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ARPA/NRL X-RAY LASER PROGRAM
Semiannual Technicai Report to Defense Advanced Research Projects Agency
1 July 1974 — 31 December 1974

I.  INTRODUCTION

This is the second semiannual technical report for the ARPA/NRL
X-ray Laser Program. An attempt was made in the first report (NRL
Memo Report 2910) to provide background for each of the approaches
being pursued. Hence, no attempt will be made to duplicate that
information in this report. Every attempt is made, however, to cover
the experimental details, changes in direction, and results of
analysis which occured during this reporting period.

The individual activities in the program have remained the same,
i Je. 5

(1) Electron collisional pumping using picosecond laser heating
of a cold plasma,

(2) Traveling wave (TW) hich energy electron beam pumping,

(3) Nonlinear optical mixing starting with intense 1600 X
radiation,

(4) Resonant charge transfer pumping using a laser plasma
expanding into a neutra: gas background, and

{5 Theory, analysis, and numerical modeling in support of
the above and other approaches.

Each of these activities is in a different stage of development.

The e-collisional pumping and nonlinear mixing experiments depend

on the NRL short pulse laser facility. This reporting period has
seen major improvements in this laser systems to improve the quality
of the laser ouput and improve the reliability of several components.
This work has been extensive and as a consequence the time available
for laser interaction studies has been reduced,

In the nonlinear mixing activity, the nonlinear components,
ovens, etc., that were designed and ordered during the last reporting
period were received and tested as individual components during this
period. The TW electron beam device has undergone several engineering
changes based on the first series of evaluation tests performed during
the last reporting period. The resonant charge transfer experiment
has been assembled and the first series of experiments is underway
at this time. Examples of the early data are included in this
report. Finally, analysis has been continuing. Work has been done
on e-collisional pumping to understand the electron heating and
several new candidates for short wavelength lasers using this pumping
technique have been identified. More work has been done to identify
possible lasers using resonant charge transfer. Significant progress
has been made in developing a code to model the 3p- 3s quasi-cw

Note: Manuscript submitted May 7, 1975.
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laser scheme (e-collisional pump) discussed in the last report.

The following sections of this report describe the details of
progress made in each of these areas during the last six months. A
sumary of the important points is included in the last section. In
some instances the work has been prepared for publication or has been
published. In these cases the reprint has been included as an appendix
and only brief mention of the work is made in the main body of the
report. Each section also contains a few sentences about where the
work is going and plans for the next reporting period.

II. E-COLLISIONAL PUMPING VIA PICOSECOND LASER PUMPING OF PLASMAS

II. A. IASER/PLASMA EXPERIMENT

The basic ideal for generating a soft x-ray laser using the
3p->3s transition scheme is to ;roduce an elongated plasma from a
line focus of a laser beam (pre-pulse) and then subsequently inject
another short-pulse laser beam (main pulse) onto the plasma axially to
heat tl~ plasma within a very short period of time. This collision
dominated, unequilibrated plasma will hopefully achieve a preferential
population inversion. It is therefore important to know whether a
laser produced plasma can be heated rapidly with the main laser beam
and also what other physical processes take place when the short pulse
laser beam interacts with the plasma.

An experiment has been performed2 using a mode-locked Nd:YAG laser
beam with energies up to 100 mJ in a 25 ps pulse. The laser beam is
focused onto a slab target of Plexiglass (Cg509Hg) at power densities
up to 8 X 1013 W/cm?. The pre-pulse is obtained from the main laser
beam using a beam splitter and is then focused collinearly onto the
same spot as the main focus within + 10 ym. The focal spot size as
well as the pulse length of the laser beam is monitored for each
laser shot using a diode array and an picosecond resolution streak
(image converter) came:ra, respectively. The spot size varies between
40 and 55 ;m in diameter and the pulse length varies between 25 and
35 ps. Three identical x-ray detectors are used in order to determine
the electron temperature as well as approximate bremsstrahlung profile.
Each x-ray detector consists of a 1.3 mm thick NE 102 plastic
scintillator and photomultiplier. Each scintillator has a different
absorber (beryllium foil) and they are plac:? approximately the same
distance from the target focal spot in the rarget vacuum chamber.

The scintillations are collected and led outside the chamber to the
photomultipliers by means of fiber optics., The detectors are calibrated
with respect to one another by using the same thickness absorbers.

The thinnest absorber is chosen so that is prevents any possible line
radiation (hydrogen-like oxygen lines, ~ 15 l) from being transmitted.

