
we consider a laser pulse which consists of two spectral components (pump waves) shifted to the frequency and

wave number of the LW EPW: .
ap = aj + aze’®, (11)

where a; and a, are the constant amplitudes of the pump waves in the region —Lyuise < € < 0 (Lpulse is @
longitudinal pulse length) and are zero outside this interval. The laser pulse with the envelope (11) consists of
the components with a carrier frequency wg and blue-shifted (anti-Stokes) frequency wo +wrw. The representa-
tion (11) of a laser envelope corresponds to the three-dimensional regime of the self-modulation of a laser pulse
with a power which is near critical for a relativistic self-focusing!? and describes the on-axis structure of the pump
field in that 3D regime (see Fig. 2 of Ref.1%).

The pump field with an envelope (11) represents a pair of one-dimensional quasi-plane waves. As applied to
the problem of scattering through large angles, such choice of the pulse envelope can be substantiated as follows.
It was shown® that the LA-SRS of a laser pulse, which is bounded in two dimensions, enters the regime of steady-
state spatial amplification in the co-moving variables as the time 75 = max {Lpuzse/c, Lyuise/[2¢ sinz(a/Q)]} passes
since the pulse entered the plasma. It can be shown,®1® that the one-dimensional regime of spatial amplification
dominates in a plasma, if the transverse dimension L of a pulse is large enough to satisfy the inequality

L_L/Lpul.se > cot(a/?). (12)

Throughout this report we meet the condition (12), which supports the choice of the one-dimensional geometry
of a pump field. In the one-dimensional regime, we will find the increments of spatial amplification of the
unstable modes in the co-moving variables. These increments determine the maximum possible amplification
of the unstable waves in the co-moving frame, rather than an exact structure of the scattered EM field, which
depends on both shape of the laser pulse and boundary-value conditions at the pulse side boundaries.!®
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3 DISPERSION EQUATION

~ We substitute (9) and (11) into Egs. (7) and (8) and make the Fourier transformation of the envelopes a; and
N with respect to the transverse spatial variable

A eierrs) gie 13
{a” (XL /{ (kJ.En) - (13)

where k| is a real vector, and represent the Fourier transformants in the Floquet form

{a, N }kun)—; g tiks€ Z {a, izt }(kl,kwem’ 1)

n=-00

from which the recurrent relation for the ampliudes aﬁ") follows:

—y(r=Da(n=1) 4 x(a(m) _ yra(n+l) = o, (15)
The dispersion equation for the infinite set of the coupled equations (15) is expressed through continued fractions
() (re)
X = =+ — (16)
(y(n+1)) (y("—z))
x4y N /S xel) N
x(n+2) _ .. x(n=-2)

Solution to the Eq. (16) kj(w, k1) is a complex number; its positive imaginary part is an increment of spatial
amplification, which corresponds to the solution growing towards the pulse trailing boundary. The functions,

which enter (16), are defined in the following way:

3

X(n) = Dgn) =+ w____ge (D(+)ﬁ1D(__) -+ D(+) ﬂ;(_) ) )

2(n)*2(n) 2(n~-1)""2(n~1)

2

, 8152

Y(n) —_ % 7 M — COS &¢ —pey T o
2 l: ( c ) D('(*‘))D( n))
] — cok

Dgn) = wHckj—Awg+n <wLW + WCOSQ> )

D(in) = wpe k (w+ckj +nwrw),

where Awg = (ckL sina —wcosa)/(1 — cosa) = wyg — wo is a frequency shift of the scattered light detected in
the lab frame, f;(3) = a1 /2) (wo/wye) are the coupling coefficients of the waves, and p = (wo/wpe) NLw is a

normalized amplitude of the density perturbation in a given linear LW EPW. There is a principal difference in
the behavior of the instability under the conditions of weak (81(2) < 1) and strong (B1(2) > 1) coupling. These
limits arc investigated in the two following Sections.

4 LIMIT OF WEAK COUPLING

4.1 Frequency domains of the instability

In the limit of weak coupling (8(2) < 1), the instability onset is due to the resonant interaction of waves,
which are close to the natural modes. ThlS regime implies that the spatial growth rate remains much smaller than
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the plasma wavenumber k,. As the equations Dg") = (0 and Dg?:n)) = 0 are the dispersion equations (written in the
co-moving frame) for normal EM and electron plasma modes, the domains of parameters, in which the complex
solutions k;(Awg) of Eq. (16) are to be searched for, are determined by the solutions to the following four sets
of equations: (a) D{*) & 0, D{f) 0, (b) DI % 0, DSy 0, (c) DIV & 0, D) ~ 0, (d) DY % 0, D) 0.
Eq. (a) gives wg & wo — wpe — the Stokes domain for the “red” (wo) pump wave; Eq. (b) gives wy & wo + wpe —
the anti-Stokes domain for the “red” pump wave; Eq. (¢) gives wg & wo + wrw — wpe — the Stokes domain for
the “blue” (wo +wrw) pump wave; Eq. (d) gives wyg & wo +wiw +wpe — the anti-Stokes domain for the “blue”
pump wave.

4.2 Limit of small p

For \/Biz) € p < 1, one can retain in the expansion (14) the fundamental terms (n = 0) and a pair of
additional terms, corresponding to n = 41. With the account for those terms, the dispersion equation becomes

v@)?  (y)?
SADI G -

While g < 1, there is no complex roots of (17) in the anti-Stoke regions, whereas in the Stokes domains the
imaginary parts Imk = x(Awg) read as follows:

X =

K{wg & wo — wpe) = -2-1;\//}1%?5 — [wa = (wo — wpe)]?, (18)

1 =
Wwa mwo+bwrw) = oy/Bawl — lwa = (wo +wiw —wpe)P, (19)

where 51 = ﬁleH, and By = ﬁgRg_). Here, R(l?;)(p,dew,ékLW) are the renormalizing functions for the

coupling coefficients in the presence of the LW EPW:

5 _ .
144 Ba(1) (vphLW —cosa) <1+ Swrw N wrw cosa — cdkrw sma)

() Pi(2) ¢ “Wpe wpe (1 — cosa)
R1(2) = 3 :
[l (vPhLW
2

(20)

2
1+ — cos a)

As it follows from (20), with the increase in x the monotonic decrease of the coupling coefficient ,5 occurs in
case the pulse is monochromatic (when either 8y or f; equals zero); the correction quadratic in p reduces the
maximum of the increment. In the case of the two-frequency pulse an asymmetry appears in the dependence on p
of the coupling coeflicients B1 and f;. That is, on the contrary to the case of a monochromatic pulse, the coupling
coefficient B, which corresponds to the “red” pump wave, grows with g when g < 1, and in the presence of
the “blue” pump wave the increment (18) increases due to the linear correction in . On the other hand, the
increment (19) of the SRS from the “blue” pump wave decreases even faster than in the case of the monochromatic
pulse; that is, the negative correction to this increment is also linear in p rather than quadratic. Note that the
angular dependence of the increments (18) and (19) emerge only in the presence of the LW EPW; in a non-
perturbed plasma (i. e. in the absence of LW EPW) the increment of the spatial growth in the one-dimensional
regime of the LA-SRS is independent on scattering angle.®?16

4.3 Numerical solutions of the dispersion equation for arbitrary p

In the case of arbitrary p restricted from above by the value (wo/wpe)'/? [see (5)], the dispersion equation (16)
is solved numerically, and its complex solutions are searched for in both Stokes and anti-Stokes regions defined
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above in the Subsection 4.2. Previously,® for the LA-SRS of a monochromatic pulse in the presence of a given
linear LW EPW with a phase velocity equal ¢ (namely, wrw = wpe, and krw = k), the suppression of a
Stokes and generation of the anti-Stokes branches of the instability were established. As is already noted in the
Introduction, the suppression of the instability is connected with the participation in the scattering process of
new short wavelength satellites (wpe + nwrw, ke + nkrw), n # 0, which appear as a consequence of periodic
spatio-temporal phase modulation (6) of scattering plasma waves in the presence of a LW EPW. The satellites
(which are not natural plasma modes) gain the energy from the original eigenmode {wpe, ke), which is resonantly
driven by the ponderomotive force at the beat frequency (=% wpe) of incident and scattered EM waves. Therefore,
the energy, which in in the absence of LW EPW would be transfered to the single mode of plasma oscillations, is
expended in excitation of a large number (n ~ 12 > 1) of plasma modes (not natural modes), which causes the

dramatic decrease in the increment.

We investigate first how the phenomenon of suppression is affected by the additional component in the pulse
spectrum. Numerical solution to the Eq. (16) yields the dependence on y of the spatial increments, corresponding
to the Stokes and anti-Stokes bands from both spectral components (wo and wo + wrw) of a pulse. These
dependencies corresponding to the central frequencies of both Stokes and anti-Stokes bands are shown for vyp;y =
¢ and a = 7 (direct backscatter) in Fig. 1 (“red” pump wave) and Fig. 2 (“blue” pump wave). In these Figures
suppression of the Stokes branches of the instability as well as generation of the anti-Stokes branches are clearly
seen for > 1. The anti-Stokes branches are, in turn, suppressed for u > 2. In the case of a two-frequency pump,
the Stokes increment of the “red” pump wave increases until p < 0.5 and then drops [see Fig. 1(a)]. The Stokes
increment of the “blue” pump wave experiences more severe suppression than in the case of the monochromatic
pulse [compare Fig. 1(a) and 2(a) for §; = f2]. The linear growth with p of the “red” pump wave increment and
linear decrease in the increment of the “blue” pump wave for small p are discussed in the previous Subsection

and described by formulas (18)-(20).

The self-modulation of the laser pulse can be accompanied by shifts in frequency and wave number of the
LW EPW from the resonant values wpe and kp,'? which can also exert some influence on the scattering process.
We have considered the effect of the frequency detuning dwrw on the increments of backward SRS (a = ) of
a single pump wave (32 = 0). The increments corresponding to the centers of the Stokes and anti-Stokes lines
are shown in Fig. 3. The curves shown in Fig. 3 correspond to small frequency shifts (dwrw < wpe), as in most
regimes of a pulse self-modulation these shifts are indeed small if compared to the electron plasma frequency in
the rarefied plasmas. In particular, an electron plasma should be too dense (no & 0.2n.) to make the frequency
shift dwrw = (wpe/2)(wWpe/wo)® (which corresponds to the 1D-2 regime of the self-modulation'?) equal the quite
moderate value dwrw = 0.05wp, used in the calculation of Fig. 3. As is clear from Fig. 3, the influence of a
frequency shift dwpw <« wpe on the suppression of the SRS-instability does not produce significant changes in

the effect of suppression.

The effect of suppression of the SRS-instability also depends on the angle between ke and Vpyw [in the
geometry accepted in the present paper, this angle coincides with the scattering angle - see Eq. (4)]. Reduction
of the scattering angle (then, |kela—so — 0) makes the influence of the LW EPW on the scattering process less
pronounced, as is seen in Fig. 4. Thus, the fraction of the energy losses due to the side-scattering becomes more

pronounced in the presence of a LW EPW.

To conclude the discussion of the limit of weak coupling, let us consider a certain regime of the laser pulse
self-modulation in which the discovered effect of suppression of the LA SRS would be observed. That is, in the
known 3D regime of the self-modulation of a laser pulse with a power close to the critical power for the relativistic
self-modulation,'? the laser spectrum consists of the component with the carrier frequency and the anti-Stokes
component blue-shifted to the plasma frequency [the on-axis pulse structure is described approximately by the
dependence (11)]. For such regime of the self-modulation instability, the numerical modelling!* performed for a
plasma and laser parameters such that wo/wpe = 20, f1 = 0.256, and KLpuise & 13.5 (hence, the LA SRS of such
pulse is in the weakly coupled regime and is far from the nonlinear saturation) gives the maximum amplitude
of the electron density perturbation Npw a 0.1 {under the parameters of modelling,'* Ny remains less than
(wpe /wo)/? 7 0.22 [see Eq. (5)], which yet allows us to use the linear approximation (9) for the LW EPW}. The
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Figure 1. Maximum increments of the Stokes (a) and anti-Stokes (b) bands of backscatter (0=m) of the “red” spectral
component of a pulse () versus L=(81Lw/Np)((o/@pe). The amplitude of the “blue” pulse component (Wo+Wpe)
is such that 3,=0 (monochromatic pulse, solid line), B,=0.5( (dashed line), B2=[B1 (dotted line).
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Figure 2. Maximum increments of the Stokes (a) and anti-Stokes (b) bands of backscatter (0t=7) of the “blue” spectral
component of a pulse (Wg+0,) versus =(8n,w/Mo)(e/®,c). The amplitude of the “red” component () is
such that ;=0 (monochromatic pulse, solid line), 3;=0.5(, (dashed line), 3;=0 (dotted line).
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Figure 3. Maximum increments of the Stokes (a) and anti-Stokes (b) bands of backscatter (o:=m) of a single-frequency pulse
versus P=(8nzp/Mo)(©/®pe). The detuning of a frequency of the LW EPW from the resonant value Mg equals
zero (solid line), 0.010,, (dashed line), .05, (dotted line).
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Figure 4. The influence of the reduction of the scattering angle (0=m- solid line, =7/2- dashed line) on the SRS of a
monochromatic pulse in the presence of the LW EPW. The normalized amplitude of the density perturbation

w=(8n,5/mo)(Wo/wpe), which corresponds to the first vanishing of the Stokes increment, grows with the decrease in
the scattering angle.
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maximum value of the density perturbation achieved in the considered regime of the laser pulse self-modulation
yields g & 2, and it is evident that the suppression of the LA SRS is possible under such conditions.

Let us sum up the basic features of the LA-SRS of a two-frequency pulse in the presence of a LW EPW having
a phase velocity close to the group velocity of a pulse.

e The most significant effect of the LW EPW on the scattering process in the limit of weak coupling is
the suppression of the Stokes and generation of the anti-Stokes branches of the instability provided the
normalized electron density perturbation Nzw in the LW EPW exceeds the value wpe /wo; in strongly rarefied
plasmas (no/n. < 10~2) the suppression occurs for a quite moderate density perturbation Npw < 0.1.

e The mutual influence of the spectral components of the pulse shifted to the frequency close to wy leads to the
asymmetry of the suppression of the SRS of different components: The maximum of the Stokes increment
of the lower-frequency pump component slightly grows for Now < 0.5wpe Jwo, and for larger Nrw the
suppression follows (for Npw > wpe/wo); the maximum of the Stokes increment of the higher-frequency
pump component undergoes mononotonic decrease with Npw for 4 < 1 and more severe suppression than
in the case of the monochromatic pulse.

e The effect of suppression is almost independent on the detuning of a phase velocity of the LW EPW from
the group velocity of a pulse if |'UphLW - ci < c.

e Reducing the scattering angle makes the effect of suppression less pronounced, and the density perturbation
amplitude Npw, at which the Stokes increments vanish for the first time, grows.

5 LIMIT OF STRONG COUPLING

In the limit strong coupling (B1(2) > 1), scattering plasma waves are not natural modes. In the case of a
single-frequency pulse (8; = 0), the scattered radiation in a plasma without LW EPW has a wide-spread (if
compared to wpe) spectrum, which is extended to the blue side: wq — (3/2)/Prwpe < wyg < wo + (1/2)Brwpe-
The maximum value of the increment ko = (v/3/2)kp(81/2)*/3 [1 — (262)*/3] > k,,>° which can be obtained
from the dispersion equation X (®) = 0, corresponds to the frequency wq = wyg. For a two-frequency pulse with
a frequency difference small compared to ¥/Biwpe, and close amplitudes of the spectral components, the spectral

width and maximum increment can be described by the above dependencies with f; replaced by (\/ﬂl + /B2 )2.

When a plasma is perturbed by a small-amplitude LW EPW such that p < ﬂi(/f), one may obtain from
Eq. (17) the correction to the increment xo which accounts for the influence of the LW EPW on the strongly
coupled LA-SRS. In the case of a monochromatic pulse the corrected increment reads

~1/3

Eq. (21) proves to be useful for estimation of the effect of a LW EPW on the strongly coupled LA SRS even
far beyond its strict validity region. So, expression (21) predicts a decrease in x(wg = wo) when p = B, or
Niw ~ (@owpe /wo)z/ 3 This prediction is confirmed in part by the results of numerical solution to the general
dispersion equation (16). The increments were calculated using (16) for both single-frequency (wo) and two-
frequency (wo + wpe) pulses. The dependencies k(wg = wg) versus p, which are drawn for a direct backscatter
(a = 7), are seen in Fig. 5. The curves shown in Fig. 5 demonstrate the reduction in the increment of the
strongly coupled SRS for both single- and two-frequency pulse. Although the complete suppression of the SRS of
a single-frequency pulse does not occur, the decline by nearly one half of the growth rate of the SRS-instability

is the case, in accordance with the approximate expression (21), for p & /B1, or Now ~ (alwpe/wg)z/s.
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Figure 5. The spatial increment K(®4 = ®0) of the direct backscattering (=) under the conditions of strong coupling,
which correspond to B;=20, B,=0 (monochromatic pulse, solid lin¢), and 3;=3,=20 (two-frequency pulse with a
frequency difference equal to ., dashed line), versus the normalized amplitude of the density perturbation

H:(San/no)((Do/COpe).

To illustrate the effect of suppression of the LA SRS under the condition of strong coupling, let us consider
the long laser pulse (Lyuise > Ap) With a sharp leading edge (Lsront < 0.5)p), which excites in a plasma a LW
EPW whose amplitude is approximately equal to Nyw = (al/2)2.13 Leaving aside the fact that such a plasma
wave can itself seed a laser pulse self-modulation, we consider first an influence of this wave on the LA SRS of
a monochromatic laser pulse with a given rectangular envelope (this is valid on time scales larger than a pulse
duration, but small enough for the development of the self-modulation, and corresponds to the early stage of the
self-modulation instability). The normalized amplitude of density perturbation Npw = (a1/2):Z gives p = f1/2,
which, under the conditions of strong coupling, is significantly larger than that is necessary to halve the maximum
increment [i.e. g /B and Now = (alwpe/wo)2/3]. Using the dependencies plotted in Fig. 5, we find that the
increment of direct backscattering &(wq = wo, @ = ) takes at p = B1/2 = 10 the value equal to approximately
one fifth of its value in an unperturbed plasma. Now it is clear that the strongly coupled LA SRS of a pulse
with a sharp leading edge can be suppressed at the very beginning of the self-modulation process. However, the
important requirement of linearity of the LW EPW (5) should be met, which limits the density perturbation
amplitude Npw < (wpe/wg)l/z, and, hence, the amplitude of the laser a; < 2 (wpe/w0)1/4. In the case of more
intense laser, one must account for the effect of harmonics of a nonlinear LW EPW on the scattering process
along with the effect of the linear component (9) of the LW EPW excited by the front edge of the laser pulse.
This can drastically modify the suppression of the scattering process. As is seen in the results of modelling?? of
the LA-SRS of a short (Lpuise ~ Ap) relativistically strong (a; ~ 1) laser pulse generating a strongly nonlinear
LW EPW, significant variations of a spectral shape of LA-SRS were established!” depending on a pulse length
and intensity in the parameter regions 8 > 50 (hence, y > 25), and wo/wpe > 20 rather than suppression of the
instability.

6 CONCLUSION

The results reported in the present paper clearly point to the fact that in the presence of a linear LW EPW the
LA-SRS of a two-frequency laser pulse acqires new specific features. That is, under the conditions of weak coupling
the instability undergoes suppression when a density perturbation in the LW EPW exceeds the value, which for
rarefied plasmas (ng/n: & 10~?) represents about ten per cent of the background electron plasma density. Mutual
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influence of diffrent spectral components of a laser pulse shifted to approximately wp. retains the common features
of the suppression effect the same as in the case of monochromatic pulse, except the somewhat asymmetry in the
behavior of the increments of different pump components at Npw < wpe/wo. As the scattering angle reduces,
the suppression becomes less pronounced in comparison with the case of direct backscatter (thus, in the presence
of the LW EPW the fraction of the energy losses due to the side-scatter increases). Besides, in the anti-Stokes
ranges corresponding to each pump spectral component new branches of the instability appear (however, with an
increment small in comparison to the conventional increment of the LA-SRS in a non-perturbed plasma). Under
the condition of strong coupling the complete suppression of the instability is not the case; though, the significant
reduction of the increment is the case for Npw ~ (alwpe/wo)2/3. In the case of the wake-field excitation by
the sharp leading edge of a pulse [then, Npw = (a1/2)?], when the condition of strong coupling fulfulled, the
increment of the SRS falls approximately to one fifth of the value corresponding to an unperturbed plasma. This
work was supported in part by the Russian Foundation for Basic Research under Grant no. 08-02-16263.
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ABSTRACT

By means of Monte-Carlo modeling of thermonuclear (TN) burn wave propagation in isochoric spherical laser deuterium-
tritium targets criteria of fast ignition are elaborated and corresponding energy gain is evaluated. It is shown that the target
thermonuclear (TN) burning is independent on ignitor presence if the ignitor areal density and temperature are lower than the
critical ones. In the opposite case TN flash results in effective burning with the gain G~10?, and the TN energy release is
practically independent on the further increase of ignitor parameters. The critical ignitor parameters are calculated for targets
with different parameters of main fuel The overcritical target gain is practically independent on ignition origin and may be
evaluated with a good accuracy by the simple asymptotic expression. It is shown that the energy coupled to ignitor with
critical ignitor parameters tends to some minimum value in the limit of small ignitor mass. The corresponding values of
energy are obtained as a function of the temperature of the main fuel. Under these optimum ignition conditions the
parameters of extra laser pulse are evaluated taking into account the fast ions energy transport mechanism.

Keywords: laser fusion, spark ignition, fast ignition, thermonuclear burning, energy gain

1. INTRODUCTION

The Fast Ignitor concept is widely discussed recently as one of the most perspective way to produce effective laser
confinement fusion (LCF)'. Deuterium - tritium capsule is imploded by the main driver to assemble high density
configuration as in the conventional approach but with relatively low temperature. The ignition of the fuel is due to extra
ultrashort laser pulse of ultrahigh intensity with an energy of several or few tens of kilojoules. The mechanism of conversion
the ignition laser energy into the energy of target fast ions is expected to be sufficiently effective to deliver the ignition
energy to the fuel. If successful, the fast ignition scheme drastically reduces the difficulty of the compression and can

possibly lead to high gain with relatively small energy of implosion driver.

In the present report we consider some aspects of the gain model describing the fast ignition approach to inertial fusion. The
study of thermonuclear (TN) burning of inhomogeneously heated targets gives the possibilities to calculate the ignitor
parameters setting off high TN gain and as a result to evaluate the required laser pulse parameters both of main driver and of

ignition laser.

2. PHYSICAL-MATHEMATICAL MODEL

In the fast ignition scheme the ignition energy is suggested to deliver sufficiently rapidly and the gain can be calculated with
isochoric (uniform density) model, where the hot spot and main fuel are out of pressure equilibrium”3. In original scheme'
the other parameters of ignitor and main fuel were chosen in the following way. An average temperature Ty and areal density
(pr)c of hot spot were determined by well-known criterion of TN flash corresponding to isolate plasma self-heating by o
particle energy: Ty ~ 5 keV; (pr); ~ 0.3-0.4 g/cm® . (Here and all through the report the values relating to the ignitor are
indicated by the subscript f). The internal energy of ignitor Ey at fixed (pr); is inversely proportional to p®. The cold main
fuel was suggested to be in the state near to degenerate one and to be approximately ten times as large as ignitor. The energy
of the main fuel was dominated by the electron Fermi-energy: E ~ p?? M, where M is the mass of the fuel. By means of
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density variation the gain was maximized for fixed energy coupled to the target': G = 3*10* (Ep)™*, p = 33(Eo)®® (E, in
MJ). The target TN energy gain G is determined in the presented paper as G = Ew/Eo , Where Eq, is the released TN energy.

Both parameters of the ignitor and of the main fuel should be revised from our point of view. Firstly, conditions of plasma
self-heating are not the same for an isolate plasma and for the hot spot in cold plasma because ignitor is cooled by contact
with surrounding plasma due to electron heat conductivity. So, for example, the qualitative estimations of the isobaric ignitor
parameters obtained in our previous papers® * in the frame of semianalytical approaches give for minimum ignitor
temperature T the value greater by several fold as that giving in the paper’. On the other hand the increase in ignitor
temperature Ty at initial moment is not the necessary condition of TN flash. Numerical calculations®’ show that a burn wave
under certain initial conditions goes through two stages. The initial "subsonic" stage is characterized by a dropping or
slightly rising temperature behind the wave front. The dimensions of "smoldering" ignitor are increased preparing the
conditions of the second "supersonic” stage of intense burning which give rise to the TN flash. It is quite sufficiently for the
spark ignition if the duration of "subsonic" stage would be far less than the target hydrodynamic lifetime. The critical
minimum ignitor parameters depend on the parameters of main fuel. One of the main purpose of this paper is to obtain these

dependencies.

Secondly, on the assumption that the energy of the main fuel is dominated by the electron Fermi-energy, the density
dependence of the total internal energy in compressed target takes the form: E, = Ap” +Bp? . It easy to see' that if the gain
is optimized then ignitor energy (E;= Ap?) and energy of the main fuel are comparable i.e. an extra laser pulse energy is of
the same order that the energy of the main driver in contradiction with fast ignition concept. Besides, realization of the target
implosion with degenerate final state is very questionable. In the present work the main fuel is supposed to be in the non-
degenerate state which temperature T, is one of the free parameters of problem. The gain is reduced in compare with
optimized value but the ignitor energy is limited by a few percent of total energy. We consider these conditions as more

realistic.

The theoretical analysis of TN burning in non-degenerate fuel is drastically different from that of original scheme'. In spite
of appearance the additional parameter (main fuel temperature) the situation is in some sort more simple. It is just obvious
that in this case at fixing areal densities and temperatures of ignitor and fuel the target density p plays a role of the scale for

other physical quantities only. For example the mass is proportional to (pr)’/p? ; the target lifetime At ~ r/v ~ (pr)/pT"?
where v is a mean speed of sound; Eq ~ MT ~p? and so on. The process of TN burning is approximately scale invariant in
terms of variables: r* = pr; t* = pt; E* = p°E; M* = p°M. In particular at given areal densities and temperatures the target
gain is approximately independent on p and hence on initial target energy E, in contrast to original scheme’. The exact scale
invariance is violated only by density dependencies of Coulomb logarithms. Our numerical calculations are in good
agreement with this conclusion.

The calculations of energy gain are carried out by means of TN burning simulation from the moment of isochoric hot spot
generation up to the target destruction. The similar results for isobaric and volume ignition were presented in preceding
papers™’. Mathematical model of the TN burning of inhomogeneous spherical target is described by equations system of
motion, energy balance, continuity, state and kinetic equations for fast TN particles'®"!. The single-fluid, two-temperature
plasma approximation with allowance made for ion-electron energy exchange and for electron and ion heat conductivity is
used in the solution of hydrodynamic equations.

The kinetic processes with fast TN particles and thermal X-rays are characterized by sharp gradients of density and
temperature with the scales of the order of particle range, by substantially anisotropy of particles angle distribution, by
complicated energy dependence of charged particles energy loss, and by presence of a set of correlated channels of primary
and secondary TN reactions. Under the conditions the Monte-Carlo method for the kinetic processes simulation seems to be
more convenient than other standard computational schemes. As the characteristic time of target hydrodynamic processes is
much more than the TN particle transit time, the plasma parameters may be considered as a constant under kinetic process
simulation on each time step of a well-known difference non-stationary scheme for medium equations. These
approximations are realized in TERA code using in presented paper for self-consistent solution of kinetic and hydrodynamic
equations system. For detailed description of the physical-mathematical model see®!!,

The target at the end of implosion is supposed to be homogeneous with the exception of a relatively small central hot spark
(ignitor). The initial conditions of isochoric ignitor are described by two parameters: characteristic dimension (areal density)
pR¢ and temperature Ty. (Let’s make arrangement to consider product pR as separate physical value marked by two letters,
then ps R¢=(pR) s =pR¢ and so on) It turns out in agreement with %9 that the target gain is practically independent on igpition
origin if the TN flash takes place. As a consequence the analysis of burn efficiency is reduced to determination of the critical
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(minimum) values of ignitor parameters. As for initial parameters of the main fuel pRo, To we suppose that there is no TN
flash in homogeneous target. In the opposite case the concept of fast ignition has no physical meaning. Preliminary
calculations carried out for different homogeneous targets make it possible to establish the upper bound for target

temperature and dimension.

3. RESULTS OF THE NUMERICAL CALCULATIONS.

3.1. Thermonuclear burning of homogeneous target.

The study of homogeneous target TN burning is not only the starting point to obtain the limits of initial target parameters in
fast ignition problem. It may be supposed that in the case of effective TN flash the process of burning is self-regulated and
the target gain is practically independent on the ignition origin. The results of calculations setting forth below confirm this
prediction. That’s why TN burning of homogeneous target may be used as a point of reference in analytical treatment of
burn efficiency of targets with arbitrary temperature and density distributions.

The general measure of target TN burning efficiency is the TN gain G = Eo/E, , where Ey, is the released TN energy, E, is
the initial internal energy coupled to the target. The results of TERA calculations of the gain of homogeneous targets with
different pRo, T, are presented in figure 1. The sharp increase in the gain within narrow interval of target temperature To
corresponds to generation of self-sustaining TN burning. If the TN flash takes place the released energy depends weakly on
the initial temperature To, as a result at further temperature increase the gain varies in inverse proportion to temperature:
G~ 1/T,.

The most interesting result consists in the fact that the TN flash of thick targets with a great areal density (pR¢>1 g/em’ ) may
occur at initial temperatures To ~ 3-5 keV far lower than the temperature of maximum TN reaction rate (T~ 15-20 keV). As
a result the energy gain G ranges into the hundreds. It is due to the target heating by the a particle thermalization on the
initial stage of burning. (The cold plasma with pRo>1 g/em’ is impenetrable to fast TN particles). The transparency of thin
targets with pRo< 1g/cm’ leads to high values of critical temperature To ~ 15-20 keV and as a consequence to low values of
the gain (G< 1).

Let us consider the energy gain of volume ignited targets as a function of pRo, To in detail. By definition the value of G may
be presented in the form:

G=E, /E,~ (ov)pat/T, , (1)

where <ov> is a time-averaged TN fusion rate , At is a characteristic target hydrodynamic lifetime. The TN fusion rate as a
function of temperature shows a pronounced maximum at T ~20 keV and changes relatively slightly with further
temperature increase up to T ~ 1000 keV 12 As a result the value of <ov> in the range of active TN burning is
approximately independent on the target initial parameters. The target lifetime may be presented as the ratio of target radius
and mean speed of sound v ~ <T>'"% At ~ Ry/<T>'". Our calculations show that in the process of active TN burning of thick
target with pRo > 1 g/ecm’ temperature runs into hundreds of keV. The corresponding lifetime reduction decreases the index
of a power in pR, dependence of the gain. Really, during the thick target TN flash the fraction of released TN energy caused
plasma self-heating is getting essentially greater than initial energy E, , so the TN flash mean temperature <T> and target
lifetime At are determined by target gain: <I>~Ey, ~GT,, At~ G’ 5 As a result the energy gain may be presented in the

form:
G =F(pR,,T,) pR,*" /T, @

where the coefficient F weekly depends on pRy, To.

The function F(pRo, To) may be obtained from the data presented in figure 1 (see figure 2). It is seen that the value of
coefficient F is approximately constant with the accuracy of the order of 10% provided that the conditions of volume
ignition are satisfied (G>>1). Under the conditions the TN energy gain may be evaluated as:

G= 370pR02/3 /T, 3)
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In eq. (3) Ty and pR, are measured in keV and g/cm® , respectively.

As may be seen from its derivation, equations (2), (3) are applicable only if G >> 1. There is another factor limiting the
application field of these equations. During the TN burning the density p changes not only by hydrodynamic processes but
partially due to the fuel depletion. If significant fraction of the fuel is burned out the effective density in eq. (1) as well as
mean temperature <T> depends on the target gain. Let us introduce the burn efficiency g as the fraction of depletion fuel:
g=AM/M . The released TN energy can be expressed in terms of a number of deuterium and tritium nuclei undergoing the
reactions of DT fusion AN: E,, = AN<E>/2, where <E> = 17.6 MeV. The initial energy E, is connected with total number of
D- and T-nuclei N: E,=3NT, . Taking into account that g =AM/M = AN/N, eq. (3) may be rewrite in terms of burn
efficiency:

g = 6GT,/<E> = pRy>” /7.9 (3a)

The real value of depletion fuel is approximately ten percent greater than one giving by eq.(3a) due to the contribution of
DD fusion reactions and so on. In spite of this it is convenient to use eq. (3a) as a specific measure of efficiency of DT
burning. In accordance with the above mentioned reasons eq.(3) is valid only at relatively small values of the burn efficiency
g. The results of TERA numerical calculations of the gain of homogeneous targets with different pR, being converted to that
in terms of DT burn efficiency g are presented in figure 3. Comparing these results with the values given by eq.(3a) we
obtain the range of applicability of eq.(3a): g < 0.4. In the light of foregoing arguments the eqs. (2), (3) may be used under
the conditions: G >> 1, g<0.4. The corresponding range of areal density and temperature (1 g/em® < pRy < 5 g/em’®
T, < 100 keV) is rather appropriate to the fast ignition targets.