Figure 1 shows relative x-ray intensities measured through three
dificvent absorbhers (19 mglcmz, 28.5 mg/cm2, and 38 mg!cmz) in which the
pre-pu:se in addition to the main pulse is focused onto the target.
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The pre-pulse has intensities varying 10 to 30% of the main pulse aand
the time delay between the pre-pulse and the main pulse is typically
3 to 6 ns. As can be seen in the figure, the measured values for each
shot approximately fall onto straight lines (in a semi-logarithmic
plot) which indicate that the bremsstrahlung profiles in this x-ray
energy range are thermal. However, when the level of brewsstrahlung
ig high, the profile tends to deviate from that of thermal as can be
seen in the upper two curves. The electron temperatures deduced

from this graph vary from one shot to another in the range from 300
to 800 eV. The temperature fluctuation is mainly due to the shot-to-
shot variation in the laser power density on the target but also

the possibility can not be ruled out that extremely small laser pulses
(non-reproducible for shot-to-shot) due to an imperfect selection of
a single pulse from the mode-locked wave train contribute as pre-
pulses in addition to the applied pre-pulse. The importance of these
laser pre-pulses in the front of the main laser pulse in the laser-
matter interaction has been pointed cut recently” in the literature.
In order to investigate the bremsstrahlung in the even higher x-ray
photon energies (with the pre-pulse), a set of thicker bersllium
atgorbers (48 mg/cm2 and 72 mg/cm?) are used and the resuli is shown
in Fig. 2. Since only three x-ray detectors are available -urrently,
a detailed spectra can not be deduced from the data but the graph
clearly suggests that the deviation from the thermal bremsstrahlung
is even greater in all cases at the higher photon energies. It is
also very likely that the laser-produced plasma consists ol two
temperature components, i.e., a low and a high temperature component.
The low temperature component is in approximate agreement with the
oae expectaed from the normal (classical) absorption process in a
simple hydrodynamic model®. The high temperature component, on the
other hand, cannot be explained from the classical absorption but may
be understood from the anomalous absorption near the cut-off density
region due to the parametric instability. The Earametric instability
has a thresholdd laser power demsity (~ 3 X 1014 w/em?) above which
the anomalous absorption increases.

The electron temperature and the bremsstrahlung profile between
the cases with and without pre-pulse in addition to the main laser
pulse can be compared. Figure 3 shows the result when the relative
x-ray intensities are plotted in a logarithmic scale as a function of
thickness of the absorber. As can be seen, with the pre-pulse the
level of the bremsstrahlung x-ray emission is greatly enhanced by an
order of magnitude (even with the lower power density than the other
case) compared to tne case where only the main pulse is present. One
other difference between the two cases is that there is a distinct
and enhanced low temperature component with the pre-pulse whereas
without the pre-pulse the low temperature compore' seems to be
osbscured by the high temperature component. The latter case is
likely due to the fact that the level of the low temperature component
{3 lower or comparable tc the high temperature component as is
indicated in I'ig. 4. The effect of the pre-pulse may be explained in
the following way: without the pre-pulse, the volume of the plasma
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where normal absorption can take place is extremely small since the
beam energy in the 25 ps laser is only about 100 mJ and therefore

the laser mainly interacts w th small area of the cut-off region
through anomalous absorption. With the pre-pulse, on the other hand,
the subcritical region increases its volume and also the arza of the
cut-off region to produce enhanced bremsstrahlung due to both plasma
components.

In summary, the laser produced plasma obtained by focusing the
25 ps, 0.1 J Nd:YAG laser onto the Plexiglass target consists of two
thermal components with electron temperature ranging from 500 to
1500 ev. With the presence of the pre-pulse, the level of the
bremsstrahlung from both components increases by an order of magnitude
over the case without the pre-pulse. No electron temperature increase
is seen with the pre-pulse. The situation may be somewhat different
when the present pre-pulse (25 ps, 10 - 30 mJ) is replaced by one of
much longer duration and energy (2 ns, 5J glass laser). Further study
will be extended for this case.
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IT. B. SHORT PULSE TASER FACILITY

This section describes the picosecond laser facility used in the
X-Ray laser Program. Although .his is the primary application, the
lasers discussed here are versatile research tools with broad areas
of potential use. In addition to studies of laser generated plasmas,
it is also being used for such nonlinear optical effects as parametric
generation of coherent x-rays and studies of resonantly enhanced self
defocusing. The long range goal of the X-ray Laser Program is to
generate population inversions at x-ray wavelengths in laser produced
and laser pumped plasmas with ultimate application to an x-ray laser,
For this application, a unique state-of-the-art laser is required which
necessitates in-house development. This development is continuing with
major portions of the facility now operational.




Controlled studies of interactions between laser pulses and laser
generated plasma requires a laser system with unique characteristics.
In particular, several synchronized pulses with durations on different
time scales are required for purposes of prepulsing, plasma heating,
and plasma diagnosis. Also, reliable operation in terms of reproduc-
ibility of pulse enr.rgy, duration, and profile, and of interpulse
synchronization are important for systematic study of appropriate
interactions. Good beam quality is required for efficient use of
optical power; and short pulse durations at extremely high intensity
are required for plasma heating. Finally, diagnostics for quantitutive
measurements of all these properties are necessary for meaningful
comparison of the experiments with theoretical models.

Such a laser system which is tailored to the needs of these
experimental studies has been developed and its fundamental character-
istics were described in the last technical report. A schematic
diagram of the system is shown in Fig. 5. The laser system produces
multiple syncrhonized pulses on both nanosecond and picosecond time
scales simultaneously. The picosecond pulses are generated in a mode~
locked Nd:YAG laser that provides two 200 mJ output pulses of 30 psec
duration with a time delay between them variable between 0 and 10
nsec. The nanosecond pulse is generated in a Q-switched laser and
is variable in duration between 0.5 nsec and about 30 nsec with
energy in the 1 to 10 J range. The two lasers are synchronized with
a versatile switching technique which overcomes the jitter inherent
in the production of either of the pulses separately and provides
jitter times in the subnanosecond range. With this system plasmas
can be generated with either the Q-switched pulse or one of the
mode-locked pulses. The two output pulses of the mode-locked laser
can be used for both pumping of existing plasmas and plasma diagnositics.

At the time of the last technical report the mode locked laser
was fully operational with two output pulses of about 200 mJ, and
preliminary work had begun on both the Q-switched laser and the
synchronizing process. During the present reporting period, the major
emphasis has been placed on design of the Q-switched oscillator and its
synchronization with the mode locked laser. Development of the Q-
switched laser amplifiershas also been proceeding and they have also
been completed. Work on the mode locked laser has been in the following
areas: a) completion of diagnostic measurements of the output with
the determination of beam divergence and spectral width, b) improve-
ment of long term performance by adding an isolation Pockels cell after
the third amplifier, c) elimination of low level prepulsing which
affects both the target experiments and the synchronization accuracy
by addition of a flowing dye cell after the first amplifier and
d) formulation of plans to extend the energy capability of the mode-
locked laser to the 2 J range by adding a Nd:glass amplifier in one
of the output arms.
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II. B. 1. MODE LOCKED LASER

lLaser Diagnostics

Diagnostics of the mode locked laser output have been completed
in this period with measurements of the beam divergence and the spectral
width. The beam divergence was measured by focusing the laser output
onto a silicon diode array with a 400 cm, £/400 lens. Although this
method of analyzing beam quality is not very sensitive to small
aberrations, it does give a direct measure of focal spot size which is
of primary interest in target experiments. The results of this
measurement, shown in Fig. 6, show a smoothly varying angular
distribution with a width (FWHM) of 120 uyrad. For corparison, a beam
which fills the last amplifier rod has a corresponding theoretical
divergence angle of 108 urad, indicating that the beam is about 10%
above the diffraction limit. Some of this excess divergence is due
to linear distortion in the 3/8" YAG amplifier rods and a small amount
is due to the nonlinear distortion of self focusing.

The spectral width of the pulses was measured with a 1 m grating
spectrograph, with typical results shown in Fig. 7. The spectral
width varied from .7 to 2 ecm~l., The Nd:YAG oscillator produces
bandwidth limited pulses of about .7 cm~l spectral width. The
amplified pulses show a small amount of rcpectral broadening due to
self phase modulation which is consisf.ent with our original estimates
of a 1 cm~]l increase in spectral width in propagating through the
amplifier chain.

Pockels Cell Isolation

During the course of operation, damage to the pulse selecting
pockels cell was observed when the laser was used in target experiments.
It was decided that this damage was caused by radiation reflected
backwards from the target and amplified in the early undepleted stages
of the amplifier chain. Reflection ratios of only a few percent are
adequate to produce damaging intensities at the location of the pulse

selector. To overcome this problem, a second Pockels cell was added
after the third amplifier as shown in Fig. 5 which is timed to be

transmitting for only a short period of time around the passage of the
laser pulse and to block radiation reflected from the target. It also
serves to help prevent earlier pulses in the train from reaching the
target which could give rise to spurious prepulse effectsz., In order to
eliminate any intensity fluctuations due to jitter in timing between the
two Pockels cells, it is desirable to us: the same electrical pulse

to drive both switches. In the geometry shown, however, the Pockels
cells cannot be operated in series because of the slow propagation
speed of tte electrical pulse. Furthermore, space did not pemmit

the needed folding of the beam to make this mode of operation feasible.
Therefore it was decided to operate the two Pockels cells with a doubly
connected laser triggered spark gap which is shown in Fig. 8. Two
cables are connected to the output electrode, each bringing a signal

11
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Fig. 8 — Schematic representavon of doubly connected laser triggered
spark gap. Two identical lengths of cable connected in parallel are used
as the pulse forming netwoik.




o

pulse to one of the Pockels cells. 1Two charging cables ace used to
match the impedences of the pulse rorming network and the load. The
difference in electrical length of the load cables is made equal to
the optical path length between the two pockels cells.

The switching characteristics of the doubly connected spark gap
were investigated and found to be equivalent to those of the conventional
single cable gap. The transmission of the isolating Pockels cell was
studied by comparing the transmitted firaction of a mode locked pulse
with a voltage pulse applied to that without voltage, but with a 90°
rotator placed between the polarizers. The transmission obtained with
the Pockels cell switched is slightly greater than that obtained with
the 90° rotator, indicating full switching of the Pockels cell. Overall

insertion loss of the isolator due to surface reflections is about
30%.

External Dye Cell

A flowing dye cell was added to the laser just after the first
amplifier as is indicated in Fig. 5, to attenuate low level pulses
prior to the selected one which leak through the pulse selector
as well a3 any secondary pulses which are transmitted due to imperfect
pulse selection. It works in conjunction with the Pockels cell
isolator to prevent any spurious prepulses from reaching the target,
and also greatly improves the stability of the synchronization with
the Q-switched laser. A dye concentration was chosen to give a low
level transmission of 17 and a high level transmission of about 607.
In order to compensate for the additional losses of the dye cell and
isolator the third amplifier was changed to %", increasing the
amplification of this stage by a factor of 3 and bringing the net gain
of the amplifier chain back to its original value.