If the effect of lifetime reduction due to target self-heating is neglected (it is correct for thin targets with pR, <1 g/em?® ) the
same reasons results in the linear pR, dependence of the gain and burn efficiency: G ~ pRo/ To™ , g~ pRo /Ty . With
allowance for depletion effect the expression of burn efficiency takes the form': g = pR,/ (PRy + AVT,). In the case of thin
target only the temperature of TN flash (To ~ 15-20 keV) is a matter of interest. That is why the temperature dependence of g
is not considered as a rule and corresponding expression is extended to the range of pRy > 1 g/cm?” . It should be noted that
TN fusion rate and o particle energy losses in deuterium - tritium plasma are combined in such a way that considerable
depletion is accompanied by considerable self - heating. Both depletion and self - heating affect the burn efficiency in
similar way. Because the constants in expressions of g are treated as fitting parameters no wonder that the well-known
evaluation of burn efficiency"'® obtained without allowance for target self - heating: g= pRo/(pRo+7) is in a good
agreement with eq.(3a) (see figure 3). The temperature dependencies of the gain presented in figure 2, however, show that
the effective TN flash represents the self-regulated process which if have been initiated is independent on the initial
temperature. Therefore the approach based on the allowing for the self-heating effect and leading to egs.(3), (3a) is more
suitable in the range under consideration. As a matter of fact the fuel depletion affect the energy gain considerably and
should be taken into account simultaneously with the self-heating effect only in the range of large areal density
pRo>> 1 g/lem? .

The same reasons remain in force and rise in importance in the case of ecologically cleaner fuel with a small number of
neutrons among the products of its burning (for instance a mixture of deuterium with He® ). In this case the fraction of TN
energy responsible for target self-heating increase considerably and as a result the relative contribution of fuel depletion in
the pR, -dependence of the gain is reduced.

3.2. Fast ignition criteria.

There is no heating by a particles and as a consequence no burn wave in rather thin targets with pRo < 1 g/em® . For thick
targets with pR, > 1 g/cm’ the TN combustion wave being initiated by a spark makes it possible to produce the effective TN
flash at initial temperature substantially below the critical temperature of volume ignition. Fixing the value of T, in this
range we consider a set of model isochoric target with different ignitor parameters T¢ and pRy at given pR,. For every target
the energy gain G is obtained by means of TERA code simulation of TN burning. The total number of the targets under
consideration exceeds 500.

Consider the typical results of the calculation for targets with pRo =2 g/cm? . The obtained values G as a function of ignitor
dimension pR; at different T, and Trare presented in figure 4. It may be seen that for every value of ignitor temperature T¢
there are some critical values of ignitor dimension, corresponding to the sharp increase in the gain within relatively narrow

range of pR; . The similar behavior of the gain-dimension dependencies is obtained at the other pRy , and the range of
critical pR; narrows with increase of pR, . The same results may be presented in terms of gain-temperature dependencies at

Proc. SPIE Vol. 4352 213




fixing pRy. In this case the range of critical temperature Ty corresponding to the sharp increase in the gain is less than
0.5 keV.

From the physical point of view this increase is associated with a fact that the time of TN burn extension over the whole
target under the conditions near to the critical is of the order of the target lifetime. Up to the critical ignitor parameters the
low energy gain corresponds to the “smoldering” of homogeneous target with temperature T, and is independent on ignitor
presence. There is no spark ignition. In the opposite case TN flash results in effective burning with G ~ 10° - 10°. If the TN
flash takes place the energy release is practically independent on the history of ignition. The calculated values of energy gain
in the limit of overcritical pR; , Ty tend to ones given by Eq.(3) with the obvious correction on the additional ignitor energy:
G =Gu/(1+Ap),

where Gy, is the energy gain of homogeneous target with the same pRy, To; Ag is a dimensionless ratios of energy coupled to
ignitor due to an extra laser pulse E; to the total energy of corresponding homogeneous target with the same pRy, To.

Thus the values of critical ignitor parameters are only the matter of interest. As for the parameters of the main fuel we intend
to obtain the condition under which the gain is maximized. As it is resulted from eq.(3), it is necessary for this aim to reduce the
target temperature as possible. On the other hand, as was argued above plasma is supposed to be in non-degenerate state
whereas in the dense DT plasma with p ~ 10? g/cm’ the Fermi energy runs into hundred of eV (Er = 14 p?* eV, where p is
measured in g/cm®). Therefore, the initial temperatures T, are chosen in the range To ~ 0.5 - 1 keV.

We carry out the numerical calculations of critical ignitor parameters pRy, T for targets with areal density pR, equals to
3, 4 and 6 g/cm® . For targets with pRo=1 and 2 g/em” and To > 1 keV the same values were calculated in our previous
paper" both for the case of isobaric and of isochoric ignitors. The aim of that paper was to compare the possibilities of two
way of spark ignition with each other. This accounts for the choice of initial target parameters and for the presentation of the

results in terms of dimensionless variables A, = R¢/R, and A, = Ty/T,.

Our calculations show that the critical ignitor parameters are practically independent on the target areal density pR, in the range
under consideration. The obtained values of pRg, Ty for targets with different T are presented in figure 5. It is just obvious
that the critical ignitor temperature increase with the reduction of ignitor areal density in agreement with the curves in figure 5. More
interesting is the behavior of the corresponding additional thermal energy E; coupled to ignitor because it is connected
immediately with an energy of the extra laser pulse. It was noted in our previous paper" that for relatively large value of
pR; this energy is in a straight dependence on the ignitor mass m¢ whereas for small value of pR; when my is less than or
equal to one percent of total mass the critical value of Eg is practically independent on the ignitor mass. In other words for
every target there is a minimum value of additional absorbed extra pulse energy corresponding to some optimum ignitor.

The presence of optimum ignitor may be consistently explained taking into account the temperature behavior of TN fusion
reaction rate. Until the critical temperature reaches the values corresponding to the maximum <ov> at T ~ 15 -20 keV the
considerable reduction in critical ignitor dimension is compensated by a small variation of critical temperature due to the sharp
increase of <ov> with temperature. As a result the critical value of Ey is reduced in this range. The further reduction of ignitor
dimension and increase of ignitor temperature gives no additional advantage in energy because TN fusion reaction rate
remains approximately invariable and the electron heat conductivity extends the absorbed energy over the optimum ignitor
size corresponding to the temperature of maximum <ov>. For illustration, the critical ignitor parameters giving in figure 5

are presented in figure 6 in terms of Ag , T¢ (pPRo =3 g/cm® ). As may be seen Ag tends to the constant in the range Ty> 12 keV
with accordance to above-stated arguments. The minimum values of ignitor energy E¢ run about a few percent and under of the
total target internal energy Eo .

We calculate the values of minimum absorbed energy under fast ignition for targets with different temperature To. As was
mentioned above these values depend on the density p whereas the values of E; = p’E; are approximately scale-invariant.
To verify this statement the calculations were carried out at p equal to 10 and 100 g/cm’ . At tenfold change in density the
corresponding change in scaling critical ignitor energy E( is less than five percent. The calculated values of minimum
additional absorbed extra pulse energy E; corresponding to optimum ignitor are presented in figure 7 in the form of energy -
temperature dependencies for targets with p =316 g/em® . This choice of pmakes it easy to change the scale of densities
(p* = 10° g¥cm® ). With account for scale invariance the presented curves give a possibility to evaluate the minimum extra
laser pulse energy at arbitrary condition of basic driver implosion and may be used under examination the fast ignition

scheme of ICF.

The scale of the ignition laser E, is set by coupling efficiencies n and required ignition energy: E. = E¢/n . One of the
possibly coupling mechanism is the recently proposed scheme? of laser energy conversion into the energy of accelerated ions
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produced at critical densities. The corresponding coupling efficiencies n may be evaluated as n ~ 10% in relatively wide
range of parameters. Taking into account the values of E; presented in figure 7 we may conclude that the required parameters
of ultrashort laser pulse with ultrahigh intensity lie in the limits of the modern experimental possibilities.

4. CONCLUSIONS.

Summing up the results it should be emphasized the following features of laser target TN burning:

The sharp increase in the TN gain of homogeneous targets caused by generation of self-sustaining TN burning is found
within narrow interval of target temperature T, at given pRo> 1 g/em® . If the volume ignition takes place the released
energy depends weakly on the initial temperature Ty, so at further temperature increase the gain varies in inverse proportion
to temperature. The values of critical (minimum) temperature Ty, of thick target volume ignition are of the order of a few keV
and corresponding values of maximum target gain reach hundreds.

The spark ignition is possible at temperature less than 1 keV and the corresponding gain runs into 10° . The effective TN
flash takes place provided that the time of TN burn wave extension over the whole target is of the order or less than the
target hydrodynamic lifetime. This process is accompanied by the sharp increase in the gain within relatively narrow range
of ignitor areal density pR¢ and temperature T¢ . The critical ignitor parameters depend on the temperature but not on the
areal density of the main fuel. The calculated values of these parameters are presented in figure 5.

The energy of the extra laser pulse is connected immediately with an additional thermal energy E; coupled to ignitor. The
critical (minimum) value of E; is a simple function of critical parameters pRy, Tr. It is shown that if ignitor is small, the
critical value of Ey is practically independent on ignitor mass being the function only of the main fuel parameters. The
corresponding dependencies are presented in figure 7.

The overcritical burn efficiency and target gain are practically independent on the ignition origin and may be evaluated with
the reasonable accuracy by the simple asymptotic expression:

2/3
g=pRe** /79 : .G =370pR " /T,

These relations are valid both for volume and for spark ignition.
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ABSTRACT

Joint theory of gamma-generation (GG) and radiation-heat regime (GG&RH) in active medium (AM) of y-laser (GL} is applied for the
analyses of total world experience in the GL-problem in order to choose those nuclei-candidates, active media, GL-schemes which are
indeed actual for the GL-creation. The classification of GL over a degree of the «comfortable conditionsy for the GG is given. The GL-
schemes could be “residential(Rsd)” {creation of excited laser-active nuclei, ELAN, from its parents directly in the site of AM) or
“nonresidential{Nrsd)" (creation of ELAN out off the AM). It has been tumed out that all "residential” part of the world experience does
not fit for the realization of GL and can be considered only as a museum-piece. Any Rsd AM on the short-lived isomers must be
inevitably blasted before the beginning of the GG. That "museum" part includes a lot of ideas: GG on long-ived isomers; fine narrowing
by radio-frequency or optical fields; creation of y-gain in the inversionless mixture of the excited and de-excited nuclei (amplification
without inversion); super-dilution of work-nuclei in a matrix via multi wave Borrman effect; non-Moessbauer active media in plasma, gas
or beam with its optical laser cooling, a lot of schemes (one-stage, two-stage, two-phase, two-step, two-photon, etc.). The exception
could be only Rsd GL pumped by another GL. But the Nrsd part of world experience had stood yet all strict tests of that joint theory.
Keywords: gamma-laser; quantum nuclecnics; gamma-generation {induced, super-radiant, in plasma, in beam, in solid); laser cooling of
atomic beam; amplification without inversion; Borrmann effect; Shpol'skii effect; Moessbauer effect, hyper fine structure; laser selection
{separation) of excited nuclei, isomers, isotopes; radiation-heat regime of active media of gamma-laser, anomalous superdilution

INTRODUCTION

The most advanced non residential {Nrsd) GL (see ABSTRACT) is based on the use of the short-lived isomers (10 - 107 s produced
under nuclear pulse radiation in a special “converter'j28] (alias multibeam emitter, MBE[34-36]) and delivered into the AM by the
method SPTEN (Soft Prompt Transplantation of Excited Nuclei) with use of the complex of measures for well generation and cooling of
AM[27-36]. The enriched bunch with 90% of the Excited Laser-Active Nuclei (ELAN) is delivered into the site of AM just before the
GG. Hence the Nrsd GL could be characterized by the removal from the site of AM absolutely all processes for the nuclei activation and
for the inverted population creation. Only the GG and the cooling are acting in such Nrsd AM. Hence the Nrsd GL could do without use
of any methods for the creation of gain in the inversionless medium because the Nrsd AM is strongly inverted before its creation, at
“beam-study”, out off the AM's site. Owing to such circumstance the ideas developed in works[27,28-36] allow to obviate the most weak
flows of the GL-schemes. One such weak flow was pointed in Refs.[9,10,12,32,35]. it may be any process or device based on use of
the hyperfine structure (HFS) directly in the AM {i7 sit). The ideas of works[27-36] do not at alf use any HFS inside of the AM (in situ).

The Nrsd GLJ27,28-36] could generate almost parallel y-beam with the length of coherence ~ 10° - 10° om, the intensity averaged
over pulse duration ~ 10%% - 10 Wen?, the pick intensity ~ 10** - 107° Wren? , the brightness ~ 10% - 107 wiem*rad,
the energy 0.01 - 1 J per pulse. Such beam could be practically applied in micro-lithography, in micro-holography, in
microtomography of the alive albumen molecules, etc. It is possible to reanimate some "museum” schemes through their hybridization
with the SPTEN. But the main its application is the triggering of a more powerful residential GL. In that application the nonlinear
interaction of the combined "strong GL field + strong optical laser field" with the stored resonant long-lived nuclei is very important. The
adequate theory[17] must be improved. Such "nonresidential-residential* y-faser is an exception from above rule about unfitness of Rsd
GL. More complex " Many-Section Nrsd-Rsd" y-lasers could be more powerful by many orders than the simple SPTEN GL. But it needs
to remind that even the simple SPTEN y-laser is sufficiently powerful for the plural applications, the super-powerful GL included{49,50].

At last the new direction "Multi Beam Laser Separation of Nuclei" was arisen as a result of the SPTEN development. This direction
leads to the essential, by many orders, acceleration of the laser separation of atoms, molecules, isotopes, isomers, radionuclides, etc.

1. Joint *Gamma-Generation and Radiation-Heat" theory (GG&RH)
and criteria for the screening of the nuclei-candidates and schemes for the GL.

The principal steps for the screening of nuclei-candidates and schemes for the GL creation on base of single theory were the following:
1. - Revision of the recent theories for the GG and the radiation-heat regime (GG&RH) in AM. Creation of new "Joint GG&RH theory".
Formulation of exact criteria of GG&RH for the fast screening of nuclei-candidates, active media and schemes for the GL realization.

2. - Application of the general GG&RH criteria and the special screening to the GL based on the solid aggregate state of the AM.

3. - The screening of the GL based on the different non-solid aggregate states of the AM: plasma, gas and atomic beam.

4. - The screening of the GL over total amount of nuclear y-transitions in all known manifold of the isotopes.

Laser Optics 2000: Ultrafast Optics and Superstrong Laser Fields, Alexander A. Andreev,
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5. - The screening of the overall manifold of GL for the choice of the GL feasible in a near future.
That direction is reflected in works[34-36] and its status is fixed on the 2000 in seven works A(GL status), B(GL design), C-D(theory),

E(nuclei-candidates), F(use of mega-Ampere source), G{optical HFS in GL) which are reported on *L.0'2000" (see its Program).

1.1. Revision of the recent theories for the GG and the radiation-heat regime (GG&RH) in the AM. Creation of new "Joint GG&RH
theory". Formulation of exact criteria of GG&RH for the fast screening of nuclei-candidates, active media and schemes for the GL

realization.

1.1.1. The revised GG theory and its coordination with the Radiation-Heat (RH) theory. Such RGGT accounts total complex of conditions
for the real experiment: the decay of the excited work level, the lethargy of the induced processes, the influence of the competing
channels (other transitions), the resonant and non-resonant losses, the diffraction, the line broadening, the wave dephasing (e.g., at the
GG beginning, see above, the influence of the detector, etc.), the initial ELAN concentration, the form and the sizes of AM.

The super-fluorescent GG (alias super-radiant, SR) theory is developed on base of the almost-correct solution of the Bloch equations at
the length of the Bloch vector strongly variable in time. Such approximation is absolutely original because there are no more correct

Bloch's approximations in a world.

The initial ELAN concentration n., the form and sizes of AM are coordinated with the RH theory. E.g., for the solid AM the crucial heat
condition (5) for the GG, see section 1.1.2., is used. The more delicate relation between the super-radiant (SR) and induced thresholds

Psk > Pind M
is proved also with use of the RH theory which shows that the relation psg < Pind is achiaved only in the regime of the AM's blast. The

computer calculations show also that in case of the RH-regime beneficial for the GG the SR-contribution in GG is much smaller versus
the Induced contribution. In that reason the main criterion for the nuclei-candidates choice, active media and schemes for GL is

p/Pina > 1 )
where the formulas for the parameters p , "Reserve of Amplification”, and pind , "Induced Threshold" are given in the paper [C].

1.1.2. The revised Radiation-Heat (RH) theory and its coordination with the GG theory. Exact criteria RH theory for the GL realization. The
theory of the radiation-heat regime of the active medium of GL is developed in the series of works [27-29,32,35] and in the work [D]
which is represented at this conference “L0'2000". The RH-theory begins with the energy-release coordinated with the GG-theory:

g=ns E, {a/1+0)/ T+ 3

Here n.. is density of ELAN in AM, E, is the energy of work y-transition, o is the internal conversion coefficient, T is the ELAN time-life.
The use of the Anomalous Super Dilution (ASD, see[23,27]) on base of the Multi Wave Bomman Effect[26] (MWBE) is unreal (see
below point 1.5.3.). But without the ASD the optimal concentration n, = 102! cm3 even in the very beneficial case of the SPTEN y-
lasing. Hence at E, ~ 10 - 100 keV, o~ 10, 7.~10s ones have

g~10'- 10" W/em’. )

It is clear that the cooling of the AM at such high energy-release is not a simple thing. The first deep analyses of this heat problem and
the first recommendations are given in [27-29]. Particularly it was shown the unfitness of old suggestion "needle in the fiquid helium
bath" owing to the adiabatic isolation of the AM by the gassous bubble. But this origin variant [27-29] of RH theory was based on the
classical thermodynamical conceptions of the "heat capacity” and *heat conductivity". Their nonlinear behavior at low temperatures T<T,
(T, is the Debye temperature) was accounted. The conception of the quasi temperature instead of the temperature was introduced in
that first variant. But there were revealed some contradictories in that origin theory, especially in the interesting case of the small
diameter of the active medium a@;~Apn, (the free path for the phonon).

The next stage of the RH-theory overcame that contradictories by the transition from the thermodynamics to the non equilibrium kinetic
theory of two linked non-equilibrium subsystems: electrons-holes and phonons. The temperature dependence of the parameters of that
theory (including the parameter of coupling between that subsystems Te-ph(T), the free path for the electrons and holes A(T), and the
free path for the phonons Apn(T)) are gotten from the experiments. Hence this is a half phenomenological quasi temperature theory.
The equations of that theory contain the fields of the energy densities Qe (for electrons-holes) and Qpn ({for phonons) of that
subsystems. That fields Qe(t,r) and Qpn{t,r) are the functions of the time t and the space point . The quasi temperature field T{t,r) is a
certain function of field Qpr(t,r). Hence the parameters Te-ph(T), Ae(T), Apn(T) also are the fields Te-ph(tr), Ae(tr), Apn(t.r). Hence itis
a task with the infinity variables and infinity number of equations. Such task could be resolved only approximately.

The zero approximation of quasi-free exit of carriers from AM into the adjacent cooler is represented in [32,35]. That zero approximation
could not to give the sharp transition from the stationary heat regime to the blast. It is very fishily. The next quasi diffusion
approximations {see work [D] reported at this conference "L0'2000") give that sharp transition in a reasonable region of the quasi
temperatures T ~ 100 - 200 K. The computer calculations of different cases of the active medium with different nuclei and other different
parameters gives the following approximate crucial condition (criterion) for the stationary low temperature radiation-heat regime

Oreg= (g a” ")/5 < 1 Wom™/* (3)
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The case of the heat blast for the AM takes place if the regime parameter ©¢ > 1. This criterion (4) together with the criterion (2) are
the main exact criteria for the valid and fast screening of nuclei-candidates, active media and schemes for the GL realization. Another

criteria are discussed below in the next point of this section 1.

1.2. Application of general GG&RH criteria and special screening to the GL based on the solid aggregate state of the AM.
1.2.1. The application of the general GG&RH screening to the GL based on the solid aggregate state of the AM. In accordance (4) and (5)
the AM is not blasted at the heat release ~ 10 1012 Wfem? if the diameter of the AM is less than

a < ItV WY em?¥°~7 10°-3 10 em (©6)

A lot of computer calculations for the various nuclei and AM in case of the SPTEN GL verify this rule and give the quasi-temperature
T < 100 K. The solid AM had stood the total test of the Joint GG and RH theories[32,35], see also the works{C,D] presented at “LO'2000".

1.2.2. The application of the special screening to the GL based on the solid aggregate state of the AM. The SPTEN is the most stable
{against different trammels) mode! among all manifold of GL, solid GL included. It is a reason for additional tests for the SPTEN which
were not applied to any its competitors. All that competitors were rejected already on stage of the general screening (see points below).
The special screening was applied to SPTEN y-laser by the wide front in each its device element|{28-36], see also the works [B,C,D,E,F,
G] presented at "LO'2000". The especial attention is devoted to the central device of the SPTEN which holds twelve title: it is the
<<converter nuclear radiation = ELAN>> specially for the GL and it is the <<multi beam emitter>>, "MBE", in case of more broad circle
of the tasks from the gene engineering up to the industrial separation of rare isotopes for the ecologically safe nuclear energetics.

1.3. The screening of the GL based on the different non-solid aggregate states of the AM: plasma, gas and atomic beam.
It is shown[34,35] that the condition of the generation could not be fulfilled if the AM is plasma, gas and atomic beam owing to the
strong longitudinal dispersion of the velocity which lead to very strong Doppler line broadening.

it is shown also[34.35] that the laser methods[82] are unfitted for the longitudinal cooling of the beam with the short-lived ELAN. The
main reason is the heating and the ionization of the gas or the beam by the secondary electrons in a result of the internal conversion.
Each act of the intemal conversion creates more than 1000 secondary electrons and ions. The time of the ions with the opposite signs
in a beam is much more than the work isomer time-life. It lads to the accumulation of the ion concentration. The forces between ion and
other ion, between atom and ion are very strong and could not be suppressed by the cooling optical fields (COF). The value of COF
needs be extremely big, much more than the value of the disruption.

The two-photon GL{52,53] {decay into two contrary directed quanta when linear Doppler effect broadening is suppressed) is too
romanced because the very strong decay channe! of the long-lived isomer is omitted in Refs.[52,53]. This channel is the electron
conversion which could carry away practically any angle momentum with big coefficient conversion o ~10% - 10®, Hence the big values
of the ignition laser field ~ 102 W em™ (see [52,53]) must be increased up to the values ~ 10" - 10*® W em2. The total ionization in
such field is fatal. Hence the strong heterogeneity of the Stark-effect on the different atoms or ions in the microfields must be created by
the stochastically distributed ions. It must give the line broadening of the order ~ 107-10% s™. It gives the suppression factor ~ 1071 -
10715 . So the two-photon scheme is only a delusion which is it for the "museum” but not for the indeed GL realization.

The reader. There are no any active medium for GL composed of the plasma, the gas or the atomic beam. Hence a/f manifold of the GL on
the nuclear transitions is reduced towards to the more compact manifold of the GAMMA-RAY SOLID LASER. On that reason "GAMMA-RAY
SOLID LASER" is the first title of all last works of the author after 1995 ([29-36] and all his seven works at the present conference
"L0'2000") as a certain challenge to the backing of the non-solid GL.

1.4. The screening of the GL over total amount of nuclear y-transitions in all known manifold of the isotopes.

The y-radiation spectra of all available nuclear data-banks, e.g., [59-65,80,] were researched in order to find the tentative nuclei
candidates with the work transitions fit for the GL realization without use of Borrman effect[26] {trammels of this effect application see in
153). All that origin tentative candidates (more than 200) were screened by the tests of Joint GG & RH theory (see 1.1). The results of
that screening are placed in the tables of the work [E] presented at this conference "LO'2000". The brief results are given below.

1.4.1. Candidates of the first short-fived diapason T+~ 10 -107% s for both, Nrsd and Rsd, GL realization. There are 19 candidates for the Rsd
and Nrsd GL realization (e.g., for SPTEN). Each that candidate fits the main criteria (2) and (5) of the Joint GG&RH theory. These candidates are:

Table!. Isomers of the first short-lived diapason T+~ 10" -10™ s for Nrsd GL and Rsd GL. Al ihey get p/Pina>1 without use of Borman effect
Isomer (E,, keV) | - 8€z(52.01) | T Cozq(28.1) “*Co24{53.0) “"Ni,4{86.9) ZNse{53.96
Isomer (E.. keV) °’Z:l’132 93.32) "‘Ga31 56.5) °’Ge32 85.0) ,oAS33(4 6.04) ,‘Nbél 90.2)
isomer (E,. keV) | ° Pd4g(115.7) | T Agsy7(1.113) “°Sbsq{61.45) T Eugs{68.2) o meo(80.3)
Isomer (E,, keV) | *'“Lua;1{67.5) “PLaa44(123.7) *""Reqs(84.7) T""Reqs(65.6) -

Three candidates 2C0(28.1), *Gaz (56.5), "As;5(46.04) hold high work-ratio plp,s: ~29 for*Co; ~20 for "Ga; ~24 for "As.
The champion *°Co2;(28.1) was first announced in[34,35] and its properties are well known. Other 18 candidates will be researched
more completely in near future. The optical isomer shifts for 58C037(28.1) and **Eug;(68.2) are given in work[E] on "OL'2000". The
existence of such big grope of very effective nuclei-candidates gives the great hope for the GL creation, especially SPTEN.
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1.4.2. The absence of long-lived candidates of "minute” diapason 7.~ 10%2 - 107 s fit for the GL creation without the Borrman effect. No one
among the following 24 isomers of the "minute" diapason does not fit the crucial condition (2) if the Borrman effect is absent:

Table 2. Isomers of "minute” diapason T+~10 " <= 107" s gei only p/pjna < 1 without use of Borrman effect. They could not be used in near fulure for GL.
Isomer (E,, ke V) | . 8C,,(151.7) | T~ Scpi(12.4) *°8e,,(1425) | TGaz,(59.7) PGel,{139.7) 1 'Gesx(159.7)
isomer (E,, keV) | ' 'Se34(162.0) | " Se34(95.7) PRr:4130.0) | Rbs7(42.3) TPRh45(120.6) | T Agys(134.3)
Isomer (E,. keV) | ~° Ag47(93.1) | T Ag4(88.03) |~ Ag49(59.8) T Ags(81.0) | - Agsy(127.7) | < Ag47(203.0)
Isomer (E,, keV) |~ oINgg(1624) |~ 1nee(138.0) | - Sbs;(22.7) | “"Csss(11.3) T3 Eue1(96.4) | = 'Eres(156.0)

The natural line-width T'p = 1/1+ was supposed for all tentative long-lived nuclei at the calculation of the "probe-work ratio” p/pPina ™~
0.5 - 0.01 placed in this table. Hence the real work ratio, at the account of the real line-width T >>> I"p, must be less by some orders:
p/Ping ™~ (0.5 - 0.01) Tp/T" ~ 1073 - 1078, The other (out of the Table 2) isomers of the "minute” diapason with E, > 200 keV, or a
mass number A<40, or a coefficient of intemal conversion . > 10° have the “probe-work ratio” p/pind <<10°3, Thus they were rejected
previously. The lines with 7. >> 100 s could not be narrowed [8]. Hence the unfitness for the GL of the above 24 long-lived "minute”
isomers means the unfitness of all long-lived isomers as a work-nuclei *) for the GL without use of the Borman effect{26]. Hence there
are no lona-lived nuclei for the GL creation without the Borrmann effect. Below it is shown that the realization of the Borrman effect for the GL
creation could be feasible only at very far future. Hence the GL could be realized in a near future only on the short-lived isomers.

*} Note: Some long-lived isomers could be used as the parents of the short-lived iscmers, e.g., in the two-step methods[11,39-45].

The reader: The long-lived ELAN, fit for the GL realization at near future without use of Bormman effect, are not reveled as yet in spite of the careful
search for the such type of ELAN. The word @s yet means some feeble hope that the Author could be wrong™.1*) Hence, at account of point 1.3.,

overall manifold of the GL REALIZABLE AT A NEAR FUTURE is reduced as yet to (TS SUB-MANIFOLD
"GAMMA-RAY SOLID LASER BASED ON THE SHORT-LIVED ISOMERS".

1.5. The screening of the overall manifold of GL for the choice of the GL feasible in a near future.
By the points 1.3., 1.4.2. such manifold is reduced to the SOLID GL with the SHORT-LIVED isomers WITHOUT USE of Banrman effect.

1.5.1. Hot microplasma in a cold solid AM as a tool of the screening. In such case the Joint GG&RH theory predicts[32,34,35,D]1the
existence of the hot ng;asma>3000O K) light (non-equilibrium secondary electrons and holes) microplasma with a big density (10 -
10 pairs per cm’)in the cold lattice (Tiattice~ 30 - 100 K) of the host matrix in the site of the AM, see [32,34,35] and the work
[D] presented at this conference "OL' 2000". This result gives the quite new sight on the active medium of GL because there was no a
word about microplasma in the active medium during all period from 1961 up to nowadays in all works on GL problem. Scon this
microplasma tumned into a powerful tool of the screening in the GL problem, see below.

1.5.1.1. Collapse of the hyperfine structure (HFS) by the movement of the light carriers of the hot microplasma. Each act of the electron
intemal conversion give the avalanche of ~ 10° secondary light charged carriers: electrons and holes. The work centers with the ELAN
could be regarded as like as the traps for that carriers. The traps could be deep or fine. All deep traps must be transformed into the fine
traps after the absorption of one or two light charged camiers. Such transformation is realized for the short time ~ 1073 ..

After that time the form of the Moessbauer spectrum in the AM is govemed by the dynamics of that fine traps in the flux of the charged
light carriers. It is shown that due to that dynamics the charge-state of the work centers is fast altered between "plus”, "zero" and
*mines". In a result the HFS parameters are altered too.

In case of the heterogeneous traps it leads usually to the transformation of Moessbauer spectrum into very broad band. The total width
of that band is T~ 10° - 10% 1/1... The GG in that case is surely absent.[32,33,34]

But the Moessbauer spectrum could be constricted into the single tine of the natural width in case of the homogeneous traps. [32,33,34]

In both cases the HFS is destroyed or alias is "collapsed”.

15.1.2. Fiasco of methods based on the use of HFS in the AM. The following methods are based on the use of the HFS in the AM:

a. - The use of the HFS in order to selectively pump nuclei through one HFS transition but to use the other HFS transition for the
generation in so called "fluorescent” variant of the Two-Stage pumping. [22,23]

b. - The line narrowing by the radio-frequency (r-) or optica/methods. [4,5,8,9,17,19,27,48,51,71,72]

c. - The creation of the high ~ 90% inversion by the action of the r-f fields, or the gpfical laser fields, or their mixture on the
Inversionless Mixture {IM) of the Excited and De-excited Nuclei. [23,27,68]

d. - Creation of gain ~ 90% in IM due to the creation of frequency shift between y-emission and y-absorption by gpticalfield [23,27].

e. — A and V schemes for "y-amplification without inversion" and " inversionless gain” via nuclear coherence by optica/driving[24-25].
All that methods are destroyed via the collapse of HFS in Moessbauer, optical and r-f spectra.
1.5.1.3. Plus trammels in case of the use of the optical HFS in AM. Too small widths ~ 10 - 10% s for the lines in the optical HFS of solid

are necessary for the realization in GL of the optical methods b, ¢, d, e mentioned above. Such narmow lines exist only in a rarefied well
cooled gas. But the achievement of such narrow lines in a solid as like as ones in a rarefied cooled gas is very difficult problem.

1.5.2. Residential (Rsd) and Nonresidential (Nrsd) categories of solid GL with short-fived ELAN.

1.5.2.1. The first objection on the Residential Solid GL with Short-Lived ELAN (RS-GL-SL). The active medium of the RS-GL-SL
must be prepared from the inversionless mixture of the excited and nion-excited work nuclei. Because only such inversionless mixture
could be created at any pump except the fluorescent selective two-stage pump[22,23] and some types of the two-step pump[11,39-44].

*4%) The Author pleases to be wrong in that negative reader because he had devoted the significant efforts for the line-narrowing problem(8,19,48].
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But alf that exceptions could not be realized nowadays and at near future. Hence the RS-GL-SL could do only with use of the methods
¢, d or e mentioned above in the point 1.5.1.2. But all that methods are inevitably destroyed by the microplasma and by the heating.

Hence nothing RS-GL-SL could be realized.
IT IS "THE FIRST OBJECTION" AGAINST THE RESIDENTIAL SOLID GL WIiTH SHORT-LIVED ELAN (RS-GL-SL)

1.5.2.2. The second objection against the Residential Solid GL with the short-lived ELAN (RS-GL-SL). The RH theory of the heat
blast]34,35,D] gives the next objection against the RS-GL-SL. In short the substantiation of this, second, objection is following:

Selective resonant pumping by the monochromatic radiation[22,23,27] is the most soft type of the pump for the RS-GL-SL. The flux of
that selective radiation M, per pulse must provide a sufficient relative concentration of the ELAN Cea ~ @41 0.1 o Here o, is the
asymptotic value of resonant cross section[35,C], 0.1 o is the approximate real value of resonant cross section averaged over the time
of PUMP toump ~ T+/10. At o, ~ 1078 cm? ones have the energetic pump flux @, E,~ 10 E/c,~ 1.6 10°E, J em™ kel t. So
the integral heat release in the Aostmatrix per pulseis Qn ~ @y Ey [ Ipern Where Ipen = (n' 7y,) is the penefration depth, n' = 1.76
102 cm? is the density of the number of host atoms {e.g., for a diamond), ¢ is the photo-effect's cross-section at the host atoms.
This cross section depends on the energy as like as it is shown in the Table 3 below (see ref.[80]). The other values in that table are:
qn is the instant heat release in host matrix via the action of the selective pump radiation on the host; T, is the temperature of the host

Table 3. Real radiation-heat regime at the selective resonant pumping[22.23.27].
Esel~E, (ke}) 1 3 10 30 100
O’ s (Barn) 410" 1.710° 38.1 1.15 0.42
lpen (cm) 14107 33107 0.15 13.5
@, E(J/enimp) 1.610° 4810° 1.6 10° 1.6 10°
Qn(J/em™ imp) A0 e 00 Y 0
Qn (Went') 10%° 1.510% 107+
Th (K) 10° 10° i0”
Queir (J/cm®) T 210°<Qn | L5100>Q } 2100 >0n o 510" >0
Qself (W/em?) 210" 510" 210"
QuHQsete (o) 107~ Qr | 5100~ Qeer | 2:10% % Qeeyr -] 5107
TaM adiab (A) ~10° ~5107 ~2 10°
TAM adiab; ioniz account (K) ~ 103 ~2 104 ~ 103 ~ 10:
Regime Heat Blast Heat Blast Heat Blast Heat Blast Heat Blast

near the AM; Qe is the integral self heat release in AM; Ggeir is the instant self heat release in AM; Tam adieb is the "adiabatic”
temperature evaluated without account of the ionization; at the last accounting the temperature must be decreased by factor ~ 0.5 - 0.1
because the most part of energy-release is distributed among free electrons. Below some other types of pamp radiation are compared:

1. - The characteristic X-rays have the line width ~ 10" 57! i.e., by many orders more than the selective radiation's width ~ 10* - 101°
s™1. Hence the heat release and temperature of the AM at pump by the Roentgen radiation[17] must be much more than in the Table 3.