Glass Amplifier

As was indicatea in the last report, the output level of 200 mJ
is the maximum that can be achieved with %" YAG rods. Since at this
level, about 407% of the stored energy is being extracted from the last
amplifier stages, further increases in stored energy are limited by
parasitic oscillations in the rod, and further increases in beam
intensity are accompanied by distortion due to self focusing. Therefore
plans have been made to add a 32 mm diameter glass rod to the delayed
output arms., This amplifier should provide a gain of 10 to give output
energies near 2J without depletion. The larger diameter of the glass
rod means that the intensity is not increased and therefore severe
distortion due to self focusing will not occur. Table I indicates
the performance of the mode-locked laser at various stage with the
glass amplifier included.

15
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IT1. B. 2. Q-SWITCHED LASER

The primary applicetion of the Q-switched laser system is to pro-
vide a pulse for generating a plasma which can subsequently be heated
or pumped with a short pulse generated by the mode-locked laser. To
meet this need we are developing a necdymium YAG and glass laser
oscillator-amplifier system. Good spatial beam quality is again
important to provide high brightness on target and to avoid seclf
focusing in the amplifier chain. Single longitudinal mode operation of
the oscillator is desired to provide reproducible pulses with no mode
beating for reproducible plasma generation., High frequency beating
of widely separated modes must also be surpressed to avoid self-
phase modulation during amplification. Adjustable pulse duration in
the % nsec to 30 nsec range with energies between 1 and 10 J will allow
control of the properties of the plasma.

Nendymium:YAG is used as the active material in the Q-switched
oscillater because its narrow bandwidth of 7 } makes single longitudinal
mode opevation easier to obtain. Fundamental transverse mode operation
is obtained by placing an aperture in the resonant cavity. A Pockels
cell is used as the Q-switching device and provides the rapid build up
times required for synchronization with the mode-locked pulse irain
generated by the first laser. Build up times typically 110 nsec
+ 5 nsec are observed from triggering of the Pockels cell to the peak
of the Q-switched pulse. A second Pockels cell placed external to the
oscillator is used to select a portion of the Q-switched pulse of
variable length. A folded delay path is used to bring this pulse into
synchronization with the single mode-locked pulse. The Q-switched
pulse is then expanded and passes through three stages of amplification.
Neodymium:glass is used in the amplifier stages because of improved
energy storage. The first stage is 3/8 inch by 6 inches long and the
second and third are © inch diameter by 12 inches 1long.

The required short build up time of the Q-switched oscillation
makes it difficult to operate this laser in a single longitudinal mode.
The small number of round trip transits between Q-switching and the
peak of the Q-switched laser oscillation, approximately 30, requires
good discrimination between the primary or '"single" lonitudinal mode
and other longitudinal modes. For example, if the intensity of the
second strongest mode is required to be less than 10-% that of the
peak mode, the amplitude will be approximately 102 of the amplitude
of the peak mode resulting in a 47 intensity ripple. If the
oscillations build up from more or less equal intensities of random
noise in each mode before Q-switching, and the strongest longitudinal
mode is required to be 10% more intense than any other at the peak of
the Q-switched output., then the net gain for all other modes must be
down at least (10° )1/30 = ,736 per cavity round trip transit. Of
courge, Q-switching will not be perfect and there will always be some g
feed back in the cavity. The initial fields in the modes will not be
random noise, and the above number is for the worst case.
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A resonant reflector consisting of 3 flat parallel saphire
elements was used for frequency selection as reported in the last
technical report. That resonant reflector appeared to give satis-
facory mode-selection when the laser output was monitored with a .5 nsec
risetime photodiode-oscilloscope combination., Observation with a high
resolution Fabray Perot interfercmeter, however, showed what appeared
to be a single mode was actually two modes spaced by .6 cm-1 as shown
in Fig. 9. The beating frequency of these two modes was 18 GHz, too
fast Lo be seen on the oscilloscope.

i1t is now planned to use a birefringent filter in combination
with a resonant reflector (Fig. 10) to obtain better frequency selection.
A calcite slab will be used as a high order retardation plate. Re-
tardation will be adjusted by angular orientation of the crystal. 1In
this way retardation at the center of the fluorescence spectrim can be
set to a whole number of wavelengths to provide maximum transmission
through the polarizer. Slightly different wavelengths will have
noninteger values of retardation and not be completely transmitted
through the polarizer. Transmission through the filter is given by
the expression

_ 2
1 /1, = Cos® (8/2)

where @ is the angular retardation. Using a 2 cm calcite slab as
planned, there will be only .26 cm-1 range to either side of the
fluorescence peak where mode discrimination is less than 10% in

30 round trip transits. Recall that with fluorescence alone the range
was .83 cm-l to either side of the peak. With the addition of the
birefringent filter, selection of a single longitudinal mode will be
greatly facilitated.