2. -The bremsstrahlung {Brmstr) is more {~ by & orders) than Roentgen radiation and hence is much more dangerous for active
medium. Besides the ELAN creation at use of Brmstr is realized via high excited interim state (Einterim > 10 MeV). Part of that energy,
less than ~ 90%, is carmied away (via cascade y-quanta) but the rest part, more than ~10%, gives the contribution into heat release
Qinterim > 0.1 Einterim N+ /W >10° Jom?® (@)
In very deed Qipterim ™~ 101 Jiom® "
Here W ~ 0.1 - 0.01 is the branching coefficient, i.e., it is the probability to create the ELAN from the interim excited state Einterime

3. - The pump by the neutrons[g] gives also three parts of the contribution into the total heat release:
- The first part is as like as above the self "interim" heat Qineerim > 10° Jilcm®. This part acts even in the case of cold neutrons;
- The second part is the heat release in the host matrix by the neutrons' scattering
Qscat host ~ Pn Cscat host n' E, /Anost ~ 109 chm3 ¥
Here the neutron integral flux is @n, ~ (On exc £) > 10%/cm?; the value oy, exc & is the cross section of the inelastic scattering with the

creation of the ELAN, the cross-section for the neutron scattering on the host matrix is oscat host~ 1072* cm®; E, ~ 10 MeVis the
neutron's energy, Anost ~ 10 is the mass number of the host atoms.

- The third part Qe is the same as like as in the Table 3 above.
1! INote: The parts Qp and Qxcat host do not depend on the concentration of the work nuclei. ! { {
See Table 4 (point 1.5.3) as the illustration to this note.

These values are the same both for the normal 0.5% dilution (n ~ 10%* em™) and for the anomaly super dilution[23,27] (e.g., for n,. ~
10%* cm™3). It nesds to remember that the any anomalous wave (y-radiation or neutron wave) is directed in very tight interval. Hence it is
the ungrounded fantasy to propose the pumping of the GL by the anomalous gamma-wave(as it is supposed in [24a]) or by the
anomalous neutron wave(as it supposed in [17]).
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Reader of the point 1.5.2.2.: Radiation-heat conditions in the residential short-lived AM are much more hard than in SPTEN-

case. The most soft radiation heat conditions are represented in the Table 3.
Hence the residential short-lived AM must be blasted inevitably at any residential type of the pump.
IT 1S THE SECOND OBJECTION AGAINST THE RESIDENTIAL SOLID GL WITH SHORT-LIVED ELAN (RS-GL-SL).

1.5.2.3. The third objection against the Residential Solid GL with the short-lived ELAN (RS-GL-SL). Let suppose that the parts Qn
and Qscat host could be decreased (via some unknown as yet mechanism) so that Ty, ~ 200 - 300 K. Nevertheless it tums that this
normal temperature of the host matrix around the AM is not yet sufficiently low. At such temperature the free paths A, An, Apn of the
carriers (electrons, holes, phonons) are less than the diameter a; of the active medium:

Ae p Aha Aph< ay (9)

Such condition is very adverse for the cooling of the AM. Indeed, at this relation the adiabatic isolation of the AM is beginning via the
back scattering of the carriers. It leads to the acceleration of the quasi-temperature growth in the AM and hence to the further decrease
of the free paths A., Apn, Ap. Such self acceleration quasi-temperature growth is finished for the very shot time by the heat blast. In
order to get the meaning of the blast appearance it needs to represent the r%gme parameter ©q in some more general form

Oleg = (g (a, + Be) I (10)
Here a; + 8, is a mean radius p weighted over AM and iradiated host with the heat-release distribution g{p,$). Addition &, is increased
via the action of pump radiation. Before the blast G e~ 1 and small 8.~ a is sufficient to get ©'req > 1 when the blast is inevitable.
IT IS THE THIRD OBIECTION AGAINST THE RESIDENTIAL SOLID GL WITH SHORT-LIVED ELAN (RS-GL-SL).

OVERALL READER ON THE RESIDENTIAL SHORT-LIVED ACTIVE MEDIA:
ALL RESIDENTIAL SHORT-LIVED ACTIVE MEDIA WITH THE COOLING VIA THE HEAT-CONDUCTIVITY ARE BLASTED AT ANY TRANSVERSAL PUMP.
There is only one exclusion: the pumping by the longitudinal selective radiation {LSR). That LSR needs be formed as like as very
narrow parallel beam with a diameter a; < A.. An. Agy . Al Thost < 100 X it needs be a, < 10™ cm. Such namow beam of LSR
must travel inside of AM. Such beam needs to have the intensity more than @, E,/(0.1 ) ~ 10*° - 10 W cm™, see Table 3. Such

intensive paralle! and narrow beam could be given only by another y-laser. Such "another” prime y-laser could be the SPTEN y-laser.

1.5.3. Residential (Rsd) active media with short-lived ELAN cooled by the Anomalous Super Dilution {ASD) on base of the
Multi Wave Borrman Effect (MWBE). There are two different ways for the cooling of the active medium:
1. - The cooling by Anomalous Super Dilution {ASD) of the ELAN in the light host matrix via the use of the Multi Wave Borrman Effect
(MWBE).(1980-83, Karyagin, {23,27]) This 1" way was discarded and replaced long ago by the more useful 2™ way(1983, Karyagin[27}).
2. - The cooling by use of the heat conductivity via the free or quasi-free removal of the non-equilibrium “hot" energy carriers {secondary
electrons, holes and high frequency phonons).[27,29,32,34,35] This 2™ way was used in all items which were discussed above in 1.5.2,
Now it would be appropriate to remember some flaws of ASD based on the MWBE.
In case of the MWBE the formal balance GG equation holds the form

. So kU= (I'LJ,LG}(J"‘II' G' k'+n" O'" k")p (11)
Here ko, k , k', k" are the coupling coefficients of the anomaly wave correspondingly with the ELAN (see ko), the electrons’ shell of the
work nucleus (see k), the host atom (see &) and the unwonted mixture (see k"). At very high perfection of host fattice (not achieved as

yet) the MWBE could be realized. Let the number of the waves-components is 115 ~ 100. Then is possible to have kp~k ~ k"~ np~
100, k' ~ 10™. Let o"~o. Let all mixed atoms are fixed at the interstitials of the host lattice. Then the value p, so called “reserved

amplification” (see [23,27,30,34,35,C]), is

p ~ (oo M1 +(@'c'n,o) (kW) +@"/n)]. (12)
Letn" < 0.1n.. Then at the diamond (s'c'/n.c} (k'%) < 0.1 ones have
{n./n’) ~10 (K'/k) (c'/c) ~ 167 (c'/o) 13

then p~(co/o) as like as at usual 0.5% dilution (see [C,D]). In case of the AM *Co™ in diamond" (E,=28.1 KeV’) [34.35,E] ones
have 0'=1.76 10° cm™, ' = 5.63 b, = 1200 b and (n./n") ~5 10°. In that case the integral self energy-release is Qseif ~ 3.6
J/em®. The low-temperature capacity is C(T) = Co (T/Tp)’. In case of diamond Tp, = 1860 K, Co = 368 J/em’K. Hence the
temperature "only by the self-heat" is Tansar = (4Q Tp*/Co)'* = 113 K. But the value Qser ~ 3.6 J/ent® is only small part
contribution into the total heat release, scc point 1.5.2.2. and the table 3 with the account the notc at the end of that point. In

according with that note the following table is created:

Table 4. Real radiation-heat regime at the selective resonant pumping[22.23.27] in case of ASD n.,/n. ~ 510,
Eoei~ E, (kel) ASD and MWBE could not change this result 30
[ ,fgév(ﬁcm‘ imp) ASD and MWBE couald not changg this rcsult 4810
iﬁh(J,/cm’inzp) T o L ASD and MWBE could-not.change this result S b g
a, (Wenr) ASD and MWBE could not change this resuit 10°°
Th (K) ASD and MWBE could not change this result _10°
Qe (Jem) T~ Only this result is changed by use of the ASD and MWBE 38w
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Q‘?i_(g_mf ent) Lo oo ASD and MWBE could not change thisresult. 0T
‘ iab () 'ASD and MWBE could not change this value 10°
Resuit %or GG Any 1 or optical schemes with use of HF3, see1.5.1.2., could not do at such high temperature | No GG

1.5.3.1. The pump by the super cold neutrons. In case of the pump by the super cold neutrons it needs to account only the result (7)
which gives Qseir ~ Qinterim ~ (/) (101%/(0.005)) J/em® ~10* J/em® and quasi temperature

Tantear= (4Q Tp/Co)™ = 82 (' K (Jrem® )y V/* ~ 800 K (14)
The optical schemes with use of HFS, see1.5.1.2., could not do at such high temperature. The action of the r-f schemes could be hardly
possible at such temperature{23,27] but see point 1.5.3.2. below.
1.5.3.2. The microplasma in the residential AM at the ASD. The ASD is linked with the MWBE and hence is possible only for the
much high perfect big crystal. But in the perfect big crystal the centers for the pairs annihilation are absent. Hence the time relaxation for
the pairs' density must be more than the time life T.+. It means that the pairs' concentration in the perfect dielectric crystal could be

Ne perf diel ~ 10° Ny ~ 10 om™ (15)

This result corresponds to the above ASD ratio n+/ne ~ 5 10°°. The crystal needs be big (see below), it could be only dielectric in order
to be transparent for the radio-frequency or optical waves. The reader: The microplasma has very high density in case of the
ASD in the residential AM. Hence all methods specified in the point 1.5.1.2. are destroyed by microplasma.

1.5.3.3. The natural limit for the ASD ratio (n./n") ~10 (k'/kg) (c'/c) depends on two factors. The values c'/c could be evaluated
as o'/o ~ 0.03 - 0.001, see data for different six work isotopes in the Table 5 taken from the Ref.[E].

Table 5. To the evaluation of the ratio inferval o'/o ~ 0.01 - 0.001
Work |SOtOpe yLI\]b‘u I“qu “Euga Mg “Gesn 36C0’77
ol o 0.014 0.0027 0.0015 0.014 0.031 0.0047

The limit for the factor (k'/kg) must be depend on the mosaic structure of the crystal. In deed the crystal is divided into & big amount of
the quite perfect blocks (QPB) with the sizes ~ 107* - 10"t cm. But the directions of the main crystallographic axes of one QPB are
slightly deviated from the directions of the another QPB, Let denote the dispersion of that deviation ( in the radians) as (66 avarige- In
case of a good crystal that value is ~ |68 average ~ 1073 rad Let the amount of the partial waves in the MWBE is kg >> 1. The sum of
the polarization vectors +, of that waves must be zero at the point-like node of the perfect crystal

> P =0 (16)
Isk<ky
The square of that sum is [k, +2 > Cos6,.]1=0 (17
l<k<k'sky
That square is changed in case of small deviations 58 of the fixed angles 8. between the wave-components of the MWBE:
lnode =( Z[)L)Z = [kB +2 Z COS(Hkk’ +59kk’ ][)2 = szB (ag)iveraga (18)
1sk<ky Ik<k'sky

The relation (17) is accounted in the equation (18). The right part of the eq.{18) is averaged over the crystal-lattice. The physical sence of
the left part of eq. (18) is the intensity of the anomalous wave at the lattice node. The value P? is the intensity of the ordinary wave.
Hence the coupling coefficient k' for the MWBE in case of the small deviations 58 is following

k' = TnoaelP* = kp (56)*average (19)
Hence the natural limit for the ASD ratio is the foliowing
(/0 )5 ~10 (K7 kg) (6/6) ~ 10 (6'/5) (56 average~ (0.3 - 0.01) (56)average > 10°° (20)

E.g., the real estimation {(n./n"sgp~ 1078 was used in Refs.[23,27]. It is a reason for very cautious supposition about (11./n")asy~ 10 as
probable only at a far future[28-36]. But the possibility of the value (n./n)asp~ 107 as surely achievable[24a] could be regarded only as

a mere assertion. The reader: In deed the real achievable value of the anomalous super-dilution (n./n"),s, on base of the MWBE

can't be less than 1078, All values (n./n")agp < 108 must be regarded only as a mere assertion or as a wanton fantasy.

1.5.3.4. The too overmuch hope on the Anomalous Super Diluiion (ASD) [23,27] with the factor A7; < 1078 on the bases of the
Many Wave Borrman Effect[26] (MWBE). In deed at such ASD the longitude of AM must be Lag > 0.1 Ayk’> 1000 ¢ in order to
achieve the ampiification of the normal AM (without ASD, at nomal dilution ~ 0.5%, Ly~ 0.1 cm). It needs also to have the diameter of
the active medium D,g, > 1072 kg/k’> 100 cm in order to avoid the losses linked with the transversal diffusion[88] of the anomalous
Borrman mode. It needs to have the relative accuracy ~(k7/r30,,)1/ 2 < 10° for the amplitudes and directions of the polarization vectors

P, for all 4, partial waves in MWBE in the volume of the active medium V,gp > 10'000 Jiters. Such big crystal needs be high perfect and
almost without any mosaic. The creation of such big very perfect crystal is unsolvable task even at very far future[34,35]. Besides the
MWBE is sensitive to very slight deviations of the micro-tensions in the crystal. But that deviations are inevitable at any fixation of such
big crystal. The temperature of stch big crystal would be also heterogeneous and it leads also to the destroying of MWBE and ASD.
The too big mass (~30 tons) of AM don't allow to achieve some desirabie low temperatures (see [C-D]) during a short time ~ 011,
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ADDENDUM to 1.5.2. The fluorescent selective two-stage pump[22,23] is based on the use of the HFS in the AM. This method is
included in a list of methods which are inevitably destroyed by the microplasma or by the heating, see point 1.5.1.2.a. At pump by the
bremsstrahlung even at use of so called "Texas resonance” [11,41-44] both work levels are populated via manifold of the more high
interim levels. Such population gives only the inversionless mixture. The selective pump by method[39,40] is possible in case of the
pump by the monochromatic y-radiation generated by another y-laser. See below the Classification Table. But our task is to find that

origin GL which cold do without use of another GL.

2. Gamma-Lasers’ Classification on Base of the Plural Characteristic «Adverse Overwork».
2.1. Adverse Overwork (AOW): the degree of total adverse influence on active medium (AM) from all processes in /.

In a result of direct or indirect adverse influence (sec.1.2) the totality of all functions, beneficial and adverse processes /7 situ (in
site of active medium) adversely do on the active medium. |.e., the mentioned totality adversely do on active medium, on its host
structure (through damages and other heterogeneity), on its radiation and temperature regimes, on its parameters (Moessbauer factor,
heat capacity, heat conductivity, line width), on its conditions for the gamma-lasing. This total adverse influence on the active medium
is analogous as like as the excruciating for a man. The degree for that excruciating for the active medium is named here as Adverse
Overwork (AOW). In deal AOW is a many-parameter's value. But the AOW's qualitative account can be given in terms of a
specification for the main elements and parameters of AOW. The very main components of AOW are the nuclear fluxes, the heat
release, the quasi-temperature Tay , the degree of imadiation (number of charges per cm®) in Active Medium (AM) and the necessary

over-threshold density of ELAN (number of ELAN per om?’).

2.2. The y-Lasers’ Classification based on the comparison of y-lasers over their Adverse Overwork.
“Table 6. 1 -lasers (GL) on nuclear transitions. Classification over active medium's Adverse Over Work.
Analysis of different ways for GL creation, their merits and flaws with use of Jomt v-lasing and radiation-heat regimes theory.
o The ways to the GL creation in blind-alley. are labeled by its number against dark field as like as: :
T i " The remote; dim or oo spurious ways are:labeled against shadow as like as:on th

"Manitold «1 -Lasers on nuclear transitions {GLNT)»

asma, on.gas:or'on.oeams:ol free nuciel.: - - areinieasipie. - [
v reduced to the less Manifold "Gamma-Ray . Solid Lasers® i

Wanifold «GLN1» = Manifold ¢ Gamma-Ray Solid Lasersy
/dential an nfial -maniio

.

basedonp

ana non-residential m: s. In residential GL the ! are inserted In.active: .-
ration (GG}..In- no?éeé/denf/a/ GL the ELAN are.inserted in'AM just ‘before the starting
i O S I L T e LR T

<Al total mantfold of. .18 divided into 7es
-medium (AM) fong before the starting of y-gene

g€ » = \SOLID\LL
Active medium (AM) on LL isomers could be only solid!*#331” AM in lasing study consists of the long-lived ELAN diluted in the solid
cold matrix. LINE NARROWING IS EXTREMELY NECESSARY. Category «LL» is divided into the Residential and Non-residential Subcategories.
SUBCATEGORY «LONG LIVED (LL} NON-RESTDENTIAL» = \SOLD\LLANONRESY .
Non-residential AM could be located only at surface layers of solid and so has no well developed Borrman effect. At this adverse
condition, BUT AT BENEFICIAL HYPOTHESIS OF ACHIEVEMENT OF A QUITE PERFECT LINE NARROWING, AS LIKE AS A NATURAL LINE WIDTH, the LL
nuclei-candidates with time-Jife T, ~ 1072 - 1077 s fit for GL are not revealed as yet.

]

_ S_ubcategory«Lon% Tived (LL) RES/DENTIAL with use of Muliwave Borman ETfect (MWBE)» = \SOLIDVLNGRSDWWBEL
Residential AM needs be Tixed in deep part of volume of crystal where well developed Multiwave Borman Effect is probable. At this
beneficial condition many LL nuclei-candidates with time-lite 7., ~107°-107 5 could pehgs&q in GL even if they are not used in
non-residential schemes. Some ways for the realization of such \LL\RES\GL are discussed in*™"">",
- Many ideas on pumping fl[r;]t arose in «Long Lived» and are used now in other category «Short Lived». E.g., a&;dgﬂ on laser selection
of emiddle-lived» isomers™’* was transformed afterwards into g]e ideas of SPTEN for the «short-lived» isomers**’™"". The Cgtegﬂy LL
is divided also into the classes over ways for line narrowing "> First works VAP the «radlo-freguency namrowing» methods*™ 7™ and
the magnetic «one-parametricy compensation of «monopoles broadening*™"". The main difﬁculq{ o the narrowing consists in the
dependence of Hyper-Fine Structure from a lot of chancy para varied i ndently'®1°! T&i main difficulty is partly
overcame in the «diamagnetic super-anomalous-dilution» methods,<."<: on base of the ?nmann effect' " and is totally overcame

in the emultiparametric» methods with exterior action {by laser, etc.}“g'a] and without one'™’}.

«TLAW DESIGN SPECIFIC (FD3)» CLASSES IN «LONG LIVED RESIDENTAL = VWLV
Eps;:j.\-;basqqﬂnqubnous interpretation-of-a certain ?IOW4tempe_ra%Efect Tor:the y=transition fror

- short-lived-one* 2. This effect is. 7ot reproducedin other aboratories™ =~ .. iy

" VIEDS-2\ based on spurious hypothesis of screen's influence on rate of nuclear y:-ray decay;
VAFDS=3\ based on remote canal of fwo-photon nuclear generation ignited by ISJOWBfo";,}-O‘?
. perhaps could be realized but-only by means of hybrdization with the SPTEN. See the 8"line

CATEGORY «SHORT LIVED» = «SOLID PULSE» PUMPIN@ 4E3§§,LD\PLS\
Active medium on short-lived isomers could be only solid" ™",
Active medium in lasing study consists of the short-lived ELAN diluted in solid cold matrix

RSD\FLAW DES SPEC \
ng:lived top leve
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LINE NARROWING IS NOT NECESSARY. «Solid Pulse» pumping could do without any exterior device for line narrowing “
Cateqory «Short Lived» is divided over the means for pumping into Residential and Non-residential Subcategories.

................................................................................................................................................................................

R sidental Subcategory e0ne-S Pumpings or alias « SOLID PULSE» PLS\
Nuclear parents of ELAN are located /7 A#long before the start of y-generation. ELAN are created as a result of nuclear reaction
immediately before the start of y-generation. Nuclear reaction in AM is executed by radiation from a certain exterior powerful source
Main Parameters of Adverse Over-Work (AOW)

=
Nl 1 2 3 4 5 6 7
~oraieeo o Type of class of ylaser oo ot Heat Irradiation ELAN’s Necessary Exposed
. -+ and its fineal branch on fariily tree: " "] celease | Tam | degree in AM density exposition @ . __target |
o Dimension Uit i Whaed °K | charges/cm® |  cm3 | particlesor quanta/cm?
2-Stage Simple (15g'S) HRYEI 22 | 21 | 4% 222 | o ,
e Simple (15tg°S) 110 10° ! e 10 10 ! 107 neutrons' 22 1 ctive Medium

tgismp
| Scheme ™": Source of Nuclear Radiation (SNR)=>[Filtered or Moderated nuclear radiation]=>[Active Medium {AM)] = y-generation _
+ Active Medium TAM) according o [6] may be need[é_diﬁxea'in fiquid hefium, STJEh'AMTs'bTés_@"shetha'BW{ “"¢ Pump 1Stg’S needs
in nuclei with big «is[gg or population of work levels where g = (2j.+ 1)/(2j_ + 1) is the degeneration’s ratio for top work
G) fo

e v e e e s e i e o e s ki i et it e bt it e e e S et S S

& ratior £>>g ¢ ' )
. Such nuclei are absent [9-12]. At £~g a value of pump exposition ~ 1027 neuwéiggll is unfeasiblel20.21),

Ste’S /s not feasible because its AM is blasted owing to high overheating.™
o SRS T T T T 1

21 .
108 : 350 : 0+10% : 10™ : 10°" om 2 : ActiveMediumJ
|

level and lower one
-generation (G

Or

subjest tocrystal § i of slow neutrons{23,27] i

“\f&lgtg\ﬂzlpllsgan\»» [ B I T i e e
Only so low femperafures Tam > 350 K could be hardly achieved at very béneficial parameters E,~0.01 el Kg~kg~100,
k’'~107, n/n’~ 107, Such parameters could be realized in very far future. However, the creation of gain in excited inversignigss

- 10 Ain case of the optical two-phase methods'“><"* or

M.<

nuclear mixture could be feasible only at much less temperatures: Tam §7
gt <30 - 100 Kin case of the radio-frequent twophase methodst =71 _
Fscheme!=>27 SR = (Filtered selective or Moderated nuclear radiation] = [Non-nverted Excited Mixiure = ELAN+ de-excited
| nuclei] = [Creation of gain in originally inversionless excited nuclear mixture by optical or rf methods + ASDI GG _ __ _ __ __
+ Optical schemes for Amplification ﬁ lon and r-f schemes for the creation of gain in Qriginglly. jnersionless excited nuclear
mixture + ASD are suggested™” years ago. + ‘qggl%?onstmction of AM supp. gf its cooling* =<7 "Do lerbroad«iggwgﬁy
AM heat expansion is averted by special construction'=’*“** of work body. ¢ 1Stg g
But 15tg'G /s not feasible_owing to co for the coolin
e

------------------------------------------------------------

urtl e ve
radiation which is effec

D ’ ubcatego D INDIR _ RSD\SLD
The «Indirect Pumpn is less destructive for active medium than umps.
Parents (in long lived state or stable) of ELAN are located in AM long before the start of y-generation
_ELAN are created by the way of parents’ excitation immediately before the start of y-generation.
Excitation of parents into ELAN needs be executed by more soft of radiation than in case of «Direct pumpp.

TWO-STAGE CLASS _
CLASS <RESIDENTIAL SOLID INDIRECT PULSE JWO-STAGE» PUMP = 25tg = \RSD\SOLUNDR\PULIZSTG\ = TFUsTGL.

The resonant y-radiation for the ELAN creation in active medium is less destructive than any rigid nuclear radiation.

T l T - . ) 5. T - Ty
| Type or class of y-laser | Heat | { Irradiation | ELAN’s Necessary | " oition
. ’e . spt . L - sitic
! and its lineal branch on family tree F reease | Fam | degreein AM | density ! exposition ® ! Xp
- = = —
; Dimension unit 1| Wics:® : K : charges/ cm? : (:m3 1 particles, quanta fem? ;
o ' ' ' 37 ; l f Convert
! t i 1 110 neutrons 20211 | Input of Converter

ogrr10%2 | 10 I

& 25tg’S needs in a big isomer ratio & >> g. ¢ 2Stg’S /s not feasible because its AM is blasted owing to high overheating.

! Dimension unit ; Vem® : ‘K ; Chﬁrges/ cm?® : cm’3 1l particles, qwmtf.l/cm2 1
S e . Tt i B ===
: 1 2 21 10™ neutrons input of Converter
41 b0t 0-10° | 107 |

R2. YT 2ASD\. ! 10’9 res. }Lquantalzs] I Active Medium
g b i ” 2 e e sy i i o i it b e A e — e e e s e v
Schieme!??T SNR = (F,M) = 1% stage; converter «neutiors - resonant y-quantan creates selective resonant y—radl!étlon =
| = 2™ stage: selective excitation of ELAN in AM with very remote «Double ASD» = very feeble y—generation _ _ ___ ________
+Seiéctive excitation begins from one HFS-Tevel cf}ggg}xna' state but v-Tasing Transifion finishes on another HF S-level[22]. Zﬁt,géf:FF
could do without big isomer ratio even at & < g. """, But the pre-y-lasing strongly decreases the inversion in 25tgSelF .
+«Double ASD» is a pair of ASD: The 1*'ASD is assigned for the selective gumpmg y-radiation. The 2" ASD is assigned for the y-
}l lasing. Such «Double ASD» is very remote. Type 2StgSel’F could do (but very hardly) only at realization of ASD-
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[

[ conditions (it is utterly hard task even at far future
J Dimension unit TJem® 1 °K 1 charpes/cm

T
twGIASD = | 1 | !
t
!

cm | p%;‘ticles. guanm{cmz

, 10°-neutrons
10% : 10" reson. yquanta[zsl

input of Converter

25tg Generalized = 25t2°G"2ASD = . . 20
wo-Stage®Two-Phase®Two ASD ; 1 100, 0-10

Active Medium

A {.}@S‘ﬁ 2phs\2ASDN - o oy L L ) Al
cheme!>>*" L SNR=F M =1 stage CoRverar <nettrons-resonant g-quantar = Selective Resonant Filter P Selective G-resonant
Radiation} = 1% phase of 2™ stage ! elective Excitation of ELAN in AM, i.e., creation of Non-inverted Excited Mixture LNEM of ELAN
and de-excited nuclei} = 2™ phase of 2™ stage {ASD + optical or r-f scheme’s actioniz3.1 for Gamma-Resonant Self-Absorption’s
Suppression (GRSAS)+ Double ASD } b very remote y—generation ____ ___ e e S ——
%eolafconstruptlon,o AN Tor its cooling Doppler-broadening by AM’s héal expansion is prevented owing to sp%marmeasures. Type
2Stg’G is feasible in future at remote Double «Angmalous .JS‘gf;er-D/Yut/on, ASD»'341 ~ one work nucleus per 107 atoms of high perfect ||
host on base of Many-Wave Borrmann Effect (MWBE). 132,538,351 At such case 25tg°G could do with a small isomer ratio xand is free fr@ig
parasitic leakage through the pre-y—lasing.*"”" 25tg'G has = 90% inversion at use of Two-Phaffa«gf'lg&o@%%ljency Pulse Separation» methods.

It has Amplification VWithout inversion at use of Two-Phase «O{gtical Pulse Separation» methads.'™“""2<">"> Without the Double ASD creation,
its action is destro%ed by migration of charges in micrgg!g;glg 2%%1 2Stg'F and 251g°G are not deprived of its merits and are not bad as like as the
25tg’s only with use of remote Double 271,107 Other ways for realization of 28tg’G add up to some variants of hybridization
25tg' GASPTEN. See some types below.

........................................

wo-5tep class = \RSyis| QUNDR
So called «Two-Stepn class of y-lasers, predicted many years ago* ™ "~ , ]
a result of sudden transformation of long lived high excited nuclei into the short-lived ones. It is t_hcf1
preparation and the storage of long lived high excited nuclei in work-body of y-laser. The last analysis* h T
only nuclear reaction problems. But the radiation-heat regimes of AM for such y-laser are practically without sufficiently fotal analysis.
The main results of general jointed y-generation and radiation-heat regimes theory are used below for the analysis of Two-Step class.

is well known nowadays. Work nuclei of that class arise in
" step. The 1% step is a
of both that ste{)s contains

CLASS «RESID TWO- » = 25tp = \RSDISLDUNDRIPLS\ZSTPL = \I2STP 3943
First Step: Storing of long-lived parent isomer (LLPY). Second Step: Tuming of stored LLP! into the short-lived ELAN by a friggering pulse.[ !
J Type or class of y-laser M Hewr | Tam | Irradiation : ELAN’s : Necessaty : Hxposed
' andits ﬁneal branch on family tree | celeuse | i degreein AM density : expoguwx P } target
i Dimension umit ! Wiem® I K i charges/ cm?® | cm” ! gﬁgji;ﬁ ! - l
- i o i Do i T T 1 1 ] - -
o-Step Simple=2Stp-S 1 10% 1 10° 1 10** 1 107" | ®,5>10"Jcn | Active Mecim _|

chem p: Long-Lived Excited Nudler (LLEN) are sfored in solid host=>2" step: Transter of LLEN info Short-Lived Interim
State (SLIS) by triggering action of pulse non-resonant radiation /7 4 transversal geometry. =>Spontaneous transition (or chains of
transitions) of SLIS into the ELAN-state.—>Generationof AMonthat ELAN. _ _ _ __ __ __ __

o= \MRES\D- STEP\2-PHASY - l l l

Unite of instant release is W/em® U wed | K ! chargesiom® | om? | particles, quanta/cm’ |
. IwoStep®TwoPhase .. 1161 409 1 g2 | 10°" | ©,5>10°Jcm’ | Interim beam
Scheme: Second step includes the  f or optical methods for creation of gain in inversionless excited nuclear mixture{23,27].

Type 6A is destroyed by the heat explosion of AM before the generation. [32]
| charges/cm

| Yem® | °K
3 ; ]
= L WO Hase e 10° I 10 10% 101
= \RESI2- STEP\2-PHASVASDY - L __}m 1
cheme: Scheme BA modemized by infroducing Jo'f7¥S'D'17'\nomalous_Supe.' Diltiont23273) Tor pum

particles, quanta fent’ :

®,E,>10"J/cm’ | Active Medium

T
|
]
1
1 i

T
}
i
i
I

- . ngy=radiafion and for 7lasing
 simultaneously. Note: the creation of ASD for the pumping radiation is more problematic than ASD for only g-lasing alone. ____
“Stonossd Super Modermized Two-Step (Type 68) s INFEASIBLE too 127>

7//////////////////(///////////////////////////////////////////////////////////////////_/////////////////////////////////////////////
A ORY «SHOR VED NONR DENTIAL» = «F PUMPING NONR { 4L» = \NRSD\SOLID\PULSE

ate?oey «Soft Prompt Transplantafion of Excited Nuciei» = = \NRSD\SOLID\PULSEVNDIRECT\SPTEN
many Unfeasible Classes of GL could be fimed into Feasible Classes throu%h the Hybridization with SPTEN

I Soft Prompt Transplantation of Excited Nuclei(SPTEN)!“®#%T is much less destructive for the active medium than any radiation {e.g., y-
resonant) in residential pump which penetrates in tr}%?%tsjg]order to create the ELAN. it leads to more low quasi-temperature T ~ 30
K in active medium during a total y—lasm% circle.[%2>>} The ELAN for SPTEN are creating in a «converter» of tgpe «nuclear or
another radiation = ELAN» called as «Multi-Beam Emitters (MBE). At SP7EN a high relative inversion more than 90%

o arises in the

active medium (in situ ). But the process of the inverting is located ex sty Hence SPTEN y-laser can do without use of any processes
in situ_(i.€., in active medium) for the inversion creation or for the «amplification without inversion». Besides SPTEN y-laser can do
without use of any line narrowing devises because this y—taser uses the short-lived isomers as all classes of the General Category
«Pulse Pumping». Hence SPTEN y-laser can do without use o{ﬁngslggﬁ The last, the heterogeneous HFS of ELAN is collapsed
owing to the existence of a hot microplasma in a cold host-lattice ™ =", Hence all possible work transitions are cumulated only in
one narrow line without any parasitic branches. it is very beneficial for y-lasing. All above resuits are connected with the utter least
loading on the active medium (in situ). Indeed in case of SPTEN the active medium has onI¥Yone simple load, viz., y-lasing. In the
SPT_E‘;[‘ALL OTHER LOADS ARE TRANSFERRED from thein situ /nfo THE EXTERIORITY OF ACTIVE MEDIUM [&cﬁ into the
ex sitt in a result the complexity in the exteriority tums into the utter simplicity and feasibility of conditions for y-lasing™~ .

ranspiantation o

wiom® ; K, charges/cm3 :

228 Proc. SPIE Vol. 4352




7 | SPTEN-simple | " : \ 17 : >0 | 10" neutrons?8! | Input of MBE
| \sto\Ps\DRch\RsD\eTER, | 100 1 30 10 i 10 i 10" ELANI28] | Active Medium

I scheme!®” ST Power Source of Nuciear Radiation (PSNR)=> Tiuclear radiafion = Wilt Beam Emitter (MBE) = flux with mixiure of
| ELAN = fast laser selection of ELAN = their soft prompt focusing on cooled host crystal in place of AM = ydasing _ __ ____ _
PSNRE®L nyclearexplosions{neutions)' ;. apériodical pulse reactors(ﬁeutrgns'ﬁ "I mega ampere electron accelerators (y-
F{grggftrahlun )20 power Stf{@ﬁ%"g\% 10;57,1 0 GeV heavy nuclei (part of them is excited at their pas?g)’%tmltjfh material of MBE)
~>¥I"Special cooling of AM r3E17% ]Doppler-broadening by AM's heat expansion is revented ouadays19 nuclei-
candidates are fit for y—laser with time life in first shopt-lived jnterval 10™°~10" s without MWBE and 22 nuclei-candidates are fit for
| GL with time life in Jwe 2" short-lived interval 107°-107" s without MWBE. It is very important because the sufficiently effective
MWBE is very remote thingz. SPTEN-simple is really feasible after creation of MBE. MBE are necessary in many fields out of GL
problem and could be realized before their application in GL. It is the best guarantee for soon realization of MBE and hence SPTEN.
g - .. . SPTEN=simple:is FEASIBLE on existing technicalbase - = .. = =

ybridize pumg_mg sys ems'“”" witl N

(Soft Prompt Transplantation of Excited Nuclei) \*\IND\SPTEN\HYBR\ “
SPTEN-Simple acts at many types of ELAN creation'>’ > ). at many nuclei-candidates, at many reacfions and processes for ELAN
creation, at many types of sources for primary radiation, etc. The SPTEN construction s utter variable. These properties of SPTEN
make a lot of possibilities for the hybridization of SPTEN with many other y-laser types. g%rsiilaps, in such manner could be re%%ed
many projects of y-laser(® 12174142471 fincluding some projects, e.g., two-photon vlasers®*™*, considered at revision as «no go» ™).
DS B T : 17 . 2 , O.E~10J% input of MBE

107 1301 10 I [ 6974 v P
DRI 4 4 i __ 1 10"ELAN®Y | ActiveMedum
" Scheme: The parents of the two-step are friggered info the Shorived work. isomers. Tn a result of | hl,?_'ﬁ temperature the tng?ereal
nuclear mixture is blasted and as a hot plasma penetrate into the grating of Multi-Beam Emitter (MBE)‘._ hat plasma is fast cooled in

MBE and transformed into the Multi-Beam on the output of MBE. Further the system works as like as SPTEN without problems.