The build up time of the Q-switched oscillation must be kept short
to ensure minimum jitter. Q-switching is triggered on the early
part of the mode-locked pulse train, and the peak of the Q-switched
oscillation must overlap the peak of the mode-locked pulse train.
Delay times from Q-switching to peak output of typically 1i0 nsec
with jitters of + 5 nsec have been ebtained as shown in Fig. 1ll. As
was indicated in the section on synchronization these times are
satisfactory for synchronizing the two lasers. Operation of the external
Pockels cell shutter for selection of the % nsec to 30 nsec pulse segment
is also discussed in the synchronization section.

Energy output of the Q-switched oscillator is typically 20 mJ.
The Nd:glass amplifiers amplify the energy of a segment of tnis pulse
to a final value to 1 to 10 J depending on the length of the gated
segment. The 3/8 X 6 inch amplifier has a maximum low level gain of
10 and the two 2 X 12 inch amplifiers each have maximum gain of 20
(Fig. 12). Total gain of the amplifier system is 4000. Energy
stored in the final 2 X 12 inch rod when at a gain of 20 is 53 J.

18
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Fig. 9 — Oscillograms and Fabray Perot interferograms of two pulses generated
by the Q-switched oscillator. The pulse display in (a) appears smooth on the
oscillogram but actually consists of two modes of nearly equal intensity but
widely spaced in frequency as shown on the interferogram. No widely spaced
components are shown in the interferogram of (b); some adjacent mode heating,
however, is seen in the osciliogram.
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Fig. 11 -- Oscillograms showing buildup time and jitter of the Q-switched pulse.
The oscilloscope was triggered with the voltage applied to the Pockels cell Q-
switch. Sweep speed is 50 nsec per division. Five successive oscillograms indi-
cate reproducibility.
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AMPLIFICATION

20

o & S~ @ wo

F

o

3/8"x 6" Nd:GLASS
AMPLIFIER

3/4" x 12" Nd:GLASS
AMPLIFIER

1 | ] |

2 4 6 8 10
PUMP ENERGY (KJ)

Fig. 12 — Amplifier pumping curves show lov’ intensity amplification
as a function of pump energy
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Therefore gain saturation will be a small problem in the proposed
output range. The amplifier pumping curves show that gain is limiting
because of amplified stimulated emission. It would be of little
advantage to increase the level of pumping. If more gain is desired
it could be obtained by suppressing parasitic oscillations by the
technique of index matching with the cooling solution.

II. B. 3. SYNCHRONIZAT ION

A major effort during this period was devoted to stabilizing the
synchronization between the two oscillators. The synchronizing
scheme was described in detail in the last report and is outlined
briefly here. The technique involves a three step switching process
as indicated in Fig. 13. The synchronization process starts with the
appearance of the mode-locked pulse train with a jitter of about
+ 10 ;sec relative to the flash lamp pulse. A PIN silicon photodiode
is used to detect the pulse train and trigger an electronically
switched spark gap that removes the voltage from the Pockels cell
Q-switch in the second laser. The Pockels cell is switched on an
early pulse in the mode-locked pulse train to allow for the 35 nsec
delay of the spark gap and build up time of the Q-switched oscillation.
The peak of the Q-switch pulse is synchronized to the peak of the mode-
locked train with a jitter of + 25 nsec. A laser triggered spark gap
is then switched on the leading edge of the Q-switched pulse and a
voltage pulse is applied to another Pockels cell which switches out a
single pulse from the mode-locked train. The jitter in timing of the
selected pulse is limited by the 6-7 nsec pulse spacing in the train.
The selected mode-locked pulse is then used to shutter out a portion
of the Q-switched pulse near its peak. This last switching event
can be accomplished by using a greatly overdriven spark gap, which can
provide ultimate synchronization accuracy ia the subnanosecond range.

At the time of the last report the first step in the process
had been accomplished using a glass Q-switched oscillator and a
Krytron switch for the Q-switching Pockels cell instead of a spark
gap. In this period complete synchronization has been achieved and
considerable effort has been spent in optimizing important parameters
at every stage. In the first stage the Q-switched pulse 1s synchronized
with the mode locked pulse train (Fig. 14) with a jitter of + 25 nsec.
The electronically triggered spark gap represents a major improvement
over the Krytron switch in reducing the overall delay in appearance
of the Q-switched pulse. The shorter delay allows the Q-switched
pulse to be reliably overlapped with the peak of the mode locked
train. In Fig. 15, the selection of a single mode locked pulse by the
Q-switched pulse is shown. 1In (a) the electrical pulse which drives the
pulse selecting Pockels cell is shown relative to the Q-switched pulse.
In (b) the rejected pulse train is shown, indicating selection of a
mode locked pulse near the peak of the train. Finally in (c), the
selected mode locked pulse is shown along with the Q-switched pulse.
In all three pictures the delays hetween the two signals have been
ad justed so that the pictures show the relative timing of the two
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Fig. 14 — Oscillograms displaying both synchronized mode-locked pulse train and
Q-switched laser pulsc. Both laser beams were incident on the same photodiode.
Sweep duration is 300 nsec. Three successive oscillograms are shown.
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(a)

(b)

Fig. 15 — Oscillograms showing synchronization of selected mode-locked pulse
and Q-switched pulse. (a) Q-switched pulse and electrical pulse from laser trig-
gered spark gap. Some cable reflection is present in the combined signals. (b)
Q-switched pulse and rejected pulse train. (c) Q-switched pulse laser pulse and
selected mode-locked pulse. Sweep durations are 300 nsec for (a) ard (b) and
120 nsec for (c).
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pulses at the position of the Q-switching gate.

The complete synchronization is shown in Fig. 16 with a single
mode locked pulse superimposed on a 6ns gated Q-switched pulse. Again
three successive oscillograms are shown, indicating the degree of
reproducibility of the timing. The delay between the two pulses
can be varied by changing their relative optical path. For example,
the mode locked pulse can be placed after the Q-switched pulse (Fig. 17).

The standard deviation of 200 psec in the delay between the two
pulses is adequate for our target experiments. However, an absolute
delay of 18 nsec was required to bring the pulses into concidence.
Since space does not permit the reliable use of such an unwieldy
optical path a study was made of the characteristics of a laser
triggered spark gap when fired by a single mode locked pulse. The
delay in spark gap firing was measured as a firing function of voltage
on the spark gap at a constant laser pulse energy of 11 pwJ. The results
show that as the voltage approaches the spontaneous breakover value,
the delay time decreases, with the jitter somewhat larger near the
maximum voltage than at lower voltages. It is clear from these
results that for minimum delay the spark gap should be operated as
near to the spontaneous breakcver point as possible. The delay
time was also measured as a function of laser pulse energy with the
voltage held constant at 93% of its spontaneous breakover value
(Fig. 18). At low laser pulse energies, the delay is on the order of
15 ns, which is comparable to that observed in measurements of the
synchronized laser pulses. For pulse energies on the order of 1 uJ,
the jitter is less than 1 nsec, also consistent with the previous
measurements, As the laser energy is increased, the delay decreases,
while the jitter first increases and then levels off at a value
higher than that obtained at lower energies. Such behavior has been
attributed to the effects of low level leakage pulses which appear
prior to the selected pulse. At low laser energies, the level of these
pulses is too small to fire the gap and the triggering is primarily
determined by the single selected pulse. When the laser energy is
increased by three orders of magnitude from threshold, however, the
leakage pulses can be effective in pretriggering the gap causing an
increase in jitter. In order to test this hypothesis, an external
dye cell was added to the mode locked laser to eliminate these low
level leakage pulses and the measurements were repeated. In the course
of this second set of measurements it was observed that precise focusing
of the pulse onto the electrodes is very important and changes of the
order of ¥ mm in focusing distance result in very large perturbations
of timing stability. Results of measurements at twc laser powers with
the set up at optimium focus are indicated in Fig. 19. Here it
is seen that at the high level laser energy, the delay is comparable
too that obtained without the dye cell, but the jitter has been
decreased by a factor of 5 to a value of .12 nsec. At lower laser
power, both the delay and jitter increase, as is expected. Hence,
this set up is capable of providing very precise timing of the mode
locked and Q-switched pulses with a delay sufficiently short to make
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Fig. 16 — Oscillograms of synchronized switched out mode-locked pulse and 6
nsec shuttered portion of Q-switched pulse. Both pulses were incident on the
same photodiode. Sweep duration is 30 nsec. Successive oscillograms are shown.
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Fig. 17 — Oscillograms of synchronized pulses with mode-locked pulse delayed
and placed after the Q-switched pulse segment. Five successive scillograms in-
dicate reproducibility. Sweep duration is 60 nsec
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Fig. 18 — Laser triggered spark gap delay as a function
of voltage applied to the gap
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beam handling more practical.

IIT. RESONANT CHARGE TRANSFER PUMPiNG

LIT. A. ANALYSIS

In the last semiannual report, the motivation for achieving pre-
ferential level population by resonance charge transfer in carbon-
ion/atom collisions was discussed at some length, and evidence for the
large -ross section involved was presented. Since that time, the clas-
sical randau-Zener formulation has been extended to lighter elements
in a search for resonant transitions populating 3s levels in hydrogenic
or helium-like ionic Speciesl. The hope is to achieve a quasi-cw popu-
lation inversion between 3s and 2p levels similar to that which was
extrapolated for 3p-3s transitions from the near-UV (See Section VI.B.)
but resulting in shorter wavelength lasing. (Direct ls= 3s pumping
is inefficient; hence a search for an energy-resonant transition.) The
scheme is diagrammed in Fig. 20, where AEgy, indicates the energy
defect in an exothermic reaction. The velocity dependence of the cross
section resonances are reproduced2 in Fig. 21 for various energy defects,

; where approximate ion thermal velocities for hydrogenic and helium-
like species are also indicated. Inversion of these data produces the
resonance peaks as a function of AE shown in Fig. 22 for various
degrees of ionization. lere also are shown the various ion/atom
combinatigns leading to resonant transitions into excitgd quantum
states, n , indicated numerically; thus the preferred n =3 state
transitions shown in Fig. 20.