Hybrid « Two-Step®SPTEN» is FEASIBLE in principle. Here the residential type «Two-
Step» is transformed with use MBE into the nonresidential type «SPTEN»

| | Wicm® K | charges/cm’ per cm? i
23
1
i

1 ¥ 11
I 1 |
T T T
I I i
I i I

i
]
18
- ! 10" ELAN Input of Convert
30 l017 : " nput of Converter

1 0 11
_______ 110" res prquana®™ | Active Medium

| f
—— ——d e - : .

| Scheme: Powerful Source of‘NfHefér“F?éaiatlon:MUlﬁJBeam Eritier=SFast Laser Selection of ELAN from nuciear imixiure =
Focusing of well enriched nuclear mixture on Converter «Excited nuclei - Selective resonant y—{ggigy m = 28tg’GB®2ASD (which is
feasible in far future on base of Double Many-Wave Borrmann Effect. It has energy oufput ~10” Jiimp' ™" }=> y-lasing

n case 8B the SPTEN is used in unusual manner. the nuclef from MBE come to the input of converter «ELAN —» resonant Engdlatloqg
which is a certain «antipodey for the MBE. This hybrid is feasible only in a far future on base of «anomalous super-d{%’io’n» ~10
(Pne heavy nucleus per 105 h?ht atoms of host) or some another use of a Many-Wave Borrmann Effect (MWBE) *> in a converter.

he activé medium uses Double MWBE (for yv-pump and for y-lasing). in such ﬁ;gsagg\g%lmedmm can have a big diameter at low

quasi-temperature and hence can give a big output energy per impulse of y-lasing . _
Hybrid « SPTEN®2Stg’GR2ASDy is FEASIBLE in principle in a far future. Here only part of SPTEN scheme, viz., MBE is used in order
fo supply the action of the source of the selective radiation for the residential active medium of the two-phase GL with a Double ASD.

SPTEN-HYBRIDS™™™
on ELAN Creation by Strong Laser Field in Plasmat®47-°°1  ECS| FP®SPTEN, ses 8C,
and on ELAN Promotion (Ignition) for Two-Photon y-Lasing!®%**], EPTPGL®SPTEN, see 8D
, Wiem’® K | charges/em’ cm™ in volume of AM -

10" 30 10" 10%° Ng = 10! High temperature
laser plasma

Short Scheme 8C: Phase «<ELAN Creation by Strong Laser Field in Plasma' ", ECSLFP» = Phase for preparation of
AM by the « SPTEN-method» = Active Medium = Stimulated y-generation. o

Detailed Scheme 8 C: Super Strong Laser Field in laser plasma transforms the parent nuclei (in isomer or in stable state) into ELAN =
Hot plasma-mixiure with the promoted ELAN = input of MBE=> The transformation of that hot plasma-mixture into the cooled atomic

mixture-flux formed as like as a Multi Bcam = laser selection of ELAN = their soft prompt focusing in place of AM = y-lasing
)

} 1
Short Scheme 8D° Phase «Promotion of 2-phofon 7-decay»—> Phase «SPTEN-preparafion of AN from promoted ELANY =
=Stimulated 2-photon y-generation. )
Detailed Scheme 8D: Super Strong Field of Epower optical faser Eromotes the 2-photon y-decay for the Long-Lived ELAN => Hot
temperature plasma-mixture with the promoted ELAN = input of MBE=> The transformation of hot plasma-mixture info a cooled atomic
mixture-flux as like as a Multi Beam = laser selection of the promoted ELAN = their soff prompt focusing in place of AM = 2photGG
Note: #Ratio p = «induced signal/spontaneous noise»<1 or ~ 1 at No ~ 10°-10"% p ~1orp >1atNg >10", see sec.6
of the presept work. ¢ Nowadays the achieved experimental amounts of the excited nuclei created in a power laser focus Ningm,ﬂ ~ |
10 0° are by many orders less than the necessary amount No ~ 10° - 10", The state of the promoted ELAN'™"* is
seems to be the non-stationary mixture of the top state and the lower state of the work nucleus. Hence the HFS of the promoted ELAN
needﬁgesgaffer from the HFS of the non-promoted ELAN. It is the base for the selection of the promoted ELAN by the SPTEN-method.
+ By!>*>31 some significant time-delay tael exists between the promotion (ignition) moment and the rise moment of the stimulated 2-
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photon y-decay. By®2>1 the high ionized and high temperature plasma does not destroy the ability of the promoted ELAN fo the
stimulated 2-photon y-decay after that time-delay tqei. The conditions in all chain of the SPTEN-phase are more soft than in the
Promotion phase. Hence the SPTEN-phas?Zgg uration tspren < tae Could not to destroy the rise of the stimulated 2-photon_y-
eneration too. ¢ The use of the |NVENqug§ et is supposed: + Special cooling of AM & The prevention of the Doppler-broadening
inked with the heat expansion of the AN ** ], , 46.47.9 ] ,
SPTEN-HYBRIDS™** on ELAN Creation byég%gg Laser Field in Plasma( 47,901 ECSLFPASPTEN, line 8C, and on ELAN I
Promotion (Ignition) for Two-Photon y—Lasing">*>>, EPTPGLASPTEN, line 8D are FEASIBLE in principle in a far future.

MIXED CATEGORY «RESIDENTIAL -NONRESIDENTIAL» = \RSDANONRSD\SOLIDIPULSEY
Class SPTEN with Transformation of Driving Frequency (TDF) 1l

Class Two-Step y-laser Trig ergq by Another Gamma-Laser (15 1AGL). Active medium of TSTAGL couid be cooled in g
9ga | Vvarants: by «Hea Conductiw?y» lat stron% bounded transversal size of active medium r by «Anomalous Super Dilution»

at unbounded transversal size and hence at big output energy. Class TSTAGL (as like as § sTeEw Q%Wu_t of any

tff or optical methods based on any use of the HFS inside of the active mediumt?r>/8,14,19,2%725,27,33:58]

Class SPTEN with Combination Gamma-Amplification {CGA Class SPTENACGA is FEASIBLE in principle in two vanants
10 of the cooling: «By Heat Conductivity» at strong bounded transversal size of active medium and
«By Heat Capacity» at unbounded transversal size and hence at big output energy

FIL-SPTEN as a filial category «MBE for the auxiliary researches in frames of y-laser Creation Program» \FIL-sPTENMBEWUX\. E.G.:

\FIL-SPTEN\MBE-AUXIL\PARENTS\ | Production and storing of garent nuclides for y-lasers of %14 S cou
Il 142 | MBE FOR THE PRODUCTION OF PARENT NUCLIDES IN' | accelerated by a factor ~ 10° with a distinct use of MBE""">": particularly
THE CLASS above \ \SPTEN\ HYBR\2-sTEP\ | in the cumulation of the long-lived isomers for the Two-Step y-lasers.

Construction: Volume with nuclear reaction = gas of nuclear mixture with goal nuclei=vinput of MBE=laser separation—storage
VFIL-SPTENWMBE-AUXIL\PRECIS-ANALYS\ USE Of - | New much precision and together efficacious methods with high quality

“MBE in GL and other trials for the analysis . i i

11b and i - collimated and big flows of analyzed atoms or molecules e created on 3
‘and detection of rare and shortlived . - | the base of the hybridization of known methods with MBE oy

] “nuclides arising -at different processes. = -

{
Construction: gas of nuclear mixture with diferent goal nuclei—input of MBE = laser separation, NgA e ——
“15°]" Category sbistinet MBE's Applications fo the Other (Non-Gamma-Laser) | roblems. \i-sptentMBE distinctinonsyJasen\
The Categonies <Filial SPTEN» and «Distinct MBE s Applications» ARE THE MUCH MOST FEASIBLE IN THE NEAR FUTURE
Note: Semenov Institute of Chemical Physics RAS has an experimental basis, know-now and takes the Tead for the formation of
the International Cooperation “Project MBE” on the development and creation of MBE for the \@pp&ls goals (e.g., y-laser)
on base of the modem physical and chemical micro and nano-technologies 36

This Table 6 is one of the main results of the Single Theory of y-laser creation in the 1 SPTEN-approdach.
This Classification is developing and will be gradually time and again revised.
It could be regarded as a compressed status on a y-laser problem ata doorstep of the third millennium.

CONCLUSION
The last 40 years are characterized as the period of the «romanticismy in gamma-laser problem, as the pericd of the search of relatively
light ways. The main features of that ‘romantic’ period are a belief in a row of light ways instead of a knowledge, fantasy about that fight
ways without their strict checking and many delusions. It needs very big efforts in order to show that they are fit only for a museum.
The 1% delusion is the opinion that the simple Shawlov-Towns refation is sufficient for the quality substantiation of any gamma-laser's
model. It is not so. It needs use much more strict conditions, e.g., the criteria of the 1% approximation of the joint gamma-generation
and radiation-heat regime theory with the account of many very important different effects and trammels[9,10,12, 17,28-30,35].
The 2™ delusion is the overmuch hope on the super-radiation (alias superfluorescence)[41,51,73,77,87,88]. The joint theory
shows[34,35,87-89,{B},{C}] that the super-radiation (SR} contribution is much less than the induced contribution when the generated
wave is much more than the spontaneous radiation in the generation mode. The SR contribution could be comparable with the induced
one only in case of very slow total generation comparable with the spontaneous radiation in generation mode.
The 3" delusion is the old belief about feasibility of the v-laser on the long-lived isomers[1-17]. Now it is the fact that this idea is like as
a generalissimo without his army. This idea has as yet no one isomer candidate from the indeed realizable minute interval 10? s> t, >
1073 sfit for the SPTEN GL, ses [E].
The 4" delusion is the belisf about feasibility of the Non-Moessbauer active media: plasma, gas or beam on base of Marcuse induced
process or on the two-photon induced decay.[15,17,39,40,41,52,53,77,78] The laser cooling could not be applied in that tasks because
the heat release from the secondary processes of the intemal electron conversion is too much big34,35].
The 5™-a delusion is too overmuch hope on the Anomalous Super Dilution (ASD) [23,27] with factor 47kz,, < 107 on base of the
Many Wave Borrman Effect (MWBE)[26]. See sec.1.5.3.
The 5™-b delusion {linked with 5t"-a) is the overmuch hope io avoid very high density of ELAN in solid AM (see, e.g., {24,243]). in a
reality (at least in a near future, see 1.5.3.2 only normal active medium without Borman effect could be realized[34,35]. Hence the
density of ELAN in the AM must be n,~ 102 ELANM 7. In the demonstration trials the parameters of AM at such density are: diameter
a,~ 3 10°° cm, the length L ~ a2/A. ~ 1 om, the total volume V ~ as*/A. ~ 10°° om, the total number of ELAN is N.~ V n.~ 10",
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The 6™ delusion is the overall mention[1-27] that the cold active medium for the gamma-laser (GL) is similar qualitatively to the
ordinary Moessbauer media. It is not so. The cold solid AM of gamma-laser with Tam ~ 50 A'is replete with the hot secondary
electrons and holes with density n, ~ 107 - 102 pairs/c77® and quasitemperature T, > 30000 A [35, D].

The 7™ delusion is the overall mention[1-27] that the Moessbauer spectrum in the AM of y—laser is similar to the spectra of ordinary
media. It is not so. In deed any HFS in active medium is collapsed|34,35], see also , see 1.5.3 and [A,C-D}.

The 8™ delusion is the mention about the feasibility of some gropes of methods based on the use of the resolved HFS inside of the
AM[4,5,89-27]. In deed the collapse of HFS leads to the infeasibility of that methods[34,35]. Particularly the following groups of
methods for the GL-creation are infeasible in case of the short-lived isomers:

(1) The selective pumping methods of the simple fluorescent type;[22]

(2) Alf radiofrequency and optical methods for the line narrowing;[4,5,8,9,17,19,48,51]

(3) All radiofrequency and optical methods for inversion of the inversionless excited nuclear mixture;[23,27,41,68]

{4) All radiofrequency and optical methods for the Amplification Without Inversion {(AWI) creation.[23,27,24,24a]

The 9 delusion is the mention about the feasibility of the gamma-lasers with the two-stage selective pumping of both simple and
generalized types;[22,23,27), see present work about this delusion.
The 10" delusion is the mention about the feasibility of the y—lasers with the two-step pumping.[11,13-16,39-44], see present work[A].

The 11™ delusion is to think that all other types of GL are in all right e.g., [73-78]. in deed some other types of gamma-lasers are not as
yet strictly analyzed on their feasibility. Only some crigin arguments against that types are as yet published. [34,35]

The 12" delusion is the talk about very soon experimental realization of gamma-laser. Sometimes in some papers, at some disclosures
the words about very soon GL experiment arise. In deed the most realizable SPTEN y-laser is a very complex thing. This complexity is
enhanced by the fact that the creation of SPTEN is based in tum on the creation of the Multi Beam Selection (MBS). The MBS must be
realized. But the SPTEN gamma-faser {based surely on MBS) could be realized only after the MBS creation.

It is shown in the works [A,B,C,D,E,F,G] that some types of active media, isomers-candidates and schemes for the GL stand as yet all
tests, see, e.g., in [35] the SPTEN y—laser on the isomer ®Co (28.1 kel in diamond host -matrix. The SPTEN y-laser cold give at its
development the following main results:

{1) Demonstration y—laser with high ratio (generation signal spontaneous radiation in the generation mode) >> 1;

(2) The y—-pulse with output energy Eour ~ 1 /, intensity ~ 101>~ 10%7 Wcn? and brightness ~ 104-10%° WfcnPrad?;

(3) The residential Two-Step GL triggered by the longitudinal selective y—ray pulse from the SPTEN y-laser.

The main question is how to realize that ideas? The strict common theory of y-laser creation reveals that the way is only one. It is the
SPTEN way and not any other. The strict theory shows that all other ways give one and the same inevitable result, viz., the heat-blast of
the active medium. The way pointed by the strict theory GG&RH is very rich with the different nuclei-candidates and the means for their
creation. One of such means, the SPTEN-pumping by neutrons is much more effectivel?®3%1 Another mean, the photo-nuclear
reactions, suggested in [28-301 o0, are regarded in[F]. But all plenty of SPTEN-pumping (on neutrons, y-quanta, or other particles) is
based on the use of the special device «Multi Beam Emitter» (MBE). The MBE is the carefully designed joint ion-optical and laser-
optical system. This Project MBE now is in its further development. This Project has twice goal: the effective pumping of y-laser and the
essential acceleration (by many orders!) of the selection of atoms, molecules, isotopes, isomers and radionuclides. This Project needs
be developed by the specialists in different fields. Semenov Institute of Chemical Physics of RAS has an experimental basis, know-how
and takes the initiative for the formation of the Intemational Cooperation “Project MBE" on development and creation of MBE for various
goals (e.g., ylaser) on the basis of the modem physical and chemical micro and nanc-technologies [34,36] The real significant result
agyet is the formation of a Single Theory of y-Laser Creatior in SPTEN Approximation which is a quite suitable tool for the GL creation.
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Multi beam emitters as joint optical laser complex and ion-optical system
for laser selection of atoms, molecules, isotopes, isomers, long-lived and short-lived radionuclides
in different spheres from y-laser and atomic energetics to the medicine and gene engineering.

S.V.Karyagin

Semenov Institute of Chemical Physics, RAS, Prospect Kosygina 4, 117997, Moscow, GSP-1, Russia
e-mail: chaika@chph.ras.ru ; fax: (095)-137-8318

ABSTRACT

The SPTEN-y-laser's development leads to the essentially new principles for the effective converting of the nuclear radiation (neutrons,
gamma, etc.) into the well controlling and focusing broad formatted atomic (ionic, molecular, etc.) beams which are fit for the creation of
the active medium of the y-laser and for the other aims, e.g., for the acceleration by many orders of the selection of atoms, molecules,
isotopes, isomers, radionuclides, for high precision methods in the spectroscopy-chromatography of the macromolecules, efc.. The
apgropriate Multi Beam Emitter systems, MBE, are based on the dividing of the broad formatted beam of nuclei into a big amount ~
10°-10° of the collinear microbeams with use of the especial deeply engraved gratings together with ad' #ioc jon and laser optics. MBE
will be realized in a non-y-laser sphere before the first direct y-lasing demonstration experiments.

Keywords: quantum nucleonics; gamma-generation {induced, super-radiant in plasma, in beam, in solid); amplfification without
inversion, Borrmann effect, hot microplasma in cold solid; coltapse of HFS by motion; soft prompt transplantation of excited nuclei;
multi-beam laser selection; heat blast of active media) of gamma-ray laser (residential, non-residential); optical pressure on atoms; laser
cocling and acceleration of beams

1. Introduction. The difficulties in a problem of gamma-laser (GL) creation[1-27} can be overcome only if the adequate cardinal
innovations will be introduced into technique of experiment. Hence the investigations of the ways for Gl-creation necessarily must be
accompanied with the generation of some new technical directions which can be useful not only for GL. The GL-nvestigations of the
beginning period led to a row of directions {e.g.,[1-7,23,27]) which at that period were considered as mutually incompatible. E.g., the low
temperatures are needs in the methods of line-namowing [4,5,8,19,23,28,71,72] . But low temperatures are impossible at the pulse
pumping [6-7,23,27]. The short-lived nuclei which are necessary for pulse methods [6-7,23,27] can not be used in the methods for a
laser selection of excited nuclei [7,89].The work on overcoming of the inconsistency between different ways of the GL-creation was
began in works [23,27] and it resulted in a discovery of a Gl<lass SPTEN (soft prompt transplantation of excited
nucle}[28,30,31,34,35] which in deed conjoins the merits of all three aforecited directions[5-7] but without their flaws.

Fora GL of SPTENclass a time-life of excited laser-active nuclei (£LAA) is less than 10™ s and a relative inverse population in active
medium is more than 90%. Owing to these beneficial conditions a GL of SPTEM-gamma-laser can do without methods based on use of
HES (hyper fine structurg) [8-11,13-17] (e.g., methods of line namowing, methods amplification without inversion). Hence the GL-
schemes of SPTEN.class are free from a demerit of many modem GI-models - just namely from an instability to fluctuations and
distuption of HFS (hyper-fine structure) at the inevitable powerful radiation-heat impact on active medium of G£[9,10,12).

The SPTEN-schemes are based on use of so called «softening complex» (SC) of measures in order to soften threshold and radiation-
heat regimes in GL. One of the elements of SCis a laser selection of ELAN specially elaborated for SPTEN. A function of input device
for a transforming nuclear radiation (neutrons, y-quanta, etc.} into a beam previously enriched by £LAN (due to Sziard-Chialmers sffec)
is a «converters named in more wide than GL employment as a «nultibeam emitters (MBE). MBE in complex with selection and
transport-focusing systems (S7FS - sefection and transport focusing system) are the most complicated (among all multibeam {(MB)-
systems) just in case of GL owing to concurrent superposition of five rather rigid conditions:

| -a high relative inverse population @ =1 — % = 0.9 on the output of S7FS,

Il - a big amount of ZLAN~ 1012 - 10*% on the output of STFSwith a good reserve which is by 1 - 2 orders more than a threshold value;
11} - a short total time (less than 107 s} for puise action of STFSin its entirety;

IV - a soft transplantation of £LAN into substratum at a kinetic energy of atoms less than 500 eV,

V - a high (more than 10°) compression of a large format beam with a cross-section ~ 10°-10* om 2 into a tight strip with a cross-
section ~ 107 om x 1 em.

However the conditions for use of MBE are more softer for a lot of many other goals (e.g., a selection of stable and fong-lived nuclei)
which are not finked directly with a GL-pumping. For that cases a creation of MBE is more simple problem than in case of GL A
realization of MBE in simple cases can be considered as a simulation of more complex MBE-schemes because the general designation
of all MBE-types (simple and compound) - it is a preparation of a beam for an effective selection (with use of laser or in other methods).

2. Structure of multibeam emitter (MBE). In its extemal form a working body of MBE resembles a diffraction grating used in
optical diffraction spectrometers. The more near analogy could be the microchannel plate. The working body of MBE is represented at
the distinct fist at the end of this paper. But the MBE-grating for the improvement of selection nesds to have a more deep (by 1-2
orders) «threads (alias the "riffle” or "groove”) and a more big density of egroovesy ~ 10 cmrl. The extemal working surface of A/BE
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can be both concave (e.g., spherical) or plane [28,30,31]. Let the MBE is constructed as a plane rectangular grating of external
dimensions D; X DX { 1,+ 1), whare /,is a depth for a cell of MBE, I, is a thickness for a bottom of emitter (see below}, D;, D, >>
1,+ 1,. Along side D, a distance between adjacent directing cells (thet® period of grating) is d,+d,, where d; is inner size of a cell, and
d, is a thickness of a wall between the cells. Let in another (orthogonal) direction D, a distance between adjacent cells {the 2™ period
of grating) is d>+d, , where ds is another inner size of a cell. Let dp = d; <<d; << 1, << D;, D, . Such relation betwsen the sizes of
MBE is near an optimal one in many cases. Each cell has inner volume d; x d: x Ip. The initial values of divergence angles for micro-
beamsare f; = 2d;/1l, and B = 2d,/l,. Characteristic sizes of MBE: d, =d, = 0.00Icm ;d> = Olcm ; Iy = Iem
D, D: ~ 30 — 100 oy =0.002 rad: f=0.2 rad. Such MBE forms a multibeam (MB - multibeam) composed of
Ng=D; X D, /d,+d)(d> +dy) = 108 - 10° micro-beams (1B). The cell of MBE can be created [27-31,34.35] or in a through form
(without bottom), or in a form of cell closed with a bottom. MBE with through cells creates a muitibeam (MB) in a transmission regime.
MBE with bottom (closed cells) creates M8, as a tule, in a regime of scattering (‘reflection’) in plains paralle! with a directing plains of
the cells. MBE with bottom are using|27-31,34,35) also: | - in case when the goal nuclei are bom in a substance of cells; Il - in case of
Coulomb excitation of nuclei with initial kinetic energy ~ 1019 el/at its passing through the substance of MBE (including a blind bottom);
fIl - in cases when the separating mixture is previously stored {adsorbed or congealed) in cooled cells. In this last case the stored
mixture is then heated and then is going into A48 with a time-dependence and duration comesponding to a heat-cell-regime {impulsive,
continuous, etc.). The “bottom” of closed cell has a thickness /; ~ 0.001 — 1 ¢in. For the layout of electrodes and traps (see below
points 7-10) within the MBthe last is divided into compact blocks of microbeams with necessary gaps between these blocks.

3. Working conditions for MBE. The coefficient of penetration of atoms through the grating

¢ ~(d; dy/174m) + 0.3 exp(-01p/d)) )
is near a maximal one if an atomic adhesion coefficient & for the walls of directing cells is very small 8 << dy/lp and d>>>d,.[27-31]
in eq. (1) the first term has a geometric (aperture’s) nature, the 2" term is linked with a multiple atomic scattering by the walls of the
directing cells. Eq. (1) approximates the numerical modeling results. In order to decrease & it was recommended [27-31}: I. - To use
some monoatomic coatings with small absorption coefficient for the directing walls; Il - To heat the walls of MBE up to the temperature
T ~ 1000 K. Besides absolutely there are need both: a vacuum 1072° — 107! Torr and a careful cleaning of the system from the
sorbed atoms and molecules. At 7' = 1000 K, atomic {molecular) weight 4= 200, the initial prolong mean velocity of atoms in MBE s

V, = 1.57 10° (T/4)" em/s = 3.5 107 em/s . ¥3)
A boundary layer (BL) of thickness # ~ I cm arises along the output surface of emitter for a time #, = AV, ~ 3 107 5. The selective
excitation of atoms in this layer is created by laser beam of band-like profile with a cross section DX /. The wave vector & of that
beam is parallel with the output plane of MBE and a side D, and is orthogonal to a side D:.

4. The recharging in a boundary layer {BL). The recharge {charge exchange) leads to big difficulties in the extraction of ions with
goal nuclei: as a rule the goal ions lose its charges due to recharge at the insufficient high degree of vacuum depression in a beam or in
a cell for selection and selection experiments finalize in failure even for the stable isotopes[10,38]. In deed, the condition for a resulting
relative concentration (content) of the goal ions @res = I — Zres ~ 1, (Jres<< 1) IS
h Nmix Orech< Hres 3

The left part of inequality (3) is a probability of a recharge (with cross-section arecn) for a goal ion at the extracting of ions from the
boundary layer {BL) of thickness #; nmy — is the total initial concentration of all atoms (goal and non-goal) of mixture in BL. In case of
one-beam L/Sthe term “boundary layer {BL) needs be changed into a more correct term “initial volume of a mixture at the beginning of
beam’”. A recharge is the most risky on a stage of a goal ion extraction from BL because a vacuum in the rest part of selecting system is
more depressed and hence the recharge probability is essentially less. The other parasitic processes in BL are suppressed also at
carrying out the condition (3) if the cross-sections of that processes are not more than or of the same order as a value Grecn. Let the
relative content of the goal isotope in the initia/ mixture is v, = /A << 7, where 7, — is the initial concentration of goal nuclei in 8L,
Then from (3) it follows

. , h "20 < Xres m(/o-ex - (4)
A typical example 2 = Icm, Orecn~1 0" cm’, ey ~107" , res~0. 1, Wres =I-Jres~0.9 (90% of goal atoms at output of system)
gives the next value for the initial (before selection) density-fiux of goal atoms {molecuies)
hng~10"% em™ . (%)

5. Necessity of transition to multibeam (MB) systems. Hence in a typical case only so smalt flux of goal selecting atoms /4 1o ~
10'° cmi? can be given into the entrance of selection device. In order to increase amount of atoms at the entrance it needs to increase
the input cross-section of a monobeam in L/S-system (e.g., in common AVL/S-schemes) significantly more than 10 cim X 10 cm but
without degradation of a beam collimation. In common systems it is possible only if one increase a length of «entrance» above 700
meters. A transition to AZB-systems takes off this problem.

6. Complex of selfconsistent conditions for MBE-action. The MBE-action is effective at the abidance of the next complex of

selfconsistent conditions:
I. - Conditions {3),(4) in a common case, or the condition (5) in typical case;
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II. - The condition for a big active section of MBE
d - ; 7 e 2

S=D; x (d]/(d1+do)) x Dy % (dg(dg+d0)) >> lem™ 6)
I11.- A minuteness of aperture B = 2 du/lp~ 0.002 rad, at which a Doppler-width (hindering to sefective laser jonization, SL)) Acwp ~
(B Vsop/c) ~ 4 10° s is less than natural width of optical transition gy, ~107-10° 5" Heremgp~1.5 107 5™ is a frequency of
optical transition with energy £,,~I el”; ¢=3 1019 cm/s is the light velocity. The wave-vectors k of SZ/photons are parallel to the
side D; and orthogonal to axis of MB.
IV.-The acceptable total length of MB-device for LIS is about cne meter [27-31].
7. Production of selection for the systems of multibeam (MB) and monobeam types. If G;is a coefficient of selective
ionization and 7 is a coefficient of conveyance of goal atoms onto substrate then a full number of goal atoms at output selected after
one circle is No = (1~ 1es)SGihngm )
Let S= 500-5000 cm?, hno= 10" cm™, G, = 0.5, jres = 0.1, 7= 0.5, then Ny ~ 10 - 10" . (8
A boundary layer (BL) of a thickness 2 = 1 cm is filled by atoms after the time 1,= AV, =3 1 07 s. A total time of a pulse SL/and a
conveyance of goal atoms onto substrate{31}is fg.i+conv < 107 s. A time for cleaning of BL from non-goal atoms, ions and molecules is
less than 107 s. At such conditions a period of selection £se; and a frequency of selection-cycle e are

teer = 410°s | Vo= Utser = 2.5 10 Hz . ©)
As a result the production of MB-system after day (# =86400 s} is
N = Noveer 13 = (2.5 1021 -2.510%) £ (10)

of goal atoms, e.g., ~ (1 — 10)fs grams of goal isotope (at atomic mass A ~ 100 - 200 a.¢.) after day, where the factor fa=1- 1073
is linked with an uncertainty in evaluation of a selection period. The input part of a beam in usual (monobeam) L/Ssystems needs have
alength ~ 10° cm (instead of ~ 7 cm in MB-systems) in other to form a collimation angle f; ~ 0.007 rad at a diameter of abeam ~ 1
em. At such conditions the time for a rebuilding (cleaning) of system in case of a monobeam LIS- system amounts ~ 107 — 10%s.Ina

resultat S’ ~ / e’ one has

Ny ~310°, viyy~ 10° — 10° Hz, N°(©) ~ (10"°— 10”) f3° per a day. @an

The parameters of a monobeam is marked here with & dash (' ). A comparison with (10) is pointing on a cardinal growth of goal
atoms production at transition moncbeam selection systems to MB-systems. This result is based on two features of a multibeam (#B):
[-The MBhas a transversal cross-section S which is more by a factor /; ~ 10%- 10* than a cross-section S of a monobeam with the
same collimation angle.

i1.- The MB could be divided (see sec. 2) into the blocks of a small width ~ 107! ¢m. In the gaps between the blocks the traps for
impurities {e.g., the thorium wires or grids) could be inserted. Owing to it the time for the cleaning of a multibeam {MB, from the
impurities can be decreased by a factor /5 ~ 102 - 103 in comparison with case of a monobeam of a blind cross-section ~ lem?. Itis
apparent that f; = f;. Thus the transition from a monobeam selection to multibeam one leads to acceleration of selection by factor £

which amounts fio= NN ~ fixfoxfs/fs’ = fiXfo~10° - 107 (12)
i.e. the production of multibeam (#B) selection systems is by 4-7orders more than monobeam ones.

8. Multibeam (#4B) emitter as a part of ion-beam system. MB-systems with repeat of selection process. AMBemitter is the
anode of the ion-optical system (/OS). /0Ss the most complex in case of GL when at first the goal ions accelerates and then its refards
and softly transplants into a micro-target of small dimensions which are by many orders less than the anode. If it needs (see below p.10)
one can to create MB-systems with a repeat {two- or more-fold) of the main selection process (e.g., selective laser jonization) in some
few parts of a transport-focusing track [27,28]. For the extraction, acceleration, cormection, retardation and focusing of ion-beams
practically all methods of ion-optics can be used (with stationary, pulse and running wave type electric and magnetic fields, a feedback,
etc.). A high directionality of microbeams leads to a special modification of ion-optics[31} which is used in /0527-31] for the increasing
of a laser ionization effectiveness, for an acceleration of a conveyance of goal ions, for the increase of its compression and for decrease
of its transport leakage. In case of GL the transport's leakage can be decreased below 90%. The main reasons of transport's leakage
are linked with strong retardation and edge focusing {for GL) of MB. The transport's leakage of goal ions is small in case of more simple
(than GL) MB-systems in which the retardation and (or) the edge focusing are needless.