Further parameters for some of the possible transitions are
included in Table 11, where transitions to the ground state are in-
tentionally omitted since inversion of such seem most unlikely
possibilities, at least at present. In this table are given the
laser wavelengths, the "maximum'" electron densities above which
collisional depopulation seriously competes with radiative decay, the
maximum background-atom pressure P, permitted for transmission of the
radiation over a 3 cm length. (P, could be increased up to about
100 Torr before laser breakdown effects become troublesome, should
significant photoionization of the background gas occur; for hydrogen
the protons produced by photoionization do not absorb). Also shown
are the spontaneous lifetimes t,;, of the upper laser level, of use for
self-terminating transitions (not for the 3s- 2p scheme). Finally the
gain coefficient o is given.
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Fig. 20 — Schematic diagram of exothermic s-s resonance cnarge transfer reaction
leading to a quasistationary population inversion between 3s and 2p levels in cer-
tain helium-like or hydrogenic ions. Refer to Fig. 8 for other possible ion/atom
combinations. Epg is the binding energy; r 4 and oo, show the cross section
scalings for resonance charge transfer and radiative recombination, respectively.
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versus scaled relative velocity for the atom-ion combination. (Data adapted from

Ref. 12). AE represents the energy defect in eV for the exothermic reaction, z

the effective charge of the ion. Velocities for ions designated are assumed ther-

mal, with the kinetic temperature chosen as 1.P./4 for creating the ion.
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Fig. 22 — Resonance charge transfer cross section obtained by inversion of
Fig. 7 data. Final quantum states of high capture probability for each ion
IM+* and atom A combination are indicated by numerals, with parentheses
to indicate less probable trs. ‘‘ons. AE is the exothermic energy defect
and z the effective ion chargc.
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TABLE IT. RESONANCK CHARGE TRANSFER LASER PUMPING PARAMETERS

" ¥ P 10'%e o .
A 3 e A u -1
An (A) (cm 7) (Torr) (sec) (cm )
4+ 4
(Be, B) T4 H 3-2 400 1 0.7 75 20 i
B (B, C)°T+ (e, Ne) 3-2 250 & ] 60 30
c, »*+ u &+3 520 2 0.3 80 50
4-2 130 ) 20 90 40
(N,0) 4 (He, Ne) 4-3 380 6 0.3 45 30
4-2 95 6 20 50 30

I1I. B. EXPERIMENT

An experiment intended to test this method of pumping has been
constructed and is shown schematically in Fig. 23 and is illustrated
in Figs. 24 and 25. A high power glass laser beam will be focused in
a line image onto various target materials placed on a rotatable disc
in front of the entrance slit of a grazing incidence vacuum spectro-
graph. The plasma formed expands into a background gas in an upward
direction, parallel to the slit, and in a confined slab configuration
by the use of a solenoidal magnetic field (not shown). Rotation of
the focusing lens permits both axial and transverse observations for
indications of amplification. Spatial resolution along the direction
of expansion is provided by a slot placed hetween the entrance slit
and the grating as indicated. Experiments to verify anomalous
populations under optically-thin conditions will be carried out at
lower densities further from the target by a simple displacement of
the target and lens assembly.

At present, the vacuum chamber housing the lens and target
assembly has been assembled and mounted to the grazing incidence
spectrograph along with a manifold to puff the background gas into the
chamber at the desired pressure before the laser is triggered. For
initial experiments, a 350 megawatt, 20 nanosecond high repetition rate
ruby laser has been mounted and aligned through a focusing lens onto
a carbon target. This laser focused to a point segment of the eventual
1i1e image, along with a wide spectrograph slit (100 um) , have greatly
increased the initial data acquisition efficiency. The results
from these present experiments should be applicable to the high power
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Fig. 23 — Schematic diagram of the NRL resonance charge transfer experiment,
including the grazing incidence vacuum spectrograph. The horizontal slot pro-
vides spatial resolution along the direction of plasma expansion fr m the target
surface. Rotation of the lens permits both axial and radial viewing. The back-
ground (atomic) gas is not indicated, nor is a planned guiding magnetic field.

37




T ratr. ]

Fig. 24 — Overall view of the resonant charge transfer experiment showing
the grazing incidence spectrograph, experimental chamber, gas handling sys-
tem, and ruby laser
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glass laser line focus experiments which will follow. Spectra has

been obtained with a carbon target in vacuum (See Fig. 26), and
helium-1like carbon V resonance lines have been identified. The line
identification procedure will continue to other series as background
gas is added to the carbon target experiment and as Boron and Lithium
targets replace the carbon target. Spatial resolution, varying target
position and eventually higher power line focus experiments are planned.
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IV, GENERATION OF COHERENT VUV/SOFT X-RAY PULSES BY NONLINEAR MIXING

IV. A. BACKGROUND

The generation of short wavelength coherent radiation through
harmonic generation and nonlinear mixing of laser pulses has been
shown to be effective in producing light to wavelengths down to
1000 A1, Extension of these techniques to shorter wavelengths is an
attractive method of producing coherent soft x-radiation because the
generated radiation mainteins the spatial and temporal coherence of
the pumping radiation. With the conversion efficiencies reported to
date, however, pulses generated in the VUV range as harmonics of a
Nd:YAG laser at 1.06u are too weak to use as sources for driving
higher order nonlinear interactions.