9. Selective laser ionization (SLJ in a regime of saturation or induced transparency. A selective laser ionization (5L} could
be[7,34-36,38,89] one-resonant (the first transition is selective-resonant, but the second is a broad ionizing transition); two-resonant {two
first transitions are selective-resonant, but the third is a broad ionizing transition) or 7+rescnant (n > 2; the first 7 transitions are selective-
resonant, but the last is a broad ionizing transition). Each subsequent transition moves upward from the level which was excited in a
previous transition. The more amount of resonant selective transitions the higher a selectivity cf SLI and the higher order of relative
inverse population can be achieved (e.g., at the selective laser separation of isomers). At 7 > 2a selectivity does not depend on the
value of a Doppler broadening. At 77 >2the use of SL/is technically more hard. Hence 17 =2, as a rule, is enough and optimal.
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Let us consider a density flux of photons for a laser radiation @ys;(x, weptr) = @ (x) of a band profile dependent on a path length x
along a boundary layer BL at the direction Dy (see sec.2). This flux excites the first selective transition on a frequency @opts in goal
atoms (molecules) of BL. The second selective transition on a frequency woptz must be excited by a flux Dosy(x, wepre) of @ laser
radiation of a band profile along a boundary layer BL at the direction which is opposite to a vector Ds. A Doppler breadth is minimal at
such orientation of selective flows. The ionizing flow with a broad bandwidth needs be directed also along the boundary layer 8L but
orthogonal to the line Dy (i.e., parallel to D). A Doppler width at this direction is by factor d;/d; more than at the direction Dy. But it is
not sufficient for the ionizing transition with a broad bandwidth. The moments of cut-in and lasting of the laser pulses of different carier
frequencies (@opt1, @Woptz , Wopts) NEed be synchronized in case of the pulse SLAregime. In some cases it is helpful to use the mirrors:
an effective pathway xmaxin 8L becomes longer, the SL/becomes more fast and homogeneous. But it needs to attend in order that the
reflected beams would be parallel to the incident ones. Otherwise the reflecting would increase a Doppler breadth and would lead to a
marked disturbance of a puise synchronization. The conditions for a propagation of selecting radiation have a big account for a quality of
SL/ A resonant cross-section is ores ~ 107 cm? for the transitions of energy E,, ~ 1 eV, Apath-way of resonant absorbing for a weak
signal is L,o;~ 0.1 em at ng~ 10" em™3. Hence a propagation of laser resonant beam along a boundary layer BL after distance D; ~
10 - 100 cm >>L,.~ 0.1 cm is possible only in the saturation or induced transparency regimes. Below is shown that at £, ~ I el
the surface density of power @E,,,~10 Wemr” is sufficient for the realization of such regimes. Indeed, let here @ is a surface density
of photons’ amount. In deed in a stationary regime in a saturating flow @ the population difference in 8L amounts

A=n-n. =np/l + 2(D/Dyy)). {13)
Here Dsat = ( 110,,10',65)'1 ~ 10 photons cm™s™* is an adopted “scale” for the saturating flux,
Gres=A A1 H{T1optAp)2)47) ~ 107 cni® (14)

is a cross-section for an induced absorption (emission), Awp~ wepf Vs/c ~ 4.1 0°stisa Doppler breadth, A ~ 10% emis a
wave-length; @wop: = 271Vept ~ 1.5 10 s"isa photon’s frequency, Tipt ~ 107 s is a time-fife of an optically excited state. The
equation for the dependence of @ from a coordinate x along Dy is

dd/dx = @O'resA = Gres Mo //(] +2 (@/@sat)) (15)
and it has an exact decision in an implicit form:

@ = @ exp(-§ +2(po—p), (16)
where @s = @/Dsat, @o = Do/ Deat, & = X/Lres, Lres = (Ores nq)'1 ~ 0.1 cm, @y = D(0)is an initial flux density. Explicit
approximate decision is:

@s /po = /Dy = 1-EN1 +2¢y). (17

Numeral example: At D; = 100 cm and d; = dj one has Xpux = Dy/2 = 50 e, Gax = Xma L%= 500. At demand &¥/d; >
0.9 ong has Enax/(1+2¢0) < 0.1. Hence @p= Do/ Psar > 2500, @y > 2500 X Duqt ~3 10%° em™ .5"1, D) E,,; ~ 10
W/cm®. Hence a longitudinal homogeneig of a light flux along a layer BL ®(X.x)/®(0) ~ 0.9 is achieved in a saturating regime at
the energy flux @(0) E,, ~ 10 W/cm”. A transversal size of a light flow amounts ~ Dyxh ~ 100 cm”. Hence the necessary
power from a dye laser is P ~ 1000 W. The energy of SL/pulse at SLépulse lasting £sij < 107 s amounts Px te; < 107 J andis
more than the excitation energy for a total amount of the goal atoms (molecules) in the BL. The SL/+ealization demands simultaneous
or altemate action of some few good synchronized pulses at different camier frequencies(7,36,38,89]. All that pulses can penefrate
through BL (along D) practically without a resonant absorption if a decision of equations (14)-{17) satisfies the condition D Xorpar) ~
@X0). At enough big input flux @{0) the tandems of 7- or 27-puises propagate through the resonantly absorbing medium. In this
case the attenuation of SLI-field is stilf less than at a saturation and the equations (14} — {17) are applicable only for the quality account
of the transparency in the BL.

10. LASER SYSTEMS FOR THE CORRECTION OF THE MBE ACTION.

10.1. The comection of the microbeams’ angle divergence. The laser radiation is not capable to create the sufficiently low
longitudinal temperature in the atomic beams as like as the active medium for the realization the gamma-laser [34,35]. However the
transversal laser cooling for the atomic beams in SPTEN is rather useful and feasible]34,35]. The guarantee for that feasibility is a rather
low ~ 101°-10* cm™ atomic concentration of the atoms in beams and a fine directionality of their movement ~ 0.1 angular degree.

The methods for the transversal lasing cooling (collimation) of the atomic beams had been realized and checked in a big amount of
the experiments. The analyzing of that experiments is placed, e.g., in the survey [82]. The estimations below are based on data of that
survey. The transversal laser cooling use the recoil of the atoms at the absorption by them of the photons from the laser waves with
wave-vector orthogonal to the beam. Besides the frequency of that photons @ needs be shifted into a red side relatively to the atomic
transition frequency @y. At that red shift, & = @ - @y < 0, the force of the light pressure I is directed against a transversal speed v
of the atom. Hence the light pressure [ is a force of friction. In a linear on a velocity approximation ones have the following formula for
the friction force F=-Mfyv. Here fy = 8@t (16 / (1+8 /7))’ is a friction cosfficient, @rec =h k°/2M is a recoiling
frequency (a recoiling energy divided by Plank constant). The rest terms are: M is a mass of atom, yis a width of the atomic transition,
k = ayc is a wave number, @s = @/ Ds is a saturation degree, i.e., a ratio of the laser radiation intensity @ to the saturation
intensity @s. The @ - values were used in the previous sec.9. The spread of the transversal speed could be decreased to the value

Proc. SPIE Vol. 4352 237




Umin ~ (2RY/ M)”2 at the transversal Doppler's cooling of the atomic beam. The parameters y = 10" s, M = 50 afomic
units are character for the atomic selection. At such parameters the minimal velogity spread is about Umin ~ 30 cm/s. But the same
spread Viyansv1 ~30 cm/s needs be given at the MBE's output, see sect.2. Such coincidence could be very beneficial for the joining
of MBE with the transversal laser cooling[34-36). A part of the cooled atoms resulted in the transversal Doppier cooling lies near the unity

for a beam with & low density [82]. The deceleration time

Tret ™ (I/kvrec)(kvo/}/)s/j,ggs (18)
and the deceleration path
Lt ~ A(ykvrec) (kvo/7) 12 @5 (19)

are need for the deceleration of the spread from the original value v to the end minimal one Umin. Here A = 277k is a wave length
of the laser radiation, Uree =F kM is a speed of the recoiled atom, M is a mass of the atom, ¥ is a natural half width of line for the
atomic transition. A numerical example : M ~ 50 aromic units ~ 8 107 gram ; Egp~1eV =1.6 10% w~ 15
10 st l=w/c~5107cm A~ 10 cnm y ~ 107 577 Gps ~ 10-9 cm2; Bs= §/Tres ~ 10" en’st b= 107% erg s,
Vree =T KM ~ 2 cm/s, Avmin ~ (21 y/A)"* ~ 20 cmfs, g ~ 10° cmi/s. Hence
' Lret ~ 0.5 cm/@s, Tret ~ 5 107 s/ @s. (20)

Itis a case of a bad initial transversal velocity spread vg ~ 10> cm/s which is more by a factor ~ 20 tlpan it needs (Vo necessary ~ 30
cm/s in the accordance with the sec.2). At these conditions the deceleration time is Zrer ~ 5 10™ s/@s. The atom is excited in
schemes of [82]-type through one canal (induction by laser wave) and is de-excited through two canals {spontaneous decay and
induced emission). In present work on owing to the analyzing of such scheme action the following additional «cinematic» condition

(demand) is revealed

Tret = 2'00/ UrecY 21
This condition gives with account of (20) the restriction on the saturation parameter
@s <5 (2r)

Hence ones have in given example:
D<E5Ds ; P Egpy < 5PsEgpt~ 0.1W/'cm2; Tret = 107 s Let>0.1cm. 217"

That case cormesponds to the difficulties of a real experiment with a real, non-perfect MBE-grating and with a real non-perfect ionic
optics {28-31,36].

10.2. The previous forming of a sharp directional movement in the atomic mixture for its effective propagation through the
grating of the MBE. Let the atoms of the separating mixture are accelerated up to the velocity ~ 107 ¢/ before the intrusion of
these atoms into the grating of the MBE. Let such accelerated atomic flux is collimated by the laser as like as in sec.10.1. The atoms of
such formed flux will penetrate into the grating of the emitter almost in paraliel with the walls of the directive slits. The estimation {1} of
the penetration coefficient & (see sec.3) was made at the suppose of the isotropic distribution of atoms over the velocity's direction
before the penetration into the grating. But that distribution will become sharply anisotropic in case of the previously accelerated and
collimated beam. Hence the outlined above procedure of the previous laser action on the separating mixture could give the significant
growth of the penetration coefficient & in a comparison with the formula (1). Any decrease of longitudinal velocity spread is not
necessary in that case. This fact is beneficial for this experiment realization. The violet shift S = @~ ap > 0 and the fulfiiment of
conditions as like as ones in the section 10.1 are necessary in order to accelerate the atoms of mixture up to the speed Uend ~ 10°
cm/s for the time £ace The main equations are like as above in sec.10.1. The acceleration time

Tace ~ (1/k0res) (kvo/7)* /305 22)
Lace ~ A(WKUres) (K0o/7)2 12 s (23)

are need for the deceleration of the spread from the original value v ~ 0 to the end maximal one Vend.
A numerical example: M ~ 50 atomic units ~ 8 105 gram; Eqp~5e1"= 8 10 w~175 10%° 5'1; k=wlc~25
10%em ™5 A~ 2.5 10° cm; y ~ 10° 57, 60 ~ 5 107 cmzsz Bs = ¥/Cres ~2 10" em™s”; B = 10 erg s, Vrec =h /M
~ 10 cm’s, AUmin ~ (27 /M) ~ 200 cm/s, Veng ~ 10° cm’s. Hence

Locc ~ 330 cm/ s, Tace ~ 2 10° s/ ¢s. (24)
The atom is excited in schemes of [82}-type through one canal (induction by laser wave) and is de-excited through two canals
(spontaneous decay and induced emission). In present work on owing to the analyzing of such scheme action the following additional
«kinematics» condition {demand} is revealed

and the acceleration path

Tace > 200/ UrecY (25)
This condition gives with account of (20) the restriction on the saturation parameter
@s < 100 (25"
Hence ones have in given example:
@< 1000 . P Ey < 100D Egpi~ 1.6 10*Wem” . Tace > 2 10° s o et > 3 om. (26™)
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Besides the synchronous increasing of the frequency shift & = @ - wp > 0

Jrom SWmin =0 upto OWmax = W0 Uend/C ~3 1010 s 2n
needs be used in order to compensate the Doppler shift's increasing. Also other measures discussed in [82] could be used for this aim.
All that measures correspond to the difficulties of a real experiment with a real, non-perfect MBE-grating and with a real non-perfect
jonic optics [28-31].
The laser collimation task in mixture flux forming could be solved at the same conditions (the intensities included) as like as ones in
the section 10.1. It is seen that a problem of the formation of the sharp mixture intrusion in the grating of the emitter (sec.10.2) is not
more complex than the task for the transversal laser cooling {colfimation) of beams which are emerged from the MBE (sec.10.1).

10.3. The decrease of the atom’s esitting time» and adhesion on the directive walls of the MBE-grate. The special covers and
the high-temperature heating (~ 1000 K) were suggested in the early works on the MBE [27-31] in order to decrease the atom’s «sitting
time» and the adhesion on the directive walls of the MBE-grate. In the late works [34-36] that suppositions against the «sitting» and
achesion were refilled with the suggestion of the laser resonant (and hence selective) cleaning of the surface from the gsitting atoms».
The frequency of laser radiation needs be resonant with the oscillations of atom attached to the surface by the elastic forces. In a result
of the multi-photon resonant cascade transitions the bind «surface - atom» will be broken. This measure leads to the significant
additional decrease of the effective adhesion coefficient . Besides the resonant character of the laser beam action saves from the
emergence of the unwanted atoms which hinders the selection.

All above (sections 9, 10) give only small part of the possible auxiliary applications of laser radiation apart from its main application in
MBE, viz,, the selective laser ionization. All this in toto points on the unlimited amount of different variants on the way of the
development and the creation of the Multi Beam systems of the selection.

11. Selection of short-lived isomers and radio-nuclides. Anti-decay effects (ADE).

For a selection of short-lived isomers and radio-nuclides one needs of a converter[27-30] combining the praperties of a nuclear target
and MBE. The goal isotopes (isomers) are arisen in a substance of target with a concentration less than 1077-107** at the exposure of
nuclear radiation {neutrons, photons of the big and middle energies or other particles) even from the most strong pulse reactors. Hence
to evaporate imadiated {by nuclear radiation) target and after that to selectively separate the resulted mixturel7,10,38,89] for a short
time-life of a radio-nuclide 10™ - 107s is a practically unfeasible problem. But in case of a solid unvaporized target {i.., a converter-
MBE} a boundary layer (BL) filled up with atoms only of two types:

| type - the recoiled atoms (Szifarg-Chaimers effect)and

H type - the other atoms which are knocked out the walls of the converter by the recoiled atoms. So a relative concentration of goal
nuclei in BL at the output of MBE-converter (Co ~ 102 — 10™) is more by 5 - 7orders{27-30] than in the gas cloud evaporated from
the irradiated target (in methods(7,19,17]) and this concentration. This concentration N, at the output of converter does not depend on
the volume pulse radiation dose in the target-converter{27-30].
A big amount of the secondary electrons activated by the intemal electron conversion (/EC) arises in a multibeam (#/8). The many of
these electrons recombines with a positive charged ions or vanishes at the touching with the walls of the LIS-system. But in case of
short-Jived isomers a significant part of secondary electrons ~ 0.001 — 0.1 “glues” to the neutral atoms and hence forms the negative
ions [35]. So a BL contains a notable portion ~ 0.001 — 0.1 of positive and negative ions (labeled below as “side” ions (S4), which
arise non-selectivelyin a side result of /£C. Hence if there are no the especial measures for the cleaning from S/then the hindrances of
two types will arise:
1. - Alot of S/are undistinguished from goal ions arisen at SL/. Hence the goal ions are focusing together with S/and so the relative
content of the goal isotope at outlet of £/S decreases.
2.- The goal ions are scattering on the S/ and this reason something complicates the task of MB-focusing. But at time-ife of a
radionuclide 77 > 10° s and at a summary duration tsum = tsis + fextr < 107 S the system for cleaning from S/ could be
created without the insurmountable difficulties. So both types of hindrances above are removed. Here tsi is a time of SL/pulse, fextr
is a time for an extraction of goal ions from BL. During the time fex- the cleaning from S/needs be interrupted.
Let regard the case of edge focusing of goal ions into a micro-target. Let p is the probability that the de-excited nuclei will hit in the
focus (into the microtarget). Let after goal ions extraction from BL in some of them an act of /EC arises and their nuclei become de-

excited. Such ions with de-excited nuclei will change charge and will be: {A) — defocused and {or) (B} - captured into traps. So at such
conditions the probability o will become small: p << 1. So the relative concentration of goal nuclei in beam ¥ will decrease with a

time of passing & more slow than a usual exponent[34] exp(- t/7,), namely
W t/;) = exp(- t/'t)/(exp(- t't) + p’ (I - exp(- /7)) = 1/(1- p’ -+ p’ exp( /7)), (28)

where ¢ /s a time for residence of nucleus in a beam (a passingtime), o’ = (1+ap)/(1+a), o is a coefficient of /EC. So owing to
"cleaning” action of focused multibeam system the relative concentration of short-ived radionuclide in a beam becomes less dependent
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on /EC-decay. l.e., a special "anti-decaying effect” (ADE) arises. ADE is provided: (1) - by the edge focusing (o < 0.7) and (2) - by
the cleaning-traps-system. ADE is big (¥(t/z1)~1) at p << 0.1 and « >>1. ADE vanishes, i.e., /) = exp(-Ur),at a =0
andior) p=1.

Numeral examplc: At @ = 50, p = 0.01, t/z;= 4 one has ¥{(t/r;) = 0.388, in contrast with @, = exp(- ¥/z;) = 0.0183,ie. the
decay-decreasing of the relative inverse population is retarded by the factor H{(#/z)/ma.=21.2. ADE Is possible also for a row other
nuclear processes (not only 1EC) wiich are accomparnied by the change in a charge of electronic shell. Also another mechanism ADE,
more strona than above, is possible. It consists of a repeat of the main selection process (e.g., SL} in two or more places of a
transport-focusing track (see p.8).[27,28] Such mechanism complicated a MB-system but it supply the high relative concentration

of goal atoms (molecules) [27,28] which by some orders exceeds the “decay” value @y = exp(-t/z;..) at a big passing-time £>f,, on

the outlet of MB-system.

SUMMARY

Multibeam emitters (MBE) with high oriented developed microrelief are suggested to create more effective multibeam (MB) selection
systems (e.g., laser selection). A general function of MBE is a preparation of a beam for an effective selection. A beam of a big
transversal format is splintered into ~105-10° parallel microbeams on the outlet of MBE. As a result it becomes possible to increase a
number of atoms at input gate of device for selection and at a time to decrease the next parameters: Doppler dispersion, aberrations at
focusing of broad beam on a microtarget, a time for the renovation of selection cycle, a density of amount of atoms and, as a sequence,
to decrease a probabilities for a lot of parasitic processes, e.g., for a recharging of goal ions. Hence in principle MBE are capable to
exceedingly (by some orders) accelerate the laser selection of molecules, atoms, isotopes (L/S5' - Laser lsotope Selection, AVLIS -
Atomic Vapor L/S), the stable and short lived isomers, radionuclides. At realization in the microrelief of MBE of nuclear reactions for
creation of goal radionuclides #4e relative concentration of the last at the input gate of L/Sbecomes by 5-9 orders more than in case of
evaporation of imadiated nuclear targets in AVZ/Smethod. The mechanisms for conservation along beams of relative inversion for the
short lived nuclei (ADE — antidecaying effects) are suggested. The ideas of MBE and MBsystems (e.g., the ideas of SPTEN - Soft
Prompt Transplantation of Excited Nucle}) arose in the bosom of GL-problem and they are material for the Gl-realization. But MBE are
useful in decision of more wide circle of problems than only GL { GL, laser and electromagnetic selection of molecules, atoms, isotopes,
isomers, radionuclides; precision beam chromatography-spectroscopy of macromolecules in biochemistry, etc.). Semenov Institute of
Chemical Physics of RAS has an experimental basis, know-how and takes the lead for the formation of the Intemnational Cooperation
“Project MBE for the development and creation of MBE for various goals on base of modem physical-chemical (e.g., laser) micro and

nano-technologies.
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Joint gamma-generation and radiation-heat regime (GG&RH) theory for gamma-lasers’
screening in the first approach of "Soft Prompt Transplantation of Excited Nucle"

S.V Karyagin

Semenov Institute of Chemical Physics. RAS. Prospect Kosvgina 4, 117997 (GSP-1). Moscow, GSP-1, Russia
e-mail: chaika@chph.ras.ru ; fax: (095)-137-8318

ABSTRACT
Joint theory of gamma-generation (GG) and radiation-heat regime (GG&RH) in active medium (AM) of y-laser (GL) was created and
applied for the analyses of the total world experience in the GL-problem in order to choose those nuciei-candidates, active media, GL-
schemes which are indeed actual for the GL-creation.
Keywords: quantum nucleonics; gamma-generation (induced, super-radiant in plasma, in beam, in solid); amplification without
inversion, Borrmann effect, hot microplasma in cold solid; collapse of HFS by motion; soft prompt transplantation of excited nuclei;
multi-beam laser selection; heat blast of active media) of gamma-ray laser {residential, non-residential)

PART 1. GAMMA-GENERATION THEORY.

The y-generation theory with account of a big hindrances' complex is developed and checked on the example of big amount of
different work nuclei. The real conditions for the y-generation are much rigid, more rigid than the relatively soft Shawlov-Towns
conditions for the induced radiation or the conditions for the super-fluorescence (super-radiance) which are deduced without the
appropriate accounting of the hindrances. At the calculation of the real active medium (AM) for the y-generation it needs to account an
absence of the good reflecting mirrors, the stochastic character of the origin initiating y-wave, the lethargy of AM relatively the
resonant processes, the surplus of the spontaneous decay’s rate above the rate of the exit of AM from the lethargy, the amplification of
the y-radiation phase’s damping owing to the non-resonant absorption of y-quanta and the heat regime. The real AM and the
appropriate radiation-heat regimes accept the y-generation only in a solid and bind a number of the nuclei-candidates and the hosts.
The conditions for the generation are quite different between the «nonresidential» active media and the cresidential» ones. Hence they
are different also between the first «fuse» y-lasing section and the subsequent more powerful sections of the compound y-lasers.

1. Real threshold conditions (R7C) for induced gamma-oscillation
The parameter p of "Reserved Amplification” (R4) is introduced through a formal balance equation[23-32,34,35,49,50] in the most
favorable case of 100% inverted population and at the supposition that the maximal value of the resonant cross-section is reached

noyw’u=pmo+ n o), '¢))

where n = i, + n. is a total density of working nuclei amount (DWN/A) averaged over tooth volume; 1. is DWNA for a level “+ 7 and
1. is DWNA for a level “” Here the level “”is considered as a stable or almost stable one when T_>>>.. Here ©_, 1. are the live-
times of levels “"and “*"correspondingly. It is so for the majority of nuclei candidates. The seldom case when _~ . will be regarded
especially in another paper. But here it is adopted only the relation .>>>t.. And hence 7; = 7.. At this condition a formula (1) is a
certain formal definition of R4 The value

Lo= (no+n'c)”’ 2
is length of non-resonant losses in tooth. Appropriate value in pocLmPequals 2L,. The Reserved Amplification (RA) is a formal «gain»
RA =p = (n2/1) noolo (3

on the photon's free path length L, in a continuous substance of tooth. The definitions (1) and (3) for R4=p are only a handy
combination of basic values and the equation (1) isn't a real balance equation because n,< n and the induced cross-section could
reach its maximal limit ( 7./7; )n o only at the time 7 >> 75 .[9.81]. The necessary for the y-generation value R4 is estimated from a
complex of conditions below. According to (1) the value R4 has a maximum p,= pg 72/7T; where py =0y /0. For 380 ones have py
= 858.

Another basic value is a density ' of host-atoms. For a diamond ' = 1.76 1 07 en®. The relative impurity concentration /', a
value , total length L of DOCLMP. relative length y = L/2L,, amount of diffraction modes m, all these data are used as the input
values for the chain of the subsequent estimations in the special algorithm{34,35]. Then the /nferim values are derived: the reserved
amplification R4; the cross-size d {diameter) of active medium AAZ; volume of AM V ~ &L (this formula is exact for a square form
of AMcross-section); sofid angle € ~ d*/17 of diffraction mode; total number N, = n¥72 of working nuclei (ones need to account
that half of comb-like AM is empty); resonant cross section oy { averaged on HFS, polarization, wave-vector direction at frequency

maximumy i.e.
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W = (A (vn)+(c V)i Lo = (I- Y/(n'c); L=2yLe; p = wpow/ni; d = (mAL)"; V=4 (L)’ mA ;. Q2=mNL; (4)
No=2 (min'c's) w(l -y (5)
op = (A2 fw/(l+a). 6)

The number of y-quanta arisen in the amplification of stimulated emission (ASE) at account of width-path effects (sec.2.0) is

Nuse(p) = (Ns'¥) j exp(=x’) dx” fexp[[ pG(x')— 2 ] ¥ — 1]/ [pG(x')- 2]. )
0

In usual case of a non-resonant detector the negative part «-2 » of the «gain» (pG-2) contains two parts: the first ordinary part
«-1 » owing to the direct non-resonant losses and the second equal but unusual part «-1 » owing to the non-direct influence of
the same non-resonant losses but through the introduced above «Width-Path Effects» (WPE) which particularly decrease the resonant
cross-section. Without WPE the «gain» equals to (pG-1). Here x=£/7;is a «normalized» time; Nis = (m/4)yp(t:/12) exp(-x) is a
number of spontaneous s-quanta emitted for all generation time in /7 modes in a spectral interval 77 exp(-x;) = no(0)/n; ni(0) is
FLAN-amount density at momentum ¢ = 0, the value n = n, + n is independent on time (at the condition z.>> t,). A value
pGx)/Lo is a generalized induced gain for the time x The cross-section of induced emission oyt equals to zero at the start
momentum ¢ = 0, when a resonant interaction (of ELAN and v-radiation field) is switched]9,10,12,17,81]. The value of oit)
asymptotically grows up to its limit gj'20) = o, during time ~ .. Any correct formula for G;(#) is not yet derived because of difficulties
in transforming of complicated non-linear decisions of Maxwell-Bloch equations to cross-section concept. The next simple approximate
formula which contains all properties marked above was suggested and used in Refs.[28-35] as a compromise:
ai(t) = (I- exp(-1/12)) Gi(©). ®
Hence a stationary form p/L,= (1. - g n)(7:/7,) o, for the induced gain need be transformed to the non-stationary form
t
PGW/Ly = 1u(0) tt) — [n.0) ) + | nuft) o-t) V) ]. ©)
4]

Here a.(1) = 01.(90) (I - exp(-t/13)) is oy(t) for emission from “+ ™ nuclear quantum state to “.7 state; ov.(0) = (/T)0, isa
limit for o..(%) at infinity great time. By analogy o +(1) = - +(0) (I - exp(-t/72)) is o3(?) Tor the transition from “-”" to “+” state;
O +(®) = (1/1)g 0, s a limit for (1) at infinity time. In common case a value g can be different from (27, +1)/(2/.+1). Eg.g
= 0 in case of ideal AW/ (see]A]); g = 1 in case of non-degenerated working levels. The nuclei arisen spontaneously in a lower state
“_” at momentum ¢’ are dephased at this time-point . So at ¢ > t' a phasing time #4 of these nuclei (or time of growing of its
absorption cross-section) is 14 = £ - t'. The value n.(t) d(t/z,) is a number of “new” nuclei in state “-” in the time-interval df'. In
case of weak generation the populations n.(t) and n_(1) are

t

n+(t) = n(0) exp(-t/'n), n(t) =n(0)+ I n(t) dit/ ). ao
0
A time-dependent factor G() of induced gain function is transferred to the form (12) at a formal denoting (11):
exp(-xy) = n(0)/n; n = ny + n. = const, n(0) = (I- exp(-x;)n ; an
Gty = (1 — exp(-x71/T)) (exp(-x~ x) — g) + g exp(-x}) (€ - exp(-xt/ 1)) / (1- (/1) (12)
or else (see below) at denotations 2 = €™ and C =(7;/7;) ones have
G =Gy = (1 - 19 (k- 8) + 8 p (- WL - (L/0) (12°)
Note that the limit of G(1) at { =(7/7;) —> lisafuncion Lim{ G (t) at 7,/7: =1}= Giin(t) estimated as
Grim(t) = (1 —€™ +gx) exp(-x;—x)-g (1-€7). (12°)

Here (12") comesponds to a particular case 7; = 7. The decisions (12). (12”) satisfy for all initial and limit conditions. The further
analysis is based on the approximation of G(#) by a quadratic form G(w ~G,, - (1 1)’ K, where u = €™, The values G, t, K
depend on the basic parameters { =(7,/72), g = (2j++1)/2j_+1), exp(-x) =n./n| o :=0. The Poisson’s formula leads to
Nase(p) = (oK' (m/4) (/%) exp(-xy) {f expl(pGr— 20y =13}/ (Gn—2)}s P >Pinr= 2/Gom. (13)

Here the negative part «- 2 » of the «gain» (pGy, ~ 2) contains two parts: the part «- 1 » owing to the direct non-resonant
losses and the another equal part «- 1 » owing to the non-direct influence of the same non-resonant losses but through the
introduced above «width-path» effect action. Eq.(13) is approximately valid at (pG,,— 2)v > 0.5 and contains threshold condition for
ASE p > 2/G,,. The more precision expression at (pGn, — 2) < 3 is derived from (12), (12') with use of a serial expansion of the
exponential on the «generation’s infervaly p< p <,

U+
Nase=Nem (659 | du fexpl[pG(w)-2] vl ~ 11/ [pG(1)~2] = 2Ny (0/pK)"™ [14H(516ey (19145 o) +(8T1280)w)'] (13)
b
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with the relative error less than 20% at vy<3. Here v= (pG,, - 2) and p., p.- are the roots of equation G(1y = 2/p : pp} =t +
AP u(p) = 1, — Ap), where Ap) = [(Gn — (2p)/K]*". The factors «2» instead of «1» in (26) are due to the above Width-
Path Effects. The start-time for »lasing is f. = -7;/n4... The end-time for ylasing is 2. = -zilnp. . Atr <t andatt >t plasing is
absent. Time-interval of ASE-generation is 7.<t< 1. with duration to(p) = t.- t- = Tln(p/1t) and with a maximum of intensity at £ =
t, = -Tilnp,. Eqs.(13), (13°) with p = w p,12/7; give an upper limit of N;. The substitution of decision p’ of equation p' = p t's
/21, (instead of p) to (12), (13) gives a tower limit for A, Here t's = 7(p). Factor t'c /271> over-accounts a frequency band ~ 2(t'c)"
7 of spulse. The real value N, is inside the interval Ny(p!) < Ny < N.(p). A peak energy flow 1, equals (at appropriate p or p" to the

F

integrand of (13') multiplied by E}/(d‘" 7,). A peak saturation parameter Ps = 120,1,/E, is also used below. At big vy>28 the formula
{13) needs be replaced by a -puise asymptotic approximation formula

NASE asympt = N Tpuise ~ dz (p-1)/0‘0 (] 37:)

This formula is based on the Zvelto’s theory[67] which was generalized and corrected in works [23,27].
Numerical examples. According to data of 1.1 there are the next values: {'= /7> = 1.1 exp(-x;) = 0.9: n/n'=510°% o/c=
£710° w=0515: L =032 cm; v =0329;d=3810° cm; p = 416.5 >> p, = 2/G,, = 14.5, p,is a threshold. So tis a
super-threshold lasing. Note, that necessary short period 1~10"s ot ELANimplantation is in touch in SPTEN-method{27-35].
Besides, the prompt shatters with 7, ~/0"” s could be created[23.27]. Other parameters are: G,, = 0.138; u, = 0.705; K =
1.586: A= 0.290; . = 0.995: g = 0.415; 1. =5 1077 = 7.6 10°s; £. = 0.8797; = 1.33 107s; £, =035 1, = 5.3 10%s; t
0.8747, = 1.32 107s: p' = 200. The lasing pulse characteristics are: 10° < N, < 1.3 107; 5 107 < NyE, <6 10°J; fuxF
= Ny/d’: 107 < F< 10" em™; 3 10°<FE, < 40 Jiom’; mean energy flow / = FE/to: 230 < 1< 3.0 10° Wient; 2 10° < 1,<
410 Wenr™: solid angle of mode is @ = A/L = 1.37 10° rad": biightness: 1.5 10"° < 1/ < 2 10" Weem'rad’; 2 10''< I/
< 3 107 Wremirad 10° < P 0.2 16 < Ng < 34. The ratio “signal to noise”. 60 < N.#/Ng < 4 10” is more than sufficient for
the experimental demonstration of ydasing.[27.30] A total number of working nuclei in AMis N, = 2 10". ie., less by 2-3 orders
than amount of £LAN. which can be put into AM owing to SPTEN-method. Efficiency of j<lasing in this case: / 0% < N4N, < 107.
More effective results are at further increasing of concentration n/n’. E.g., at n/’ = 0.01 and the same N, = 2 10%' the values are:
L=0227cm: y=0352d=3210"cm; p=549.5 1o = 0.884 1, p' = 265; 4 10" < N, < 3 100% 4108 < F < 310°
em™, that is less than its z-pulse Iimitj23,27,67] Fim = (-D/(0y /) = 5 10°°em™; 0.2 < FE, < 10° Jfem®; 107 <1 < 10"
Wiem?; 2 10°<1,<2 10" Wem®; 10°<1/2<10" Wiem'rad'; 10° < Py= 660, and I, needs be decreased, 26<Ns=53,1.5
JOP<Ny/Ns < 5 10°; 2 107 <Ny/N, < 0.13, i.e. a high efficiency could be gotten. It is very difficult to keep 7,/ = 1.1, because at
/' > 0,005 clustering of atoms leads to a strong line-broadening. These results could be corrected by accounting of noise, saturation,

efc.

2.Real threshold conditions for the super-fluorescent (super-radiant) gamma-oscillation
on base of the approximate theory for the strong varied length of Bloch’s vector.

The decision|87] for the projection R; of Bloch's vector R had been generalized (1995,1998, Karyagin) for non-keeping R: [34,35]
Ry=R®R-e**)VR+e™" 7). (14)

Here R = R' Dy, - (Timoa/T2) i8 the length of effective time-dependent Bloch’s vector R' = (ze™ — g)N, is a time-dependent ordinary
inverse population in AM generalized on common case of arbitrary nuclear state degeneration, sec.1. Value R' depends on x = t/t;
and z= (1 + g) exp(-x;). Factor Dy, = 1 ~ (1 + y)e” = (B/v*) is an effectively phased relative part of all nuclei in the active
medium at the totally reliable event that the spontaneously emitted y-quanta are emitted in one axial generation mode, here y=
V2L,. Values p, w, T, o, 11, T2, ¥, X, etc., see in 1. Time 1, depends on fength L', see «Width-Path Effect» in[34,35] and in the next
paragraph below. The factor Dy, accounts the loss of photons from phasing process. That loss is owed to scattering or non-resonant
absorptionin AM. The speed of transitions Twod = (1/2) (CV4ATYWE (12/11)/(1+00), s the probability (in 57") of the event above that
the y-quantum is spontaneously emitted just into the axial generation mode. The factor 1/2 accounts two polarizations. The solid angle
of the first diffraction mode is Q2 = A/L. The length L = 2L,  in case of a dispersed active medium is twice in a comparison with the
usual active medium. The resonant cross-section averaged over all polarizations, directions and HFS-components is oo = (A2/ 2m) (W
f 1 (1+a)) (t2 / ;). The «reserved amplification» p is a formal gain factor p = noy Lo (72/77) , sec.1. In case of one-mode generation
the square of the transverse section of the active medium is a,®> = AL. The volume of the active medium is V = a* L. The total
number of work nuclei (exited and non-exited ones together) is No = (7/2)n}” because the dispersed active medium is a half-empty
one. The accounting of all relations above leads to the simple equivalent form (1/med) = (v p / 4 No 7). Hence Tyea = (4NgT1/yp)
is the time of the spontaneous emission per one nucleus into the generation mode. Note that Tmea >> ;. The selection of photons for
phasing into tight band width 1/t, is accounted in Twmod by the factor t,/t,. Such factor is absent in more simple old formulas [17,88].
Because of it that old simple formulas overestimate SF-part in the y-lasing. The main term of dephasing 108 Ty.a/T2 I8 introduced in
accordance with work[88]. It is necessary to fulfill the threshold condition R'j=o >Tmed/(T2Dypw), Which at Dp=1 coincides with
Andreev's condition|17,88]. A number of effectively phasing “priming” photons for a time £ is

¢ t
p=| ®rwdt = [ (RDp/5od =)t (1s)

Q 0
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The “feedback” phasing addition from the super-fluiorescent pulse in axial mode is
H !
o= | wwisa = [ s at (16)
0 0
where width ! is a logarithmic derivation of function Isr and t" =w/(1+a)y, is a radiation width. So ! & (t/to)lsr and the
integrand in (29) is proportional to Is="~. This procedure (1995,1998,Karyagin) is approximate equivalent of averaging of resonant
interaction “radiation-ELAN” over a time-depending frequency distribution of y—pulse,ﬂevaluated as a Fourier from pulse-form cut after
momentum t. In a derivation dRa/dt = C; + C, + Cs theterm G = - R (R? -R3°)/(2100) Coincides with a right part of standard
Bloch's equation. By analogy with[87] it gets
Te = (R* -Rs2AE D) Tmod) = 2R’ €77 [(g+1) R + €° ™) Troa . a7
The term C, = dR/dt = dR'/dt is a natural addition to C; from inverse population decay and needs to be adopted in generalized
Bloch's equation. Tem C; = - (1/2) (1 - (Rs/R))*dR/dt has no apparent nature and can be understood as a deflection from exact
equation dRy/dt = - (R? — Rs?) R/(2Tmea) + dR/dt . At x < x, a relation [C; + C| > |C3] is valid; x. is & roof of equation R'(x) =
0. An approximate decision (14) satisfies fo initial condition Rs(0) = R(0) and to asymptotic condition Ry(00) = - R(0). A
maximum of function Isg is achieved in point x = x,,, in which R(x) = e" @ T ¥'®  The analysis leads to the next algorithm in order to
estimate the amount of y-quanta in a super-flucrescent (super-radiant) pulse.

I. To infroduce the parameters which are independent on the relative length y = L/2L,
Ay = (/4) 25 Az = (p/4) g3 As = 4 Noo/p where Nog = Noo/y” =2(mh/n’c o)y (1-y), sec. 1.
II. To estimate the argument y and its functions
BiY) =1 - A+)e™1/y s G1=(B/y) Ai; G2 = (BY) A; + (/1) s K =y As.
Note that K’ = (4No/yp) but N = ¥* Noo .
I1L To introduce the argument x = #/7; and its functions R(x) = K’ [Gie™ - G ; ¢(x) =Gy (1-€7™) -x G2 ; §i(x) = €.
The region of x in which R¢x)>0 and ¢(x)>0 is determined by the conditions x< x. = In(G/G2) and (G,/Go)(1-¢7)> x
IV. The majorant for the formula (29) ¢’maj = 2In[1 + (R/£)))/2€] - 4(5, /R) > ¢’ leads to the simple approximate results
Ealp) < €% Cmmai = 31.5; R(Xp)< R(Xdmaj = E1(Xm) 31.5; &i(Xm) = &i(X0); ¥n= InfGAGHR/K))]
Ni< Nsg mag = Noo £10%) E2(5) = (1 =€) ¥ (1+8)™ £1(5m) E2m)- (18)

Numerical example for Co™: E,=28.1 Kel/ g=9/11; expx) = 0.9, Ti/%, =1.1; z = 1.636; p= 416; Noo = 1.85 10'% A, =170; A= 85.1;
A, = 1.78 10'°. /n case n/n' = 0.005, n=8.8 16°° cm™ ; No= 3 10" ; y = 0.402; B/y = 0.154; give: G;= 26.3; Gr=14.2; K’=
7.16 10% %.=0.616°326°97; Xo- 5m < 10%; £, = 28.5; £,&, = R = 900; Ngr < Nsr may = 400; Nagg = 9.6 10%; Ngp/Nysg = 4.2
107, Ngpont = 42. Calculations show that in the induced super-threshold regime Nsg << N, at the same parameters of active medium
for SF and ASE. Only for a weak near-threshold regime (when Ng: ~ 10) could be Nz > Ny, i.e., so called “weak SF’[88]. The results
of present sec.2 are wider than in Refs.[34,35] and are more correct and realistic than ones of initial theories{17,87,88].

3. Some ideology on the induced and superradiant theory.
3.1. The foundation of cross-section’s approach. The cross-section approach is very useful in case of so called feeble gain as like
as in y-laser. It is linked with absent of initial coherent «fuse» wave. Ones could to write the probability W(t) of the atomic transition

0

1 t
induced by laser wave in two approaches W(t) = | Idt D(®) E(t)]%= j'dt @(1) Ging(D) (19)
g _

here D(t) and E(£) are well known vectors of atomic polarization and field, d(#) is the field intensity and cina(#)
is a resonant cross-section. The derivation of (19) and account that dx(f) ~ [E(f)f* leads to the relation

oind(?) = const D(t) (E()/ |E(®) |) _[dt ' D) (B*(¥)/ LED ) (20)
Approximately ones have ina(?) = const <(D(t) e(t)) exp(iy(t)) jdt ' (D*(t) e*() exp(-iy’(t'))>av 2n
o
There are some reasons suppose that (D(t) e(t)) is more slow function than exp(iy/(t)). It leads to
Ging(?) ~ const’ Jdt' <exp(iy(t)) exp(-iy’(t'))>av (22)
)
But <expli(t)) exp(-iw’(t))>av = exp(- [t-1/x) )
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at substitution into (22} gives
Ging(D) ~ const’ (1 - exp(-t/t2) (24)

where in accordance with equation (8). const’= Ging( ) (25)

3.2. The foundation of with-path effects (WPE).
This effect exist when a number of photons in a mode is small, i.e., at the condition
Atem >> Atvan (26)

Here Ater, is @ mean time between two successive emergencies of the photon in a lasing mode; Atvan is @ mean time-life (vanishing
time) of one photon. It could be, e.g., L/c, see [37], where L is a free path of photon along a mode. It is simple to show that before the
generation the ratio (26) is equivalent to the condition

L<< (d14¢/oon.)™? @7
Here ¢ = 3 10" cms. At the typical case t4 ~ 108 s; oo ~ 102! em?; n.~ 10%" em®; and must be L << 350 cm. But at the
developed generation the condition (26) tums into a reciprocal ratio Atem << Atyan and with-path effects must be vanished. The
WPE can't to be observed in usual conditions of optics or even the Moessbauer effect because in that conditions the refation (26) can't
be fulfilled. But in the beginning of the y-lasing that effect is very efficient and leads to the growth of the induced threshold in both
kinetics, induced and supemadiant.

4. Application of the revised theory to the choice of nuclei candidates.

Below this revised theory is applied to the choice of nuclei-candidates. The initial data are placed in the Table 1.

Table 1. Eight candidates produced in photo-nuclear reactions “Az; (ym)*A¥;. “A*p is an excited work isomer, €., ““Nb., (yn) ““Nb*,;
Type +//1D +//1D +/2D +//1D +//1D +//1D
Work Isotope 2Nbay 122gh., 15204 557 N30 9Ges 58Co57
E, (keV) 90.2 61.45 32.6 53.96 85.0 28.1
7y (sec) 6.20(-6) 2.74(-6) 2.38(-7) 2.31(-6) 7.36(-6) 1.51(-5)
o 0.17 0.75 1.2 4.4 1.4 1.5
Po = 00/C 340 174 298 351 393 888
A (Angstrem) 0.137 0.202 0.380 0.230 0.146 0.441
f 0.30 0.61 0.88 0.60 0.29 0.86
Go_(barm) 7.58(4) 2.26(5) 9.24(5) 9.26(4) 4.04(4) 1.07(6)
o= (L 12n){w/[T+o))A/(T+y)); v =/, o.=c0/C; <7)-+Ifg 6.5 & = t/tz. (V)= (1) (M) = (o)1t
.+_
o (barn) 223.2 1300 3100 264 103 1200
o’ (b} in Diamond 3.10 3.47 4.75 3.62 3.15 5.63
N 2 3 1 1/2 1/2 4
|- 2 2 0 5/2 5/2 5
g=(2j+1)/(2}.+1) 1 1.4 3 1/3 1/3 9/11

Al necessary values are listed below in the specification list.
Specification List. The terms and values adopted for all tentative candidates.

According to above theory, the following terms and values are adopted for all tentative candidates:

branching ratio z = 1; times ratio ,/7, = 1.1, initial ELAN's concentration nd&m +n ) t-o=exp(x) =09, .
a host adopted here is a perfect diamond single crystal of ll-a type; hence host atoms” amount density ' = 1.76 10°" cm™;
adopted optimal relative concentration of working nuclei n/n’ = 0.005; 20 -3

adopted optimal working nuclei’ amount density n = {n+ +n)=const=0.005n"=8.8 10" cm

y = (n/n")/(/n’)+(c /o)) is an interim auxiliary parameter,

Lo = (1-y)/(n’c’) is @ mean free path of the y-quantum with account of onl the non-resonant ioss (photo-effect, Compton-effect,
elastic and non-elastic scattering stc.); L = 2yL, is the length of the Active Medium of DOCLMP-type;

P = Y Po T2/ Is the «reserved amplificationy (or alias «reserved yield»);

Do = (5¢/0) js, the maximal reserved amplification at the most fayorable conditions (c”/c)<<1, T, = 7;

ay = (mAL) ”IQC{ = is the cross-size of Active Medium, V = L? ma is the volume of Active Medium;

Q=ML oCy" is the solid angle of the generation diffraction mode;

No = 2(mA/D’s o)y (1-y)y” oCy?; m Is the amount of diffraction modes in the %enerated y-beam;

m = 1is adopted in all r;;ent_]j'ables. Also everywhere below for a![)candgiates there are adopted g?)at 3

nin' =0.005; 0 =1.76 10 om™; 7/1,=11,m=1,n=88010" cm >, n.=09n=7.92 10" cm "

“The calculations are much facilitated with Use of main interim invanants listed at the table 8 below. These inenim values are not
depend on the relative length of the dispersed active medium y = L/2L,. The value n/n’ = 0.005 is optimal. At n/n’ > 0.005 the
clustering increases and leads to a big line broadening. So the main invariants are evaluated at the optimal value n/n’ = 0.005.

Table 1. The main invariants y, p, (No/ “% independent on y evaluated at n/n’ =0.005.
The value /" = 0.005 is optimal. At n/n’ > 0.003 the clustering increases and leads to a big fine broadenmgj.ﬂ
[an) C

[l

Work Isotope ““Nbyy ““Sbs; “Elg "o (e, 027
y at n/n'=0.005 0.265 0.652 0.765 0.267 0.141 0.515
P= W poT/Ty 819 103 207 85.2 50.4 416
No/y* 4.38(12) 1.15(12) 5.27(11) 5.36(12) 6.19(12) 1.85(12)
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Table 2. Parameter y as a function of the total amount N, of the work nuclei in the active medium at o/’ = %3005'
Work Isotope “Nb.y 1=“Sbs; “Euga > 730 Gesn Cox;
y for N=10"* 0.478 0.933 1.38 0.432 0.402 0.735
y for N=10"’ 0.151 0.295 0.436 0.137 0.127 0.232
y for No=10"" 0.0478 0.0933 0.138 0.0432 0.0402 0.0735
y for Ng=10~ 0.0151 0.0295 0.0436 0.0137 0.0127 0.0232
y_for No=10° 0.00478 0.00933 0.0138 0.00432 0.00402 0.00733

Besides the main invanants of Table 8 there are uselul some spatial invaniants Tocated in the Table 10 below. In the calcuiations

below according to the Specification List 2 the total amount N, of the work nuclei in the active medium at /n® = 0.005 is a given
value. Hence the parameter yis a function of the amount N. This function v(Ny) is derived from the direct dependence of N, from y
represented in the Specification List 2 . This function is tabufated in the Table 9.

able 3. 1he spatial invariants on y. Spatial invariable coefficients for the caiculation of the len th T, the transversal size &, the
visual volume V, the solid ar%gle for generated radiation W, the number of the wol l%g nuclei N,.
invanant “*ND4yq *°¢SDsq 7 EUg3 ZLN3p Ges; 2027
Lo (cm) 1.35 0.570 0.281 1.15 1.55 0.489
2L,= L/y (cm) 2.70 1.14 0.562 2.30 3.10 0.979
*+ Free path L, refers 1o the usual continuous host. So free path in a dispersed hal-empty active medium is 2L, and L/y =2 Lg
ap=a y " (cm) 6.08(-5) 4.80(-3) 4.62(-3) 7.29(-5) 6.72(-5) 6.57(-5)
Vo= Vv “(cr) 9.99(-9) 2.63(-9) 1.20(-9) 1.22(-8) 1.40(-8) 4.22(-9)
€3, = Q y(steradian) 5.07(-10) 1.77(-9) 6.77(-9) 9.97(-10) 4.73(-10) 4.50(-9)
Ny = N, ¥ = {1/2)nY, 4.38(12) 1.15(12) 5.27(11) 53.36(12) 6.19(12) 1.83(12)
Tﬁge number of work nuclei {on top and lower levels tqgether in the dispersed acgt(;ve medium is N, = 3* Noo= (1/2) 0 Vo V.
The optimal # = 0.005 . In diamond nn’= 1.76 10> cm”and son = 8.8 10° cmi”.

5. The calculation of the time dependent factor G(t) of the induced gain.

The time dependent factor G(t) of the induced gain function is transferred to the usable form. At the denotations x = t/t; ;
= exp(x); W = exp(-x;) : { = 1/t ; this gain-factor is transformed to the following form omitted in [35]:

. . GO=G()=(1-1) (k-8 +gm (1~ KA - (10) (28)
According to[35] it is necessary to find the numerical approximation
G() = Gn - (1 - po)'K (29
In present work w; = 0.9 : £ = 1.1 and (6.40) has a particular form
G =(1-u"O.9u-2)+99g (u-1') (30)
A rather good approximation is resulted in a simple procedure: po coincides with a point of maximum for the right part of (40); and
G = G(1o) , K = G(po)/(1- po)’ €y

Table 4. The results of the numerical approximation of the function (42) by the quadratic form (41).
Work Isotope 9"'thu l“Sbs1 Eugs °°Zn30 ° EE32 Cooy
o= (21, +D/Q2j+1) 1 1.4 3 1/3 1/3 9/11
Gp 0.124 0.0987 0.0425 0.188 0.188 0.138
Uo 0.723 0.767 0.873 0.608 0.608 0.705
K 1,62 1.82 2.64 1.22 1,22 1.586

6. Calculation of the amount Nasz of photons generated in Amplified Stimulated Emission (ASE) per y-lasing pulse.
The amount Nasg of the Amplified Stimulated Emission (ASE) [35] is estimated through the above parameters
Nasz~ 3% Ni{lexp(pGu-2)y) ~ 11/ (PGn— )}, (32)
N, = (rp/K)'" (m/4) (n/12) exp(-x1) . (33)

this formula is valid at (pG,,— 2)v =0.5, i.e., it is more comect than the adequate formulae in the work[18]. Here the formula (33)
accounts that the incorrect factor (m/8) in eq. (26) of Ref.[35] needs be changed into the correct factor (m/4). In case (t1/t2) = 1.1
exp(-x;) = 0.9; m = 1 the comect working formula is following

N; = 0.439 (/K 1 . (34)
Eq.(44) is good valid at a region
28>(Gp—-2)v>5 (35)
and it gives a new estimate for the ASE threshold condition:
o P > Pind = 2/Gu . (36)
which is much more severe than the soft simple balanced Schaulov-Townse condition p >1.
This formula is good valid in a region 28>(pGn—2)y>5 37
This formula is /ess good in a region 5>(pGn—-2)y¥ 20.5 (38)

but in this last region this formula is more comect than the adequate formulae in the Ref.[18].
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In a region (pGn— 2)y >28 this formula needs be replaced by more correct estimate, see below, formula (39).
In a region (pGi,— 2)v <_5 this formula needs be replaced by more correct estimate, see below, formula @51, ...

........................................................

6.1. The amount Nase of photons generated in the asymptotic case of (pGm— 2)y > 28.
At (pGy,— 2)y > 28 the analytical formula (6.44) gives the non-physical result Nasg = Noand hence needs
be replaced by more correct expression. In that case the Zvelto’s theory[67] modified in [23,27] could be used. The arbitrary strong
non-resonant absorption is accounted in that modified theory of the asymptotic n-pulse[23,27] (see, e.g., formulae (60) - (62) in
Ref.[23]). But the original Zvelto's theory[67] is valid only at very feeble non-resonant absorption. Instead of the non-physical resuit
Nz = N, given by (6.44) ones have according to the theory[23,27] the following strict asymptotic estimation

) Nask asympt = Nasympt = "712‘ (p-1)/s0 . 39
Such estimates (6.47) in the Tables 17.1 - 17.7 below are marked by the subscription «asympty.
6.2. The induced radiation at a weak and moderate gain (pGm— 2)y < 5.
According to the eq. (6.20) at the approximation 5
,  GWR G- (k- o)’ K) (40)
and at the account that the y-lasing can do only in the interval N
- pol < A = [(pGr- /PRI (40"
ones get the foliowing formula for the Amplified Spontaneous Emission {ASE)
A
Nise=2 N | 08 (€~ 1)(Ro) (@)
where R=(pGn-2-p&K), 8= (1~ o). 42)
Here R = 0 at the point 5 = A. But this point is a fictive peculiarity for the integrand which is equal to unity, 1, at this point. Hence at
the parameter 0<ovy= (pGu-2)v <3 43
this expression can be estimated as the following cut series
Noe = 2 Ng (@pK) 2 [1+ (5/6) () + (19/43) (@)’ + (87/280) (@3)’] (44)
with the relative error less than 20% at vy<3. Here the amount of the spontaneous photons in a generating mode is
Ns = (1/4) y p m (1:/72) exp(-x;) 45)
and a ratio «signal/noise» = (N,s:/N;) is proportional to this series (44) too
(Noe/Ng) = 2 (@/pK)' 2 [1 + (5/6) (uy) + (19/45) (vy)” + (87/280) (y)’] . (46)

Below in the Table 12 the maximal relative error in results 6.51), 6.53)is given as a function of vy = (pGr - 2)Y-
Table 5. Maximal relative error for the egs.(51), (53) as a function of the parameter vy = (PG - 2)y. |
T T )

oy 0.1 _ . 05 . 10 . 20 30 _ . _4 _ . 5
Ve e tror t6.3 1079 T 0o044% ~F ~0.58% 6% T 19.4% " ~37.8% | 56.3% |
ules: At vp>5 the Tormula (6. or N ase Is valid with the accuracy not fess than £ 50%. In case o verg ig uy>28 when this
Tormula gives a non physical result N.sg > Ny it needs to use the asymptotic formula (6.48). At small vy < 5 the formulae (6.51),

(6.53) are valid with enough accuracy pointed in this Table 12.

On base of the refs. [34,35] the threshold condition for the Super-Radiance holds the form

P> Psr “@7)
where
) i psr = {Frse(¥)} X {TSRL (48)
is the Threshold for the Super-Radiance (TSR) where
Frse(y) = y/[1 - (1 + y)exp(-y)] (49)
Note that Frsr(¥) lary—> 0 = (2/y) Hence psg—> 0 aty —> 0. (30)
i.e., the function Frsr(v)-contains the pole in the point y = 0.
{TSRI} = 4 (v/12) / [(1 + &) exp(-x1) — g] (5D

the value {TSRI} called as «Threshold Super-Radiance Invariant» is not dependent on the parameter y , see Table 13.

The initial condition for the Super-Radiance which follows from the demand psg > 0 or {TSRI} >0is
_____________________________________________________ exspta) >+ o 02)
The analysis (see [35] sec. 2.2) leads to the next algorithm in order to estimate the amount of y-quanta in a super-radiant pulse:

1. To evaluate of the parameters p. g . z=(1+g)exp(=x;). and to introduce three interim parameters-invariants which are independent
on the relative length v = L/2L, (53)
A =(p/d)z; A, = (p/4) g5 A; =4 Noo/p where Ngg = Noo/y? =2(mA/n’c o)y (1-y), see part 1.
Il. To estimate the relative length y = L/2L and its functions (52)
(BA) = [1-(1+)e’)/y; Gy = (BMA;; G = (BY)A: + (13/12): K'= Kgr = y As. Note that K = (4No/yp) but No = y* Noo. Note
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that Kgxfor the super-radiance is another value than the parameter K for the induced radiance.

H1. To introduce the argument x = #/73 and its functions ‘

R(X) =K [Gie™ - Ga] ; (%) =Gy (1-€%)-x Gy : &)= €%, (53)
The region of x in which R(x)>0 and ¢(x)>0

is determined by the conditions x< x, = In(G/Gy) and (G,/G)(1-e”)> x

IV. To account the majorant formula

®'maj = 2 Inf(1 + R/ER))/2] - 2[(1 - Ea/R)Y (1+ Ea/RD] > ¢ (54)
which leads to the simple approximate solution (55)
Eo(Xy) < €7 Vmimal = 23.0;

R(xm)< R(Xm)maj = C.:l(xm) éZ(xm) = él(xm) 23.0;

Ei(Xm) = Ei(x0);

Xn = InfGAGHR/Ksr))] (56)
hence Nsp< Ngr maj= Noo E1(%m) E2(5m) = (1 -€7) y 1) 1 (%) E2(Kim)- (57

where x,, is a temporal maximum of the SF-pulse, x is the point in which R(x.) = 0 and R(x) changes its sign. Here, see above,

£2(%n) <23.0 (58)
and S
E1(%a) = (G'1G)°e®®; (59)
where G = G;; G’ = G.. Hence
Nee <(1- €%y 1 (1+8) ™ &1(xa) E2() <23.0 (1 - ) v (1+9) ™ (G/G)%e®® (60)
and so
Ngr < 23.0 (1 - e¥) (G/G)®e®CJ(p(1+g) 61
where G= G;; G’ = G, and hence
R(Xm)ma; = 23.0 (G/G")¢ eS¢ 62)
or the compacted f@nal rgsult isso (the number 63 is referred to all complex of resuits 64 - 72) (63)
E1(xm) = (G'/G)° €7 ; (64)
Ea(xm) < 23.0; o o (65)
R(xmmai<23.0 (G/G)°€®® ; R = 22.97006105 (G/G)% e®C (66)
Ner < 23.0 Zgr (G/G)®e®C (67)
xm= In(GAG” +R/Ksp)) = In(G/G") - In(1+(R/KseG")) = X - 8 ; (68)
x. = In(G/G") : (69)
8 = In(1+(R/Kse G*)) = RI(KsrG) ; (70)
because R/(Ksp G’) << 1; _ 71
where G= Gy, G’ =Gy ; Zsp= (1 - €7)/(v(1+g)) : Ksr =¥ As. (72)

In all calculations the o called invariants are used. Their values are not depend on the regime if a row of parameters are fixed, see
the beginning of the Table 6.

Table 6. Parameters-invariants for calculation of the super-fluorescent and induced parts of y-lasing pulse
at common conditions: The time-ratio ,/7, = 1.1, the initial relative inverted population n,/(n,+ n.) = n./n =exp(-x;) = .9, th
relative concenration, of the working nuclel in host n/n"= 0.005, the host gtoms’ amount density in diamond n’= 1.76 10°° cm” and
son = 8.8 10° cm. The initial density of ELAN n.= 0.9 n=7.92 10*° cm™ is adopted here for all candidates.
Work Isofope ““NbDgy ~25bs, “EUgs " 4N3p T JﬂC027
D = W Po T/ 81.9 103 207 85.2 50.4 416
p 0.99/4 = NJy 20.3 255 51.2 21.1 12.5 105
= (2§, +1) / (21-+1) 1 1.4 3 1/3 1/3 9/11
Interim invaniable parameters for the superfiuorescent part in the gamma-lasing pulse, eqgs. (4/)-(72).
TSRI 5.50 5.79 7.33 5.08 3.08 5.38
z 1.8 2.16 3.6 1.20 1.20 1.636
g ] 14 3 1/3 1/3 9/11
Noo 4.38(12) 1.13(12) 5.27(11) 5.36(12) 6.19(12) 1.85(12)
A =(p/d)z 36.9 55.6 186 25.6 15.1 170
A,=p/de 20.5 36.1 155 7.10 420 85.1
A; =4 Noo/p 2.14(11H) 4.47(10) 1.02(10) 2.52(11) 4.91(11H) 1.78(10)
Induced Threshold p;,;. Interim invariable parameters for induced part in the gamma-lasing pulse, eqs. (28)-(46).
Ping = 2/Gyy 16.1 20.3 471 10.6 10.6 14.5
K 1.62 1.82 2.64 1.22 1.22 1.59
N, 3.12 3.31 3.89 3.67 2.82 7.11
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8. The first stage of choice. The perspectives for the y-generation theory creation.?

Besides these 6 nuclei the other nuclei (~200) were checked, see the work [E]. The MBE could work on neutron fluxes more effectively
than on the gamma-quanta fluxes[1-9,37]. It is apparent that in many cases the value of so called asymptotic pulse (see section before
the last table) is rather powerful in order to fuse a more powerful y-lasers. The generation on the nuclei «+//1D», see work[E] could give
a rather intensive, tight, goed directed gamma-ray beam. The mean intensities of the asymptotic pulse F, (W/em?) generated on some
work-nuclei are given for big No and are varied in the interval 10° - 10*” Wicm?. The peak intensities could be more by 1-2 orders
than mean ones. In optical diapason the much more big mean intensities are reached. But the frequencies from y-laser are more by 3-5
orders. On this reason the combination triggering action of y-beam of the intensity 10 W/em® must be more effective than the
combination triggering action of optical beam with 10" - 10 Wicm?. 1t leads to the creation of much more powerful hybridized
«residential-nonresidential» many-sectional y-lasers «Many-Section» y-lasers, with other generation theory, see in ref.[A].
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PART 2. RADIATION-HEAT THEORY,

A total theory of the radiation-heat regime for the solid active medium of gamma-laser is developed. The phenomena of the
microplasma, the collapse of the hyperfine structure (HFS) and the heat blast of the active medium are researched. The question about
a compatibility of the different gamma-laser's types with the radiation-heat regimes conditioned by them in the different aggregate
states of the active medium is regarded. It is shown that in all cases the heat blast of the active medium is inevitable if the solid phase
and the SPTEN-pumping based on the fast separation of the short-lived isomer are not used. The conditions for the generation and
cooling are quite different between the «nonresidential» active media and the «residential» ones. Hence they are different also between
the first «fuse» y-lasing section and the subsequent more powerful sections of the compound y-lasers.

1. Introduction.
The joint theory of the gamma-generation and the radiation heat regime of the active medium (AM) is made on base of a world
experience in gamma-laser problem{1-72] analyzing. This analysis is made in a sequence of works [23,27,28-30,32]. The knowledge of

that works could to get in right the following «Heat» part of the joint theory. _

i 1.1. High heat release in case of active media based on short-lived isomers. ® Naivety of first models for cooling of such short-:
! lived active media. ® New type of working body for a feasibility of active medium’s cooling in case of its enormous high heat;
release. ® Inapplicability of usual heat conductivity theories. ® Simple applicable non-equilibrium model «Free exit of the;
: energy’s carriers from the active medium» and its results. The question about a radiation-heat regime of the active medium based:
* on the short-lived isomers has a long history. Very enormous high energy release in active medium was outlined in the first works on
i the pulse pumping of y-laser]6,9]. The most part of that energy release in the direct pumpiny—schemes belongs to the origin fluxes for:
1 the pumping (the flows of neutrons, gamma-quanta, efectrons, etc.). Later in works 1[33,27,29] it was outlined that even in the most;
! soft case of the indirect pumping SPTEN the energy release is enormous too ~ 10 - 10" wircm?® in case of the work isomer's;
i time-life ©,~ 1074 - 10°® s. In the first works there were made suggestions in order to preserve the active medium from its radiation-
! heat blast. In accordance with that suggestions the active medium needs to have a needle form and this «needle» needs be dipped in
: the super-liquid helium-11 [1-6,9-12,17]. But indeed such suggestions were reveled as naive after its revision[27,29] because: '
;e only part of the conversion energy, less than 50%, belongs to the fast origin conversion electrons but another significant part of the:
: conversion energy, about 50%, belongs to the slow Auger and secondary electrons together which stick in any thin needle[27-30]. :
i o the heat transfer from the needle to the liquid helium is impossible if the heatsflow exceeds jerir ~ 0.1 W/cm® on the outer %urfacg:
i of the needle. E.g., for a commonly accepted][1-17] needle diameter d ~ 107 - 10 cm, the heat flow is about gd ~ 10° -10";
! Wiom* >>>> joi for the threshold conditions in active medium. For such great heat flow > 0.1 W/cm* , the needle is!

surrounded by a gas bubble and is heated as being a thermally isolated body[27-30] ‘
e it was strictly shown[27] that the electron-conversion energy release stored in the efectron subsystem of an initially deep-frozen

t thermally isolated solid is transferred (with self-acceleration)into the phonon subsystem during a time Eeranst << 7y [27). This relation is:
 valid at any small time-ife of the working isomer, e.g. 107" -107". Because the less is the more is the heat release ¢ and the less;
i is (in accordance with the strict equations[27]). Therefore, for a thermally isolated active medium-system with realistic threshold:
i conditions there is no any hope to obtain the y-lasing before the heat blasting of the active medium[27]. :
E A feasible mean for the cooling owing to a new type of the work-body was suggested in [27,29]. The main peculiarity of this:
i new work-body’s cooling is the embodiment of the active medium and the nearest part of the surrounding cooler into a homogeneous:
! common-master chip. This chip of the dimensions ~ 0.1cm x 0.1 cm x 1cm needs be a high perfect crystal of diamond, or another:
+ light perfect crystal which could be constructed from the first light elements from the hydrogen to the carbonic. In tum, this chip needs
+ be carefully mounted in order to provide a good heat contact with a more massive interim solid cooler. It could be, e.g., a big (~ 3:
i cm x 3 cm x 3 cm) sapphire or a gemanium or some else high perfect crystal. In tum, the interim (e.g., sapphire) cooler needs be:
+carefully mounted in order to provide a good heat contact with a big (~ 10 cm x 10 cm x 10 cm) massive outer solid cooler, e.g.,
© apig from a well refined copper. The last needs be in a good thermal contact with a liquid cooler (or with its vapor). Such work-body;
! construction also needs be moderately pre-stretched or pre-pressed in the care thermostated fixtures in order to avoid the:
i inhomogeneous Doppler shift arising from the temperature expansion of the active medium[27]. An effectiveness of method [27];
' against a danger of such Doppler shift for a y-lasing was outlined In Ref.[17]. :
: The detailed properties of the suggested cooling method are available from the Refs.[27-30,32,34{35]. In that series of works:
1 some origin theoretical foundations of cooling were developed. The enormous heat release g ~ 10" - 10" wicm® makes the:
+ ordinary thermodynamics unusable. Moreover, in this case the weakly non-equilibrium thermodynamics is unusable too. Hence it;
i needs to do new non-equilibrium kinetic theory for the cooling of active medium with the enormous big heat release. The first;
1 advanced results in that non-equilibrium theory were reached in works [32,34,35). But these origin resuits needs be cormected. !
! Because in that first mode! the removal of the heat carriers is considered as free. But it is valid only if the free paths of heat camiers:
! (electrons, holes , phonons - all are strong non-equilibrium so-called «injected» quasi-particles) are much more than the transversalg

v size of the active medium. '
' The concepts of that origin «free removal» theory are contained in Refs.[32,34,35] and are compressed at the Specification List 3

below. The main conclusions of that origin theory are the follgwing: '
' ® @ in spite of the enormous heat release q ~ 10" - 10" W/cm?® the active medium could be kept at low temperature ~ 50 K
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during the gamma-lasing process;
e o however a hot (above 30000 K) non-equilibrium microplasma arises in that cold (~50K) solid active medium; the density of that
microplasma is about ~ 10 - 10 charged camiers per cm®,
® e this microplasma breaks the stability of the hyperfine structure (HFS) in the active medium if the last is created from the short-lived ELAN;
this circumstance makes useless any attempt to use a hyperfine structure in solid active medium in case of the short-lived ELAN. Hence
e - any attempt to create the inverted nuclear population from the inverse-less nuclear mixture located in the active medium of the
short-lived ELAN and de-excited nuclei (see [23,27,28,68]) is useless;

o - the creation of the amplification in the inverse-less mixture of short-lived ELAN and de-excited nuclei {see[23-28] is useless too;
e the optical hyperfine structure cannot be used for the creation of the amplification in the inverse-less mixture because besides the
above «microptasma’s» hindrances there are the following difficulties
- the optical hyperfine structure in solid is rather strongly broaden by the inhomogeneity of the crystalline local fields about ~ 10°- 10" s
!, such optical crystalline broadening is by 4-6 orders more than the width of the Moessbauer fines for the short lived nuclei-candidates
! - the optical fines in solid are else more strongly broaden into the very wide bars ~ 10" - 10" s by the interaction of atomic:
transitions with the phonons’ system. These bars could be narrowed to the inhomogeneous fimit ~ 10° 10" s™ only at very low:
temperatures of the host-lattice Thost ~ 1 K. Such low temperatures in solid AM on the short-lived ELAN is infeasible [32,34,35].
e o this crisis is overcome in the SPTEN - types of y-faser because
- the SPTEN - types of y-laser could use the short-lived nuclei candidates with life-time of the upper working level ~ 10*-10%s;

the high inversion population ~ 0.9 is achieved in a nuclear beam before its soft transplantation in a host[28-36], hence
e o the SPTEN - types of y -laser can do without any use of HFS inside of the active medium and particularly;
- the SPTEN - types of y-laser can do without application of any methods for the narrowing of the work transition lines;
- the SPTEN - types of y-laser can do without application of any methods for the transformation of non-inverted nuclear mixture info
the inverted one in the site of the active medium;
- the SPTEN - types of y-laser can do without application of any methods for the creation of the amplification without inversion in the
site of the active medium.
e o o the main condition of a good cooling contains in the relations between the size of the active medium and the lengths of free
paths for the energy-carriers (non-equilibrium «injected» electrons, holes and high frequency phonons) in the site of active medium

these relations depends on the quasi-temperature of the host in the active medium.

e o o |nworks{32,34,35] the following common remarks were noted:

e at the increasing of the parameter j = ga, the quasi-temperature T of the active medium needs to be increased

o this increasing of quasi-temperature leads to the contraction of the free paths Apn(T) and A-(T) in the site of active medium

1

A(T)>> ay, 0y
Ap(T)>>a 2)

@ hence at a certain value j = ga, the relations (1) and (2) must be broken and hence the active medium must be blasted. The:

models and the appropriate mathematical methods based on that remarks were completed. The methods and results of their:
application for the tested candidates are given below after the Specification List . The List contains basic concepts of that methods.

Specification List. Formulae and Heat-Regime Parameters of Free Exit model in case of Diamond Host.

Parameters Determination and appropriate comments

<lransversal size» of an active medium. In a demonstration one-mode y-lasing experiment ones have a3 << L
where L is the length of active medium. For a simplicity of calculations the active medium is adopted here as a
long bar of a square cross-section. One main side of this bar lies at the boundary between the active medium and
the vacuum. The area of this main side is L X a1. The beam of the ELAN is delivered into active medium through
the vacuum. Three other main sides of this bar lie at the conditional boundary between the active medium and the
solid cooler. The area of this «cooling» boundary is 3 L X a1. This conditional boundary is not a physical one
owing to the embodiment of the active medium and the cooler into a homogeneous common-master chip. Hence
there are no ever jump in any physical property (acoustical, optical, chemical, isotopic, magnetic, electrical, efc.).
Hence there are no reasons for any temperature jump of Newton or Kapitsa type on that boundary. This
circumstance is very important for the cooling of active medium. The outer sizes of that chip needs be by some
orders more than the appropriate sizes of the active medium: Lenip ~ 10 L, acnip > 10%a;. Hence such chip needs
have approximately the sizes ~ 0.1cm X 0.fcm X 1cm. The host of that chip is supposed fo be diamond I-aor
some other light perfect materials. That chip needs be carefully mounted with a good heat contact into a massive
interim solid cooler (e.g., a big very perfect carefully rectified monocrystal of sapphire, or germanium or silicon
etc ){27-30]. That interim solid cooler needs be carefully mounted with a good heat contact into a massive outer
solid cooler (e.g., a big rather perfect and rectified copper pig) keeping at low temperature (about 1-5 K) in liquid
helium or in its vapor.

«Energy-release density» arising from the intemal conversion averaged over the teeth volume

ay
q =
=n,E.o/(1+0)T.
Jam = qaz

The approximate value of the flux energy density from the active medium AM. At the propagation of the energy flux at the
distance p < L its value decreases as j(p) ~ jua1/p. But at the distance

p > L ones have ancther dependence j(p) ~ ;. (as/p)*. For typical case ar=10"%m,L=05cm

g= 1021 Wicm® ones have ju ~ 10’ W/cm® Note, see sec.1, that the gaseous bubble, could not to arise only if j(p) ~ jun

(a1/p)* < 0.1W/cm?. Hence it needs be at the outer radius of the working body pour > 10% 21 = fem.

80=5.5 eV=

«Minimal energy slit» between the valence zone and conductivity one in diamond [61]
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852=1113 (‘)?1%\/37;;; «Mean energy for the creation of one pair of light charged carriers (electron and hole) in diamond[61}

«Averaged exit time» for the removing of the non-equilibrium charged carriers from the active medium. The factor 1.48
_ accounts the averaging of the reciprocal value 7. (the speed of removal) over all possible trajectories of carrier with account of
1. =1.48 a1/v. lits origin direction of moving. It is accounted that the boundary «active medium/vacuumy reflects the light carrier back in a

chance direction.

v. ~ 10° cm’s Mean velocity of the «injected» light charged carriers

«Averaged exit time» non-equi'li'brium for the removing from the active medium of the nonequmbrium «injected» high frequency
_ phonons. Factor 1.48 accounts the averaging of the reciprocal value 7on” (speed of removal) over all possible trajectories of
Ton = 1.48 phonon with account of its origin pulse direction. It is accounted that the boundary «active medium/vacuurm» reflects the

a /vy, phonons in a chance direction.

Upp, ~ 1.6 10° om's «Mean velocity» of the nonequi'lTbn'um high frequency phonons in case of a diamond host

«Time for the fransferring» of the non—equﬁi-brium injected «electron-hole systemy» energy into the «phonons system» energy
Tep According to results{35] based on Qme extrapolating of the ex;l)esrimental data [61] the following temperature dependence is
valid Tep = Tep(soiy (SOK/T) *~3.4 107'(50 KT)" s

«Energy-density» of the non-equilibrium charged carriers-system {measured in Jiem®). In simple quasibal'l'istic approach(32,35]

Qe the quasi-stationary energy-density of charged cariers is Qe = qte. The other approaches used here are given in the below
sections.
ne = 2Qe/sp «Density» (in cm ) for the amount of non-equilibrium «injected »charged carriers
«Energy-density» (measured in Jicm®) of the non-equilibrium «injected» phonons. In simple quasiballistic approach{32,35] the
Qpn quasi-stationary energy-density of charged carriers is Qpn = qTpn/(1+7ep/Te). The other approaches used here are given in
the below sections.

«Quasi-temperature» of host which at low temperatures T<I1/6 is linked with the phonons energy-density Qun owing to the
well known empirical temperature dependence for the heat capacify C(T) = Co (T/T )", Here in case of diamond single
T crystal Tp = 1860 K (Debye temperature) and C, = 567.8 J/en K. |t gives the following dependence

T = (4QuTo*/Co)™"* or for a diamond T = 82.054 Qqn/* K (V/em3) */* at T<314 K. And vice versa,

Q.1 = 2.206 1078 T2

«Free pathy for the «hot» (above 30000 A} non-equmBrium light charged carriers in a «cold» (below 300 A") host. The empirical
A dependence of free path A(T) for a diamond host is [32,35]
ALT) = A.(273 K) 1 (D/1,(27.3K) =~ 0121 T em K7

«Free path» for the non-equilibrium injected high frequency phonons in host. This phonons’ free path depends on the
A quasitemperature T of a diamond host according to the semi-empirical data’s Table 1 (from Ref.[32}). The approximation
(1/Apn)appr = 6.8 cm’ +205.0 Qi cm*/J for the reciprocal phonon's free path is represented at the Table 1.

ATY>> ay, This is the main condition for the success in cooling of the Active Medium (AM). The force of this rule is proved by the
) ' satisfactory results in the Table 2. These results are achieved by the methods developed on the base of the origin concepts

Apn(T)>>ay of works [32,35].

v
3

i Table 1. Dependence Au(T) and VApn(Qp) for diamond II-a derived in work32] from trial data.

TR 5 10 20 50 70 110 140 180 250

T Qpp(J/em™) 1.38(-5) 2214 3.53(-3) 0.138 0.530 323 8.47 23.2 86.2

v Apn(cm) 1.5¢-1) 1.1(-1) 9.0(-2) 3.0(-2) 1.0(-2) 2.0(-3) 1.0(-3) 3.0(4) 5.0(-5)

: 1/Agn 6.8 9.1 11.0 33.0 1.0(2) 5.0(2) 1.0(3) 3.3(3) 2.0(4)
 (1/Aph)appr 6.8 6.8 7.4 35.0 1.2(2) 6.7(2) 1.7(3) 4.7(3) 1.8(4)

2. Two advanced models for radiation-heat regimes in active medium.

2.1. Non-equilibrium model «Ballistic exit of carriers and their partial retuming in active medium». The carrier (glectron, hole, !
high-frequency phonon) emitted in a certain point of the site of the active medium (AM) is moving along a right-line without its:
scattering unless it removes a site of AM or unless it reaches the boundary between the AM and the vacuum. The carrier could be!
scattered only on this boundary. The total probability of scattering is unity for each carrier incident on this boundary. Then the:
scattered carrier moves along a right-line and remove off the AM-site. Inside the AM the energy of electrons and holes is continuously:
transforming with a rate 1/t into the phonons’ energy. The time t1ep is a function of the quasitemperature T+ of a host in the site;
of AM. But T is, in tum, a function of the phonons’ energy density Q1 1t pn in the site of AM. Hence

Tiep = Tlep(Ql tot ph). 3
The chip volume outside of the AM is divided into the nearest zone Z, and the further cooling zone Z . The radial region of the zone
Z, is Aze > p > ay. The radial region of the zone Z | is Aze < p < 00. Here the free path A of the electron (hole) is adopted as a;
function A2e(Q2 ot ph) Of the stationary mean total phonons’ energy density Q2 tot ph. The latter is a sum of the following parts:

" ® Q pail ph Which is a density in the ballistic phonons’ flow from the active medium;
® Q, qir pn Which is an averaged energy density of the phonons arisen at the microplasmas’ energy dissipation with a rate

Qaef (TZep(QZ tot ph_)); . ) . . . .
® Q2 back ph Which is an averaged energy density of the phonons which were arisen in the zone Z _ and then penetrated into a

zone Z,. Then this density is diffusely reflected by the boundary with vacuum. In a result ones have the following equation
Q2 tot ph = Q2 balt ph + Q2 ditf ph +2 Q , 2 back ph - (4)
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« is the contribution of diffused phonons from the zones Z  and Z; in the!

The value Qz pphor = Q ;2 back ph o* + Q2 giff pn o 1S the _
active medium Jénoted here as a point O*. This contribution is reflected on the boundary with vacuum. Hence the total phonons’

energy density in the active medium is the following sum
Q1 tot ph = Qugetrph + 2 Qzpph o )

where Qseir pn is the «self» part of the phonons energy density which is arising directly in the active medium and 2 Q; p ph o is the:
«retumed» part. So there is a pictorial part of the model «Ballistic exit of carriers and their partial retuming in active mediumy.The:

resultant mathematical development of that model-ideology is given below after the Tables 4 and 4a in which the regimes are!
evaluated on base of this and further (see sec.2.2) modeling approaches.

2.2. Non-equilibrium model «Exit of carriers with their scattering in active mediumy. in above model the cariers’ scattering inside:
of the active medium had been neglected. But this scattering leads to the additional accumulation of the energy and plasma in the site:
of the active medium. Hence it needs to be accounted. Such approach «Exit of carriers with their scattering in active medium» uses;
the values determined above in 2.1. Some necessary comments are given below in sec.3. 4

9 3. The tables of radiation-heat regimes. The basic nuclear data are given in the works [C,E,F] reported at the "LO2000".

Tables 2.1 - 2.5. Radiation-Heat Regimes of the Active Medium at No=3 107, 107, 10", 107, 10°
The adopted optimal initial density for all ELAN is n. = 0.9 n’ 0.005= 12 102 cm™ is adopted here for all nuclei-candidates in a diamond host

o = 1.48 ay/ve, T = 1.48 ay/vy v = 10" cm/s, vpn= 1.6 10 cm/s; The preblasting heat data (shadowed) are given in the Table 2a.
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3.1. Notes®: critical curve line £eritfq, a1} between the estationary regiony and «region of blast»  «the main parameter» ®16/11
The host and the work nuclei concentration in it are fixed at calculations overall the Tables 2 and 2a. So in that tables a pair of :
mutual independent variables g, a; (or an equivalent pair g, N) determines a regime of the active medium. It is obvious that a certain:
critical curve line £erit{q, @} divides the plain {q, a; } into two regions , viz., the «stationary region» Pstationary and the «region of:
blasty Ppiast.. Let the equation for such critical curve is ©(q, a;) = const. Hence a certain functional ©(q, a;) of two parameters g:
and ay is the same for the different nuclei-candidates in all points of the critical line £erit{q. @} the crossing of which leads to the!
transition from a stationary regime to the blast. That combination, «the main parameter», is approximately ©16/11 = jau @1 16/1t

# Each subindex number in the left column of Table 2a is the ratio of the maximal value to the minimal one in the appropriate line.
ersion. Eg, (maxjAMbl,,s,/min AM blast) = 161!8)/638(6) =252
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Y Blastprebl) 1611 1S the ratio «blast/preblast = ( A N otact/ (a fam) prepiast
The meaning of the parameters of the left column in the Table 2a: j.us = a1q Is the approximative value of the energy density flux;
TT= 4 ;%" is the combined parameter as an approximation to the main parameter.

v O16/11 = Jum
! 3.2. The derivation of the combined parameter ©. It is natural to suppose that the heat regime could be determined mainly by the:
i value ® = a,2 q [(al/Ae)+(a}/Aph)] the nature of which is the intensity of the scattered carriers delaged in the active medium, But,:
! seesec.3, Ao L, Apn 1o Q¥ oC (gay)™®. Here oc is the sign of a proportionality. Hence © o€ g, q (9%)3/ 8= gl a}27/ 8
! So the following functional transformation of the ©"-parameter as its power 8/11, viz,, ©16/11 = (@8 a2BB = q g2 =i
b gy is the equivalent change for the ©. The numerical calculation proves that the derived parameter ©16/11 is the best main:
' ‘parameter among the plurality of the tentative parameters &, = ay"™ Jam prep With the arbitrary real constant /7. Indeed, this:
i parameter @16/11 has a minimal ratio (max @ /min ©°y,). Besides the parameter ©16/11 has the minimal «dispersion» [max:
: (©’m blast/ ©’m preblast)/min (©’m blast/ © m prepiast)] along the critical curve Lerie{q, a1} for the value (O’ blast/ © m prebiast). |
! Ergo, the main approximate characteristic, evaluated only through the origin values gand ay, exists. It is the combined value ©1¢ /11!
b =qa M xqa PP = 16/11 " At the continuous variation of the active medium’s parameters g, a, in a certain critical:
© point (G, a1)crit Of that parameters the radiation-heat regime suddenly changes from the stationary state into the strong non-stationary;
: It is proved that the «main parameter» ®’1¢/11_is approximately one and the same for the different nuclei on:

one, i.e., to the blast.
the boundary £crit{q. a; } between the stationary regime and the blast. The tables 2, 2a support this rule for the main parameter.

The more compact crucial form is given below on the base of the above results:

3.3. The compact form of the cruces regime parameter
Bregime = (q a1*7/11)/4.84. ©6)

The radiation-heat regime is stationary and fit for the y-lasing if Gregime < 1.
The active medium (AM) is blasted before the y-lasing at condition
! @regime >1 (7)
At length 1 =1.79 the AM is blasted. Everywhere at iy < 1.79 the threshold psr increases if the length y decreases.
1 The joint analysis of y-generation and radiation heat regimes shows that in the stationary heat-regime (no biast) the
: induced threshold is always less than the super-radiant one
Pind < PSR (8)

............................. B D itk ek

ST 4. Origine basic formulas of the radiation-heat theory.

! Evaluation of Q¥ je. Ne av. Te. Tph. Top. T(Qpn). Ae(T). Note also that many coefficients are given below with the surplus exactness:
¢ in order to avoid the big uncertainty in the high power nonlinear transformations and in the nonlinear iteration processes. The sense of;
! the formulas below could be apparent from the Specification List 1 at the inspection of theory given in the sect.5. The total complex of:
! the work formulas must be cumulated here in order to have the success in the inspection of the mathematical section 5.

E ©

Q*=q/ [tiep * +T1e * eXp(-1.48 ai/Ase)] )
e min = 2Qe/€p , Nle max = Qe/go are the minimum and the maximum for the quasi-stationary non-equilibrium charged carriers
! density; &, = 13.25 eV/pair = 2.123 10" J/pair is the mean energy for one pair creation, &, = 5.5 eV=160210"755]=
8.811 1071 J is the minimal energy slit between the valence zone and the conductivity one. These two estimations are
! approximately equal to a certain «average» Ne ay = [(1/gp) + (1/2£0)] Qe Where [(1/ep) + (1/2e0)] = 1.039 10871 s0

' Naay = 1.039 101371 Q..

(10)2

DT = 148 @E;TsTh‘é averaged time for the removing of the non-equilibrium phonons from the AM;; the phonons speed

v, = 1.6 10° cm/s in a diamond is adopted here[691.
Tep= Tep(50K) (S0K/T)~ = 3.4 107 7°(50 K/T) " s (see [35]) is the time for the transferring of the «electron-hole system energy»!

i_intothe «phonons systemenergy», _ ________ _ ________
T T = (40T /C) " = 82,054 (Q)' 7 K (J/en”) is the stationary non-equilibrium quasi-temperature of host, here :
Tp= 1860 K, C;=567.8 J/cm"K are the parameters of the empirical temperature dependence for the heat capacity g

C(T) = Co (T/Ty)’ valid at T<314 K = Tp/6.
AT) = AuZ73 K) 1o (273 K) = A(27.3 K) (273 KIT) =85 10 273 K/T) > cm = 0.121 T m K isa
free path for the «hot» non-equilibrium light charged camers at the fattice quasi temperature T (see [35])

JERPRPU P

5. Non-linear equations’ systems for the evaluation of radiation-heat regimes
! Here the following dependencies on the phonons energy density approximated on the experimental data for the diamond host at the:
i quasi-temperature T <314 X are adopted: :

'

the free path of the «injected» charged carriers could be expressed through the total phonons energy density
Ae=AQp) = B* Q% (14
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: where B* = 1.631 10 cm (Jem®)*3; (14) |
the time of the charged caniers energy degradation into the non-equilibrium high-frequency phonons :

’ T (Que) = A* Q™ (15) |
: where A* 21 BA7 101§ (Hem®y>® (15a) |
¢ and the reciprocal phonon’s free path '

(1/A;) = 6.67 cm* +205.0 Qpn cM*/J 16) :

5.1. Non-linear equations’ system in mode! «Ballistic exit of carriers and their partial returning in active medium._In case of:
i the work-isomers with the times relation 1, >> max(tpn, e, Tep) the stationary regime is feasible in active medium (AM). This refation;
: is proved at least in all examples of the Table 16 above. On base of the model «Ballistic exit of carriers and their partial retuming in:

L active mediumy the following equations are built in that stationary case: The phonons’ energy density averaged over the zone Z, :

Qzpn = Q2 ph it av = Qzpati phav + Qophitor a an
: Qupn = {[C* (@/m1) + D¥] (I-ai/Ag) (@ ™™ a7y |
} Where Aze = Ae(Qppn) = B¥ Qapn arn

i and hence the right part of eq. (7') is a certain function of the left one. So the eq. (7’)P|eads to a nonlinear task with a consistence. The:
+ constants used in the right part of this equation (7’) are the following :
! C*= (0.406/B%) (1.48/ vpn ve) = 2.303 107" s"em™ (Jem?) 2%, (17°a)
i D*=(0.728/ A¥) (1.48/ Upp Ue) = 4.089 10 s cm™ (J/em®)>* 17°b):
i The energy density contains the «ballistic» part (with factor C*) from the ballistic «self» phonons directly borme in AM and from the:
! mean «diffused» contribution in Z, {with parameter D¥) from all zones. The zone Z; is determined in the space. The diffused;
' contribution is bom at electron-phonon processes in the microplasma. The reflection (on boundary with vacuum) contribution is:
' accounted also in the parameter D*. The genealogy of the ballistic term C* (a,/T1ep) is SO a5
b Qupan ph (@ @15 P <A2e) =0.274Q1serf ph (@1/A2e)(1-a1/A2)=0.274(Q i/ T1ep) (a1/Aze)(1-t1/Aze) < C* (an/T1ep)(qar’)} /5
+ at the account that (1-a)/A2¢)<1 and that the microplasmas energy density in ?he Aﬁl (zone Z+) is '
. Qie=q/(tiep” +77) = qlie (18)
i and hence is weak dependent on the quasi-temperature in the zone Z4. This formula allows to evaluate a number of charged carriers:
poin microplasma (see the notation at the end of the table 16) !

; Neay = 1.039 101877 Qqe (18)
! Note also the use of the simple relation of the detailed equilibrium in AM at the stationary regime :
H leelf ph/‘clph = Qle/Tle . (19) l
! because Q1 self ph = qtph/(lﬂep/'pte) (19)
; and Qie = qtiep {1HTep/Te). (19")
+ In equation (7') the value T, ep is a function of a total phonons energy density Q1 1ot ph in the zone Z4, i.e., in the active medium :
: Tiep = Tep(Q1 tot ph) = A¥ (Q1 tot ph) s (10)
! where :
: _ - Qutot ph = Qusetepn +2 Qeppro- 1)
i and the variables Quseir pn , Q2 p ph o+ are determined below: :
: leelf ph~ (Qle‘clph/’clep) = (que T1 ph/’tlep) (22) E
o Quognor = E* q a1%(Qup)”® [In(Aze/as) — 0.577 + (a/Ase) =~ 0.25 (ay/Asze)’) (23)
. where :
P E* =4.920 10”%cm? s (O/cm’)® (23a) !
(Ase/ay)=B*/(a3Q,>’®) and B* = 1.631 10™* cm (J/em’)™2. (24) !

So a complete systern of 8 equations for the determination of & unknown variables tie, ; Q1 tot phy Qi setfph » Q2 b ph 0% Qapi’ Q1e;§
' Nieav, (Ase/ar) is fonnegd. The compact notation of that complete system is following: :

! Tiep = A% (Q1 tot o) 8 (20) :
' Q1 tot ph = Qusetrpn + 2 Qepphor (21)
: leelf ph=(Q1leph/T'Ilep) (22) :
L Que = lmiey + 7 (see(18)) |
| Nieay = 1.039 100577 Qe ’ (see the notations at the end of Table 2a) ;
5 8{]}230*)51}33:/((1 aé ( )) [ln(Age/al) -0.577 + (al/Aze) -0.25 (al/Age) ] g%zgs
: 2e/01)= a1\ph . :
P Qo = {[C* (al/ﬁeg) +D* (qa)*® (r);
: there 11%1; 116{1181 algph, ;c)e_3=/81‘48 a1/ve , (see the Specification List 3), v, = 1.6 10% cm/s: ve = 1.6 10% e/, :
: =1. s (Jem 25a) :
i B*=1.631 10 cm (J/em®*®,; i §24a§ ;
i C*=(0.406/B*) (1.48/ vpn ve) =2.303 107! s%em’ (J/cms)';gs; 27a)
| D*=(0.728/A%) (148/ Upy 0) = 4.089 10”5 cm* (Jem®) /8 (17b) !
¢ E*¥=4.92010"cm™ s (J/cm’) (23a} :

. The results of the self-consistent solution for such non-linear equations’ system is the estimation of a row radiation - heat parameters:
b Tien @1/ B2 1/ Ave; Quaets o Qooonors Quiot o Q2 o oy @Nd the quasi-temperatures Ty T2 in the zones Zy and:
+ Z»,correspondingly, are given in the Tables 2, 2a. These results are some more sever that the results in «Free exits-model. !
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5.2. Non-linear equations’ system in model «Carriers’ scattering in active mediumy. The system with account of the scattering in§

the site of active medium is the following

Q¥ 1self ph = OTiph {{(t1e/T1ep) + 1 -€Xp(-1.48 adAie)l/ [(t1e/T1ep) +€X0(-1.48 afAie)]} exn(1.48 aifAsph) (25)
where all denotations are almost the same as above. Here the star * marks the belonging to the regarding method 3.2. with the;
account of the scattering directly in the site of the active medium. The expression (15) is the generalization of the expressions for the;
Qiself ph , given in more simple models. It holds an apparent structure lightly understandable from the above more simple models. Its:
structure is clear also from the common positions expanded in Refs.[32,34,35]. Viz.:
o The value T1pn exp(1.48 a /A 1ph)
is the time for tﬁe phonon's removal from active medium at its scattering account [32,34,35}.
o The value [(T1e/T1ep) + 1 -€Xp(-1.48 as/A e)l/[(T1e/T1ep) +€XP(-1.48 a1/Ase)]
is a so called «storing factor» which arose as a result of the charged carriers scattering and the transforming
of some part of their energy into the non-equilibrium phonons.
o At limit of big free paths when a3/Ae = af/A1pn = 0 the right part of eq.(15) transforms into the expression

Q*15eif phlat afAse = asfAgph = 0)= quph/[(Tlep/Tle) +1] (25)

which is well known in the above sections, see egs. (19), (19), {19”) and the SPECIFICATIONLIST .
o But at the limit of almost zero free paths, a1/Lie >>1, a1/Lipn >>1, the right part of eq.(15) transforms into the expression

Q*sseif ph(at @y/Ase >>1, ar/A1pn >>1) = qraph [(T1ep/Tie) + 1] €xp(1.48 a1/Aspn) (257) ¢

which is unknown from the above sections and leads to the blasting regimes. The right part of eq. (15') depends on the value :
o Q*1 tot ph = Q¥ 15eif ph + 2 Q*2 b ph 0% (26) 1

through the interim fragments t1e/T1ep, d1/Are and ay/Agpn , ViZ.: ‘
® the fragment (t1e/T1ep) = F* a1(Q*1 tor ) ”* @n
where F* = 1.48/0,A* = 915.3 g (Wem®)¥® @
at the adopted above values ve = 10%cmy/s, A* = 1.617 1011 s (Jem)™® . :
o the fragment (@fAre) = Q* oo Sas/B* (28) !
where (see the sections above) B* = 1.631 10 cm (Jiem™)*/® (28)
e the fragment (@A gpn) = a; (6.67 ci™” +205.0 Q*, 1o, pr cm/J) 9 !
The substantiation of this relation is given at the notes to the Table 1 . In tat table tﬁe temperature dependence for the phonon free!

path diamond matrix at temperature T> 50 K has been changed into the approximative dependence of the reciprocal phonon free

path from the phonons energy density .
(1/Apn)approximate = 6.67 o' +205.0 Qpp cn/J 30)

The constants for diamond were adopted here after the working of the table data for the Apr(T), see Table 1.In the right part of the

equation (16) the contribution Q p ph o* is small

(QZ D ph O* with account of scattering in AM) << (Q*lself ph with account of scattering in AM) (31)

and could be nedlected in the approximative evaluations. it is seen from the data of Table 1 because

(Q*Z D ph O*with account of scattering in AM)< (QZ D ph O*without account of scattering in AM)<< (Q*l self ph with account of scattering in AM)- '
22}

Hence the use of the majorant value Q; p ph o instead of the exact value Q¥; p pn o* in the approximative estimates is valid. So the:
following system of 6 equations with 6 unknown interim variables Q* yseif ph, T1e/T1ep: @r/Are, adAspn, Q*1 tot oy Q%2 D ph o NEEAS;
be solved in order to evaluate the radiation-heat regime in active medium according to the regarding here model «Carriers’ scattering in active!
mediumy ;
Q* 5l ph = QT1ph {[("Cle/'tleu)/;' 1- eXp(‘1 48 41/A1e)]/[(71e/'51ep) +exp(-1.48 aiAie)l} exp(1.48 afAspn);
(T1e/T1ep) = F* 01(9’21 totph ) s
((71/1\1e) = Q*ltot ph / al'lB*; ”
{adA1pn) = a,(6.67 om +205.0 Q% ph cem/J);

*1 tot ph = Q¥ 1setf ph + 2 Q¥2pprovs

*,ppno* = Qappn o . Substantiation of such approach see above. The value Qo Was evaluated in a previous section on the
model without account of scattering in AM. Here
F* = 915.3 om (Jem®)>/® ;
B* = 1.631 107 cm (Jiem®/> .
A host's quasi-temperature and a charged carriers density in a site of the active medium could be evaluated almost as in 3.1.:
T*y = (4 Q% tor ph Tn /Co)" * = 82.054 (Q*1 tor pn) " * K Jrem’)
N*1e av = 1.039 1018777 Q¥
where Q*1e = q/[tiep t + T1e * eXp(-1.48 a/Ae)]

4. The general main results of joint «generation - radiation-heat-regime» theory GG&RH.

4.1. There are no long-lived work isomers candidates for g-laser creation. The analysis of all nuclear data-banks shows that all
«minute’s» isomers have without Borrman effect only very small working ratio p/p,,q < 1.
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4.2, The multi wave Borrman effect is capable only in high perfect crystals and it is impossible at the surface. Hence it is not suit in the
SPTEN methods. Hence it is necessary to insert long-lived isomers before the generation in the solid volume. It is infeasible if that work
nuclei are excited on the «minute’sy levels.

4.3. Hence there are two ways: a) the «two-step» pumping[11] or b) the «two-stage» pumping[22,23]. Both that types of pump have a
«transversaly geometry of any pumping radiation. The joint theory show the unfeasibility of both that ways because the transversal
humping radiation create the adiabatic isolation around the active medium and it leads to its blast.

4.4, Another type of «longitudinaly pumping is possible only by a tight, powerful, sharp directed g-beam. in that case the crucial regime
parameter is less than the unity.

45, There are some theories which predict the amplification of g-wave on its path in medium of the «two-step» type.

4.6. There are some theories which predict the frequency transformation of g-wave on its path in presence of powerful laser wave in
combination-resonant media (@ £ N @as = Ormed)-

4.7. Long ago the «superdilution» method [23,27] was suggested on base of unusual application of Borrmann effect, when the Borrman
wave acts almost only with the work nuclei and almost not do with the host matrix. The super-dilution could reach value 1/107 and
even 1/108 at many wave Borman effect. Hence the energy of the intemal electron conversion ~ 10° eV could be distributed
among 107 or 10% light atoms. Hence the temperature around work atom will be increased only by 100 -10 K.

4.8. In that superdilution case the cooling is realized owing to the capacity. In contrary to the conductivity method in SPTEN.

4.9. Suppose that the small y-beam could be transformed (see 4.5, 4.6) into the beam for the fuse the superdiluted active medium.

4.10. The superdiluted medium could have a not restricted cross-section and hence not restricted power of y-generation, e.g., ~ 108
J/pulse, see [49,50].

4.11. In case of superdilution the Borrman effect could in principle to suppress the absorption on mixture and host atoms both together.
4.12. Hence there is a probability to use the nuclei which are discarded now. And to use many other sorts of nuclei.

4.13. But in order to realize that perspectives it needs to create a certain many sectional y-laser in order to amplify and transform inits
frequency the initial small y-beam of SPTEN y-laser into the powerful muitibeam (many tight paralle! microbeams).

4.14. 1t needs to revise an carefully to check the existing theories in many relevant topics.

4.15, But the first it needs to begin with the development of the SPTEN method and its basis, the Multi Beam Emitters.

4.16. The joint theory shows that the gaseous, plasma’s and beam's active media are not realizable even at use of the modem methods
of laser cooling[35]. The main reason is the ionization and heat processes linked with the intemal electron conversion.

4.17. The joint theory shows that the solid active medium is not usual crystal because it is a mixture of very hot light microplasma and
cold solid {below 100 K), Light microplasma has high density ~ , more than 10*7-10° cm™, and high temperature, more than 30000 K.
4.18. At such conditions the hyperfine structure, HF$S, is utterly unstable and the collapse of HFS arise.

4.19. Hence all methods based on the HFS will be destroyed in the active medium of y—laser:

all methods for the work-line narrowing;

all methods to create the inverted population from the inverseless nuclear mixture;

all methods to create the so called «amplification without inversion»

4.20. Of cause all above methods could be applied in the Moessbauer spectroscopy Particularly in order to diminish the resonant
absorption in the powerful Moessbauer sources. Appositely the first suggestion of the «amplification without inversion» on base of laser
action on the optical HFS was published in 1980 in JETP[23] long before the its «discoveries» in 1995[24,25].

4.21. The active media are divided into two main groups: the residential and non-residential. In the residential case the work nuclei, as
like as the residents, are inserted into the active medium long before the y-lasing. In the non-residential case the efcited work nuclei are
prepared out of the cite of future generation. The joint theory shows that all residential active medium cold be activated or triggered only
be other y—laser beam. Otherwise ones have the adiabatic isolation of active medium and its heat blast.

4.22. The SPTEN which belongs to the non-residential class could overcome all these hindrances 4.17-4.21.

4.23. Hence the SPTEN is the unique method for the creation of y~beam in order to fuse all other more powerful gamma-lasers.
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Gamma-ray solid laser: variety of work nuclei and host-matrixes in Mendeleev Table
screened with use of system of criteria based on joint GG&RH theory.
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ABSTRACT

The hosts and nuclei-candidates (mass ~ 46 — 243, transition energy ~ 1 - 200 keV, decay’s time 107 - 10*2 5) for gamma-laser (GL)
realisation are represented over Mendeleev Table. The choice of active media (nuclei-candidates, hosts) for GL is based on the joint
theory of y-generation and radiation-heat regime (GG&RH) which accounts a big complex of hindrances against GL and thus discards
many tentative candidates. Nuclei-candidates are screened at the analyzing of data banks for nuclear fransitions. Chosen candidates
{~20) could be used due to author’s method SPTEN (Soft Prompt Transplantation of Excited Nuclei). The discarded tentative nuclei
{~80) with the life-times 1078 - 10*2 s are represented too. All analyzed fong-fived (~ 0.5 - 10*2 s) isomers are tuned to be not fit for
GL without use of very strong muiti-wave Borrman effect even at the supposition of natural fine's width. The application of the revealed
candidates in two different y-laser's categories (residential and non-residential) is discussed.

Keywords: quantum nucleonics, isotopes, isomers, Moessbauer effect, Borrman effect, gamma-laser, longived and short-lived
isomers, residential and non-residential active media, gamma-generation (induced, super-radiant in plasma, in beam, in solid),
amplification without inversion, hot microplasma in cold solid, collapse of HFS in active medium by its microplasma

1. Introduction.

From early works up to nowadays a big world experience in y-laser (GL) problem is stored [1 - 53]. Crisis in GL-problem was reviled just
before 1980 [9-11;23]: no real nuclei-candidates, *heat death’ of GL, etc. That crisis is conditioned by deep contradiction between the
pump and the lasing[9-12,17,23]. It would be prematurely to believe that the GL-problem could be decided finally just nowadays. The
start positions for the GL problem decision are just prepared. In works[8,19,27-36] and here a so called «mitigating» or «softening»
complex was developed. It is a system of the engineering high technology’s means for the GL realization. The last time a special branch
of that «softening complex» is quickly developing[28-36]. It is the most feasible model of GL, so called SPTEN (Soft Prompt
Transplantation of Excited Nulei) suggested (1995) and substantiated at large by the Author[28-36]. The precursor of the SPTEN, so
called AVLIS (Atomic Vapor Laser Separation), is not fit for the GL creation[7,10,14,38]. The SPTEN is based on a new class of laser
separation, so called «Multi Beam Laser Selection or alias the selection with use of the «Multi Beam Emitter» [28,34,36]]. Each of that
work contains the words about much big amount of work-nuclei-candidates. But only the transitions of **'Tay; (6.3 keV, 10%s) and *Co{28.1
keV, 1.5 10%s) were used as the examples. Now ones can quite apparently see a plenty of candidates.

2. The choice methods.

The necessary theoretical results, formulae and denotations are given in the previous paper [C-D].
The choice complex consists from the following canons.
1. Condition on the time-life 7. of top work level. The nuclei-candidates must be in the interval

~107 s <7, <~10"%s M
The right boundary ~10*2 sis determined by the enormous difficulties of Moessbauer experiments on nuclei with 7, > 10*2 s. The left
boundary ~ 107 s is determined by sharp growth of difficulties with the production, selection and the delivery of the Excited Laser Active
Nuclei (ELAN) into the cite for y-lasing.
2. Condition on the energy E, of work transition. The nuclei-candidates must be in the interval

~ tkeV < E, <~ 200 keV 2)
The right boundary ~ 200 keV is determined by a very small value of the recoiliess probability (Moessbauer's factor) < 0.001.
The left boundary ~ 1keV is determined by the sharp growth of the intemal conversion factor «..>> 1000. Hence out of the interval (2)
the conditional resonant cross-section oq is much damped because

oo = (M2127) (fwl{1+o)) (1(1+); 7 =t/ 3)
3. Condition on the time-life T_ of the lower work level. This time-life must be jn the interval
00> 1. >~1031,; ®

The right boundary <0 comresponds to the stable lower level.

The left boundary ~1073 7, comesponds to the very diffused line with very small damping factor (1(1+) ~1073,

4. Condition on the branching: w > (.001 3
5. Only the nuclei which answer simultaneously all four conditions (1), (2), (4), (5) together were considered as the tentative
nuclei. Other word, the tentative nuclei for the choice belong to the intersection of four arrays
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{array of tentative nuclei} = {array (1)}() {array (2)} () {array (4)} [ {array (5)} (6)
6. The foliowing additional conditions were adopted:

6.1. The optimized restriction on the relative concentration n/n’ = 0.005 N
At n/n’ > 0,005 the sharp growth of the clustering leads to the enormously big time-ratio £ = /1, (8)
which damps the asymptotic acting resonant cross-sections .- = og/C ; 6., = g 60/ (9)
where the «longitudinal» time <, and the «crossing» time t, are determined so

(I/t)=(1/x) + (/) (W) = (U )+ (U )+ (10)
The decrease of n/n’ is undesirable because the important parameter

v = (N Y[(nIn')+{cio)] an

determines the so called «Reserved Amplification» parameter p named as the «Reserved Amplification»

p=Vy poT/ty (12) where p, = Go/c (13)

o is the cross-section of the non-resonant losses (through the photo-effect, Compton effect, scattering) on the atoms with the work
nuclei, o’ is the cross-section of the non-resonant losses on the atoms of the light host-matrix. Hence always (c'/c) << 1.
6.2. The adopted value for time ratio C=1/t=1.1. (14)
To provide this value ¢ = 1.1 is difficult but feasible for the most part of candidates. On this reason the comparison and choice of all
candidates was executed at one and the same value ¢ = 1.1. Of cause, the value { = 1.1 is indeed a big allowance for long-lived
isomers. But even at such allowance all long-lived isomers were discarded, see the Tables below.
6.3. The adopted value for the ratio n,/(n + n_) = exp(-x4) = 0.9 at the initial moment t = 0. The real feasibility of value

n/(ny +n.)=exp(-x1) = 0.9 (13
with use of MBE method is substantiated in the talk [B]. In the super-radiant theory a form exp(-x,) is adopted instead of the more
apparent form n./(n.. + n.) of the induced theory.
6.4. The degeneracy for both the top and the lower work levels is adopted. In deed, in case of the short-lived isomers the Hyper
Fine Structure (HFS) is collapsed 37,40]. Hence in this case the work levels are degenerate. In case of long-lived work-nuclei all HFS-
components are strongly overlapped. Hence the y-lasing effect in this case is fike as in case of degeneracy for both levels. In
degeneracy case many y-lasing properties are linked with the degeneracy’s’ ratio

g=(2i+1/Q2j+D) (16)

6.5. The y-generation into one diffraction mode is regarded. Hence the number m =1 a7n
for the amount of the generation modes is adopted here.
6.6. The Moessbauer factor is evaluated at the Debye approximation with the effective Debye temperature Oy for the mixture
heavy atom in a light host Omixt = (A’TAYY? Bpiost (18)
here A’ is the atomic mass of the host atom; A is the atomic mass of the mixture heavy atom; Byost is the host's Debye temperature.

7. The threshold parameters evaluated on base of the induced (pinq) and super-radiant (psz) kinetics revised with account of the
most complete complex of hindrances and other adverse obstacles:

For the induced kinetics Pind = 2/Gm 19
here the value Gy, is dependent on a degeneracy ratio g only at conditions 6.1-6.3, see (16) and the Table 10.
For the super-radiant kinetics psr = {TSRI} Fisr(y) (20) where v =L/2Lp 2n

is the relative length of the dispersed active medium, 2 Ly is a free path of y-quanta with account only non-resonant losses.
The values ping and {TSRI} are not depend on the length y. The factor Frse(y) is minimized at

V=V,=1.79 (22) where Fig(ym)=min Frg =3.35 (23)
8. The very perfect natural single crystal of diamond of type ITa is adopted as the best gauge-standard for the host
candidates. Such crystal provides the effective cooling of the active medium owing to the low impurities’ concentration (less than
10%7em™3), high sound velocity, high speed of nonequilibrium electrons and holes, not too fast electron-lattice energy exchange, big free
path lengths for light carriers at low temperatures, high Debye temperature; it has high Moessbauer factor (~1} for mixture nuclei, low
cross-section of nonresonant losses, high stability against radiation damages and a row of other merits.

9. Cruces regime parameter Oregime = (9 ay*""11y/4 84, (24)
The radiation-heat regime is stationary and fit for the y-lasing if ®regime < 1.
The active medium (AM) is blasted without y-lasing at Oregime > 1 (23)

9a. At length y,, =1.79 the AM is blasted. Everywhere at y < 1.79 the threshold psr increases if the length y decreases.
10. Absence of conditions for the Borrman effect realization. Substantiation is given in works [28-30,32,35].
11. In the stationary regime (no blast) the induced threshold is always less than the super-radiant one
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(26)

Pind < PSR
12. The threshold conditions have the forms

for the induced generation regime  p/ping >1 (27) and for the super-radiant regime p/psr >1 (28)
The threshold ratio p/ Pind Was calculated for all tentative nuclei. This value is the main characteristic of the candidate owing to the properties 9,11.

The fentative nucleus must be discarded if its crucial ratio p/pind <1.
3. The example of the data-table for the choice.

The Table1 gives the most total representation about the choice method on the examples of two small nuclei groups. Some non-crucial
characteristics are given in that tables in order to help any reader to find out the real possibilities SPTEN method in the simplest one-

mode case, see, e.g., the values for the asymptotic gamma-n-puise
@y = (p-1)/00 ; Tr = T/(p-1); Fr = Ouftz = 1.6 10° (p-1)’E/oot, ~ 1.3 10® E,y’o/c’t; at p>> 1.

Other values (so called invariants) in the tables are given as like as the introduction in the calculation of the array choice data, they give
the systematic overall picture about chosen and discarded nuclei. The other tables are produced by the same method which is used for
the Table 1. The Table 7 contains very impotent result: no one long-lived nucleus fit for the y-laser creation was descried even at

completely narrowed total line width, i.e., even if I, = 1.

Table 1. Six candidates produced in photo-nuclear reactions “Au..1 (Yn) A*. ,eqg, mNb‘g (yn) ““Nb*,;, "A*, is a work isomer
Type /1D /1D 2D /1D /1D /1D
WOFk){gOtODB 9-EN bay 1 Sbsy fE Eugz é‘;‘ano GJSGe32 Co,7
E, (keV) 90.2 61.45 32.6 33.96 83.0 28.1
Ty (sec) 6.20(-6) 2.74(-6) 2.38(-7) 2.31(-6) 7.36(-6) 1.51(-5)
Q. 0.17 0.75 1.2 44 14 1.5
Do = Cn/C 340 174 298 351 393 888
A (Angstrem) 0.137 0.202 0.380 0.230 0.146 0.441
jif 0.30 0.61 0.88 0.60 0.29 0.86
Cg_ (barn) 7.58(4) 2.26(5) 9.24(5) 9.26(4) 4.04(4) 1.07(6)
Go= (A-12m) (Fw/(1+a)) (/(1+y)); y =1/t 0:- = 00/L:0-4 = 26,2 £ = T/, (U= + (), (M) = (M (A 3 T
O (barmn) 2232 1300 3100 264 103 1200
o’ {b) in Diamond 3.10 3.47 4.75 3.62 3.15 5.63
/O 0.014 0.0027 0.0015 0.014 0.031 0.0047
1+ 2 3 1 1/2 172 4
|- 2 2 0 5/2 5/2 S
g={2].+(2j+1) 1 1.4 3 1/3 1/3 9/11
PSR min = {TSRI} FT e nun aty= vlll =1.79. FIﬁB min = 3.35: Noﬂmx SRy = Vi N*
Work ISOtOpe N by s‘&mﬁ“Sbﬂ Eug; Znsq > Gesp Coyy
W at n/n'= 0.005 0.264 0.652 0.765 0.268 0.141 0.516
P = Petd/Ty 81.8 103 207 85.6 50.2 416
o (W/cm™) 2.01(14) 1.65(14) 1.01(15) 2.89(14) 1.11(14) 4.80(13)
For the asymptotic pamma-re-pulse @, = (p-1)/00; T = T/(p-1), Fz = /1, = 1.6 T0° (p-1 VEJogti~ 1.3 10° BEyw'oo/o’t; at p>>1.
N¥=No/p* at m=1 4.38(12) 1.15(12) 5.27(11) 5.40(12) 6.18(12) 1.85(12)
L =Y.~ N* 1.40(13) 3.68(12) 1.69(12) 1.73(13) 1.98(13) 5.93(12)
{TSRI} 5.50 5.79 7.33 5.08 5.08 5.38
pskmn = {TSRI} 3.35 18.4 19.4 24.6 17.0 17.0 18.0
‘ Pind=2"Cp 16.1 20.3 47.1 10.6 10.6 14.5
P/Pind S.08 5.07 4.39 8.08 4.74 28.7
P/ Dina W) 18.2 7.78 5.73 30.1 336 55.6
Spatial and heat parameters; In case of diamond host (and at the work nuclei dilution n/n’ ~ 0.005) the characteristic parameter of a heat
regime is the value © = (g a12”/1*)/4.84. At ® < 1 a heat regime of active medium is stationary. At © > 1 a heat regime of active medium is a
heat-blast. Hence at a given heatrelease ¢ (Wicm®) the following crifical parameters are exist: aicr = (4.84/9" /%7, yer = (a1cdasg)’; Nocr =
v N* = 13.1 N*/(aw g / 7)4 with the main property a1 preblast < dicr < 41 biast; Vpreblast < yer < Votast;  No prebiast < Nocr < No biast
qWient® 2.68(17) 1.22(12) 8.48(12) 42(12) . .
apeni 6.08(-5) 4.80(-5) 4.62(-D) 7.29(5 6.72(-5) 6.57(-b)
dycr oM 4.20(-5) 2.26(-5) 9.82(-6) 1.71(-6 2.62(-5) 5.45(5)
Yer 0.477 0.222 0.045 0.055 0.152 0.688
Nocr 9.97(11) 5.67(10) 1.07(9) 1.62(10) 1.43(11) 8.76(11)
PsRcr 31.5 60.6 335.7 191.6 73.9 24.4
Pind=2/ G 16.1 20.3 47.1 10.6 10.6 14.5
P= VY poT/u 81.8 103 207 83.6 302 416
Lasyng type at Ng = Ng., IND + SR IND + SR only IND only IND only IND IND + SR
[tis apparent that re_allg’ always (with the account of radiation-heat regime) pins << Pskcr. It 1S @ reason of a feeble SR-gamma-generation in
comparison with an induction generation.
No =10°°
WorkTsoope T "°NBa; [ 2%5bs; 1 " Fugs | " Znzp | " Gey; | “°COzy |
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v = (No/N¥)* 7~ 0.478 blast blast blast blast blast
P =\ Potlt 81.8 blast blast blast blast blast
Type of generation IND + SR No generation No generation No generation No generation No generation
Pind—2/Gp 16.1 blast blast blast blast blast
[[’SB 31.5 blast blast blast blast blast
P/Psr 2.60 blast blast blast blast blast
No = 107"
Work Isotope *2Nba, T228bs51 T Fugz *ZN30 ~Gex Coz
y 0.151 blast blast blast 0.127 0.232
P =V Ps T2/ 818 blast blast blast 50.2 416
Type of peneration IND + SR No generation No generation No generation only IND IND + SR
Dind=2/Gm 16.1 blast blast blast 10.6 14.5
Psr 80.5 blast blast blast 86.8 54.0
p/pse 1.02 blast blast blast 0.578 792
Ng = 1077
Work Isotope ““Nbgss +““Sbsy “““Kugz usZl’]go mGEaz C027
v 0.0478 0.0932 blast 0.0430 0.0402 0.0735
P=VY PeT/Ty 81.8 103 blast 85.6 50.2 416
Type of generation only IND only IND No generation only IND only IND IND + SR
U Pind=2/ G 16.1 20.3 blast 10.6 10.6 14.5
PSR 238 132 blast 243 269 154
E/ESB 0.344 0.778 blast 0.352 0.193 2.71
No =107
Work isotope ““Nbgy ““°Obgy “"“Kugs 1le'lan ”Ggg_z Cozz
y 0.0151 0.0294 0.0436 0.0136 0.0127 0.0232
P=VY PeTo/a 81.8 103 207 85.6 50.2 416
Type of generation only IND only IND only IND only IND only IND only IND
Pind=2/Gpy 16.1 20.3 471 10.6 10.6 14.5
PsR 736 402 346 754 807 470
P/PsRr 0.0111 0.256 0.598 0.114 0.062 0.885
The results of a numerical approximation of function G(f) by quadratic form G({t) = Gm - Kina (11 - uo)2 at g = exp(-t/ts) :
Work Isotope ““Nbyy ““Shsy S Eugs js-Slest ~Ge;; Coyr
g=(2.+1/2i+1) 1 1.4 3 1/3 1/3 9/11
Gn 0.124 0.0987 0.0425 0.188 0.188 0.138
Lig 0.723 0.767 0.873 0.608 0.608 0.705
KJ% 1.62 1.82 2.64 1.22 1.22 1.586
Dind=2/Gm 16.1 20.3 47.1 10.6 10.6 14.5

4. Host matrixes and nuclei-candidates for gamma-lasers in Mendeleev Table.

The main results of choice are represented in a form as like distantly as the Mendeleev Table, see the Table 2. The light atoms which
are fit for the host matrixes of the GL's active media are marked by a shadow. Many of that elements were pointed firstly in a work[27].
For the most nuclel the best matrix is a diamond of the lla-type[27-36]. But in case of small y-transition energies E, < 30 4el/ ones
could to choice some other matrix constructed from more light atoms than carbon, e.g. Be [6] or B [27], or Li [9], or even a solid
hydrogen H [27], or hard isotopes deuterium D [27], or tritium T [27]. Besides many composite materials could be prepared from
some of the shadowed elements from hydrogen to carbon in combination with the elements N, O, F which are less fit for the Gl's
active media. Such composites cold be used as host matrixes with high gamma-optical properties and good heat conductivity. The other
elements of Mendeleev Table are fit for the surrounding layers of the central matrix. See refs.[14,33-35,39,40]. All denotations are given
below:

eeeeSc21

48201 6.30

Thise « » o is a signal about the presence of the chosen work nucleus in the cell of the Mendeleev Table's element marked by row of
bold dots. In this case the chosen work-candidate is the nucleus *®Sc with the mass 46, the energy of the work transition E, =
52.012 kel” and the work ratio p/ping = 6.30. The brief notation of all this information is so: 46,012 6.30 . The nuclei which are
labeled as ***** were researched (see [G]) on the values of the changing of the optical HFS at the isomeric transitions. The times 71,
1., T_ are not pointed in the Table 2. But they could be found in the tables 3 - 8 which contain the more detailed information than the
table 2. Particularty the value p/pind\ could be found in that tables. The value p/pinay is the work ratio in the unreal {owing to the
heat blast ! ) case of 100% solid substance created only from the ELAN. The important general perspective for the use of the SPTEN
as a fuse for the much powerful GL in future is given in [A] and is mentioned in the next Section 5. In deed the specified here nuclei
candidates would be used for the creation of the SPTEN y-laser. But the latter is necessary for the triggering of the more powerful v-
lasers because any powerful y-laser couldn't do without the triggering by another v-laser. Such "another” v-laser could be at near future
only the SPTEN v-laser, see the work [A].
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Table 3. The 1S0mers of lype «+// 1 b» : p/pme > 0 at the absence of Borrman effect, n/1)’=0.005, n4+/n=0.9, t1/12=1.1
and at the time-lives t4,t4 lying in the first short-lived diapason «//1o» 10" s > 74,t4>10 "5
Tomen 1o 46 Sc 2T | 58C027 .| 58C027. ] 63Ni28 [ 65Zn30. | 677Zn30 : 74 Ga3l
E, (KeV) 52.012 28.1 53.0 86.9 53.96 93732 36.5
T3 (S€C) 1.27(-3) L31(-5) T31(-5) 2.48(-6) 2.31&8—6) 1.33(-3) T21(-7)
/Dind 6.30 28.7 W 3.68 1.13 8. 4.01 21.5/118.9
EZE&;&; ) 69.2 __33.6 w18.1 12.7 30.1 41.1 79.6/770.0
“Teomers +77in- . - 69:Ge32- 1. 76 As 33| 92 Nb-41 107 Pd 46 |- 110 As 47::]:::122:8b:S1 . 154 Eu.63
F, (KeV) 35.0 46.04 90.2 115.7 1113 61.45 68.2
T; {s€C) 7.36(-6) 2.7(-6) 6.20(-6) 1.30(-6) 9.52(-7) 2.74(-6) 3.46(-6)
Y/ Pind 4.74 23.5 5.08 1.62 1.43 5.07 3.85
‘ zi éz.‘; W) 33.6 533.4 19.2 6.40 8.05 7.78 3.98
Jsomers ba60] 165 Tmi69 1o 172 LT - f- 173 L 730 177:Re: TS5 1T9 RETS | 1somers of type +1 o are the most
E, (KeV) 80.3 67.5 123.77 84.7 65.6 preferable for the first direct y-asing
T1 (8€C) 1.30(-5) 6.20(4) 1.06(4) 7.21(-3) 1.30(-4) experiments: 1. Times 71,74 are fit
/Dind 2.46 2.42 wI16/7w0.2 1.94 9.81 for use in the SPTEN-method. 2.The
‘ p7‘i Dind V) 3.33 2.93 w 2.74//w 0.34 2.50 16.6 Borrman effect is not necessary.
Table 4. The isomers of type 0//1D : p/p;us < 0 at the absence of Borrman effect, n/q;=0.005, n+/n=_069,
t3/15=1.1 and at the time-lives 73,7, lying in the first short-lived diapason «/1D>» 107 s> 14,142 10" s,
Tomertiiin | 449¢21 | 13 Ge32. | 90Nb4l [~ 99 Mo42 | 109:Cd48: 1 #1315 Sn:50::[::118 Sh:51:
o= e
Tyy Tt 5. T- = 1.21(-3 .20(-6 .80(- 16(-5 I3(-3 T+ = 2. 03(->
1 | St o) ) ) R )
g/g,'m{ 0.185 0.172 0.979 0.673 0.840 0.168
P/Pind ¥ 43.0 0.610 3.76 2.79 1.37 .
Tomersazin | 122153 | 140 N.d60 - | #153 Gd 64 [ 167 Tm:69 | :17S:HE 72
E, (KeV) 148._551 428 762 113.3 7172959‘5
Tis T+ 5. T- 1.01 9.67(-> 7. = 1.098(4 . = 1.30(-6 19(-
(sé¢ ) O o2k | = 13000) )
g/g,-m, w 0.64 - w 0.08 0.185 0.833 0.980 0.719 0.25 0.0297
P/Dind ¥ 2.86 - 0.338 0.312 1.15 1.64 1.22 0.33 0.0430
“Isomers a/1n. | 206:Bi83 1] 1243:Cm 96 The isomers of the type B 1 & could be used in the direct gamma-lasing experiments only at
b, (KeV) 59.9 874 the condition of a feasibilily of very strong Borrman effect. The value ps./p shows the minimal
T1 {S€C) 1.13(-3) 1.56(-6) ratio for the change in the resonant and non-resonant absorption correspondingly. Other words it
g/g,-,,d 0.224 0.192 needs to get the relation (co/c)s > (Pue’P) (Go/Tlusuar. A 1ati0 (Go/o)usual cOMTesponds to an
P/Pind W 0.311 0.284 usual case without Borrman effect. A ratio (co/s)e corresponds to the use of Borrman effect.
Table 5. The isomers of type «+//20» : p/pi,s > 0 at the absence of Borrman effect, n/n’=0.005, n4/n=0,9,
14/15=1.1 and at the time-lives 7;,74 lving in the second short-lived diapason «/2p» 107" 8> 14,7:.> 10" s,
Tomers 47720 | 57 Fe26 | 77 Kr36 ] 83Kr36. | 105 Rudd -| 100Rh45 [::126 Sb51 :126:Sh:5%::
E, (KeV) 144 66.5 9.39 20.55 74.8 2328 64.3
T; (SecC) [.38(C-7) 2.45(-7) 2.12(-7) 491(-7) 3.09(-7) 1.13(-7) 7.93(-7)
9/2,-,,,1 4.05 14.4 5.10 7.57 4.66 1.07 3.04
D/Pind ¥ 6.19 45.0 11.2 12.7 10.4 1.50 4.77
Teomers #7720~ 126 Sba1 | 120 153 . 125 Xe 54| -140:Cs 55 ] “137:-La:S7 | 152 Ku 63 152:Eu:63
E, (KeV) 87.6 72.6 433 [3.9 72.6 326 89.8
T1 (S€C) 1.13(-7) 3.32(-1) 2.02(-7) 6.78 (-7) 1.67(-7) 2.38(-7) 5.34(-7)
g/giud 4.65 3.24/12.53 wa.17 3.65//2.54 1.33 w 4.39 2.38
D/Pind ¥ 10.1 8.78//4.24 w 4.96 30.37743.6 1.71 w373 3.72
Tomers 4726 157.GAd 64 |- 172 Lu /1. | #173 Hf 72| 177 Ta 73} :183.Ta 73 | 180:Re¢ 7S 181:0s.76
E, (KeV) 63.8 24.0 90.3 73.6 73.16 20.2 107.7
T1y T+ 5.T- 6.64(-7) 47T6(-7) 1:+2.31%-Z’g 334G 1.39(-7) 1.27¢-7) 462(-7)
sec 1.2.60(-
g/giad 2.36 3.14 1.67 1.96 1.91 13.0 1.16
L D/Pind ¥ 3.69 3.47 2.28 2.42 2.33 233 1.69
Isomers 4//2p 2| 189 A 7Y - The excited nuclei of the type +//2p are more preferable for the y-lasing than the
E, (KeV) 78.0 nuclei of the type 0/72 o (see Table «Isotopes 0O//2 o» below).
1; (s€C) 2.74(-7) The nucleous marked by the sign # is characterized by the complex of the times
g/gin,i 1.07 Ty, T2, T+, T- Which are determinded in this paper.
D/Pind ¥ 1.96 The values p/pinsW correspond to the case of 2 100% concentration of the work nuclei.
Table 6. The isomers of type «0//2D» : p/pins < 0 at the absence of Borrman effect, n/n’=0.005, n,/n=0,9,
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74/t5=1.1 and at the time-lives t4,t4 lying in the second short-lived diapason «//2D>» 10°° 8> 14,142 107" s,
Tomersoszo | 83Rb 37 ]..126 Sb51 ] 138 La57 | 152 Eu63. [ #169 Er68 [ 171 Ex:68 | 177 Lu.71
£, (KeV) 5.2 87.0 72.6 197 151.7 198.0 150.4
Trs T+ 4 T- T.04(-7) T.93(-T7) 1.67(-7) 1.36(-6) T+ = 2.89(-7) 3.03(-7) 1.73(-7)
(sec 7= 4.04(-7)
/Dind 0.318 0.195 0.708 0.282 0.394 0.0836 0.422
5 ud \V 0.755 0.212 0.895 0.326 0.997 0.306 0.968
Tsémets iz | 207 P84 | #.209 Po:'84- | # 210 Po'84- The isomers of 0/2D-type could be used as like as the
E, (KeV) 68.7 552 85.0 work-nuclei only after the following difficulties will be
Tis T4y T- 2.89(-7) = 1.41(-7) .= 1.38(-1) overcome: 1. Difficulties of the pumping for the times shorter than
(sec 1.= 3.61(-8) 7= 6.06(-8) 10°® s (see this paper). 2. Difficulties of the
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9/2,-“,1 0.264 0.0542 0.0987 strong Borrman effect creation at the conditions of a real
P/Ping V 0.387 0.213 0.178 v-lasing experiment (see this paper).
Table 7. The isomers of type O//LL : p/pina < 0 at the absence of Borrman effect, n/n’=0.005, n,/n=0.9, t4/72=1.1
and the time-lives t4,74+ lving in the available long-lived diapason «/LL» ~ 100 s> 14,14>> 107" 8,
TeomemaiL | 43Sc21 | 45Sc21 . 46Sc21 [ 714Ga3l [ "75Ge32 ] T1Ge32 [ 71 Se34
E, (KeV) 151.7 124 142.5 59.7 139.7 159.7 162.0
1) (s€C) 0.912 0.456 27.0 13.7 sec 68 8 76.3 252
d 0.0908 0.377 0.146 0.390 0.0347 0.121 0.0124
:‘g’}jﬁ'} v 418 0.771 627 _ 1.63 0.539 236 )
Tsomers oL | 799e34. | JOKr36 | 83Rb37 .| 105 Rh45 ] 103 Ag47 [ *)107-Ag47 [*)109 Ag:d7:
E, (KeV) 957 130.0 423 1296 134.3 93.1 88.03
11 (5€C) 234.6 721 0.0113 04.9 8.22 63.9 574
g/g,-nd 0.634 0.428 0.513 0.489 0.271 0.0409 0.0416
P ¥ 477 4,08 0.924 2.46 1.27 0.114 0.108
Teomers o/l | 111 Ag 47 | 116 Agd] | 118 Ag47 | 120 Ag47 . [ :116:In49 | 1181049 |: 126:Sh:51
E, (KeV) 598 810 127.7 203.0 162.4 380 227
Ty (s€c) 935 15.1 4.04 0.46 3.12 12.3 159
P/ Ding 0.0174 0.253770.031 0.28//0.033 0.0105 0.0584 0.129 0.0571
P/ Pind V. 0.0291 0.39770.073 i.19770.13 0.106 0.0456 0.576 0.0760
Slsomers oo |- 134:Cs:85, 10141 Eu 63 15-7Er 68 There are apt all long-lived isomers at ~10°s >13, T4+ >> 107s.
E, (KeV) 113 96.4 136.0 So any isomers of type «+//L1L» are not revealed as yet.
Ty (s€cC) 639 4776 0.115 Long-lived isomers of type «D//LL» could
P/Ding 0.254 0.0123 0.0306 be fit for the y-lasing only at a very problematic happy
" PPy 0.302 0.0209 0.119 use of the rather strong Borrman effect.

Table 8. Denotations in Tables 1 - 8.
116 Ag 47 is the economic «aligned» Tansformation of the usual standard denofation for the nucleus TPAS s
0.28//0.035 | e value p/pina 1S evaluated with a spread in the interval 0.28> p/ping >0.035

P/Pina and the other parameters are evaluated af the following optimal complex of the experimental conditions: No the Borrman effect, o/n” =
o 0.005, ir+/n = 0.9; Ti/7> = 1.1. The meaning of this Values is given in the present paper.
In this case, if T.~1. . the resonant nuclear Self-absorption could be sufficiently reduced owing to the decay of the lower work level.
Such reduction of the self-absorption is accounted in the estimation of the crucial ratio p/ping -

3107 A% 47; *)109 Ag 47; *)181 Ta 73  These early candidates for y-laser are rather well examined.

SorTr%, but they must be discarded because the tg%es o//1 b and o//LL could be used only together with the much strong Borrman effect. The
SPTEN method can’t use the Bormman effect. In SPTEN case, the active medium is placed in a dispersed (e.g., comb-like or dentate) micro-profile
engraved at the surface of the host-qg'stal. Such iregular microstructure (with an irregular «period» ~ 10™ ¢ cant to make the Borrman effect.
There are many other so-called «residential» y-laser schemes in which the active medium is placed inside the crystal. But in cage of short-lived
isomers that ofher methods of pumping give the blast of the active medium before the y—lasm?. In case of Ion%-llved (~ 100 - 107" s) isomers . At
jast the gaseous and beams active media are not fit for the y-fasing even at use of the modern laser-cooling methods (see [40.41)).

5. SUMMARY TABLE
The main results are represented below in the Table 9 and in the notes to it. That notes contain the perspectives for the GL problem.

Table 9. Distribution of nuclei-candidates over three diapasons for the time-life determination
1" short life;time diapasop 27" short lifestime diapasoy Minute life-timg (fong-lived) diapason
/[1D»~N10 " §>T4>10"S /2D»~10 " §>T1>10° S Mi»~10"“s>11>> 10" s
Lasing without Borrman Effect | Amount || Lasing without Borrman Effect | Amount without Borrman Effect
T «t//1Dw,yest pfpma>l | 19 | «+/2D», yesSippnaol |V L4
«0// 1 D», NO: p/Pina< 1 ~ 16 | «o/2D», N0 p/pia<l | ~ 10

Note #1. The amounts of candidates in this distribution are as yet approximate and could be changed at more care analysis with

more reliable and total data-banks.

Note #2. The generation on the nuclei «+//1D» could give a rather intensive, tight, good directed gamma-ray beam. The mean
intensities of the asymptotic pulse @, (/e generated on some work-nuclei are given in the Tables 1, 2 and are varied in the
interval 10% - 10° W/or?. The type «+//1Da is achievable in future and could give ~ 10'°-10"7 i/en7 for mean intensities. The peak
intensities could be more by 1-2 orders than mean ones. In optical diapason the much more big mean intensities are reached. But

the frequencies from y-laser are more by 3-5 orders. On this reason the combination tng;gen'ng action of yv-beam with 1 oY wient
must be more effective than the combination triggering action of optical beam with 10'7 - 10" W/n?. Such beams from SPTEN-y-

laser could be used In the creation of much more powerful «Many-Section» y-lasers.
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