There have also become available molecular lasers operating in
the spectral range between 1100 and 1800 4 (e.g., Hy, Xe, CO). When
operated as travelling wave oscillators, these lasers produce powers
in the range of 106 W, which is again too low to serve as a source
for pumping high order nonlinear processes. However, when used as an
amplifier for picosecond pulses generated externally in the VUV range,
they hold promise for providing the needed additional energy for
driving the higher order nonlinear interactions.

This section describes an approach to the generation of intense
mode-locked pulses in the VUV spectral range for use as pump radiation
in third and higher order nonlinear optical mixing processes. Since
the VUV pulses are to be amplified in molecular laser amplifiers which
have narrow amplifying bandwidth, typically AA = 0.1 &, it is
impossible to use only successive stages of harmonic generation to
produce VUV pulses and expect them to overlap spectrally with available
amplifier gain lines. Consequently, in combining two or more wave-
lengths to produce the VUV pulses, it is necessary that at least one
of the sources be tunable with accuracy sufficient to insure cverlap
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between the generated radiation and the gain distribution of the laser
amplifier.

1V. B. NONLTNEAR MIXING

[n the last report an experimental approach to this problem
was described which involves generating tunable picosecond pulses in
the visible which are combined in a nonlinear medium to generate VUV
pulses suitable for amplification. The technique is again presented
for sake of completeness in Fig. 27. Light from a Nd laser at
1.06 ym is converted into ultraviolet radiation at either the third
or fourth harmonic in each of two parallel arms. The ultraviolet
radiation in each arm is used to pump a mode-locked tunable laser
with an output wavelength in the range of 4800 k. The outputs of the
two tunable sources are combined as shown, and mixed in a vapor cell
to give a mode-locked pulse at a frequency w3 = 2u) + Wwy. By using
two tunable sources, w) can be tuned into coincidence
with a two photon resonance in the mixing vapor, enhancing the
efficiency of the mixing process. Then by tuning w, the frequency of
the generated light, w3, can be made to ccincide with the desired gain
line of the VUV amplifier. The power to be expected at various stages
of this system are summarized in Table TII,

TABLE III - PARAMETERS OF THE NL MIXING SYSTEM

PULSE PULSE
STAGE ENERGY DURAT ION P(W)

9

INPUT 180 mj 30 psec 6 X 10

1st 9
SH CRYSTAL 90 mj 30 psec 3X 10

2nd 8
HARMONIC 9 mj 30 psec 3x10
(Mixing)
CRYSTAL

TUNABLE 10 psec 0.05%
LASER (EST.) (EST.)
OUT PUT

OUTPUT OF 10 psec 0.0187%
NONLINEAR (EST.)
MIXING CELL

OUTPUT OF 10 psec
Hy AMPLIFIER
(30 TORR)

OUTPUT OF 10 psec
Hy AMPLIFIER
(760 TORR)
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l:xperimental progress in this period has consisted mainly of
obtaining the necessary crystals and components for generating the tun-
able visible radiation. Our preliminary experiments it harmonic
gencration showed that second harmonic conversion efficiencies in
excess of 50/ were achievable with the current mode-locked laser
system. Similar efficiencies in conversion from the second to the
fourth harmonic in 1" long ADP crystals which were phase matched by
2ngle tuning were inferred from measurements of pump depletion at
N.52 ;m. lowever, actual available power at 2660 } was lower than
expected, presumably because of the low quality ADP crystals being
used. Furthermore, no visible radiation could be detected in attempts
at single pass parametric conversion from 2660 X to 5000 & using a
1" long ADP crystal which was angle phase matched at room temperature.
These results indicated that temperature stabilized 90° phase matching
is needed for both harmonic conversion and parametric down conversion
in ADP to extend the coherence length and that only the highest grade
material can be used to minimize UV losses from absorption and
scattering. A complete set of harmonic crystals and temperature
controlling ovens have now been obtained and conversion experiments
are being set up. The range of wavelengths available with this
system is shown by the tuning curve of ADP in Fig. 28. 1Tn additiom,
fixed frequencies at 2660 %, 5300 £, and 1.06 ym are also avail-
able from the laser fundamental and its harmonics.

The nonlinear mixing process to be used in the generation of
VUV pulses from the visible and soft x-rays from the VUV is indicated
schematically in Fig. 29. Figure 29a shows a 3rd harmonic process
in a suitable nonlinear medium, Fig. 29b shows a sum frequency
generation process of the form wy = 2w) + w, and Fig. 29c shows an
n photon process. In each case one of the frequencies () is tuned
to an even multiphoton resonance with an upper level to provide
resonant enhancement of the process. Additional resonant enhance-
ment can be obtained by tuning tq to lie near a single photon
transition to the ground state. The actual waveleugths involved
depend on the available pumping radiation and the medium used.
Successful fonversion has been reported from the visible to the VUV
in Sr vapor".

A survey of possible interactions that can be used to generate
radiation shorter than 1000 % has begun. The mo3t accessible of
these involve the lowest order nonlinear porcesses and Table [V
lists some possible choices. 1In this table, the pumping wavelength
listed in the second column, is obtained from the combination of
visible and UV wavelength listed in the third. The next two columns
list the detuning for the even photon resonances respectively and
the last column indicates whether a Hp laser is capable of providing
additional power at the pump wavelength.

The first two examples listed generate 3rd harmonics of wavelengths
that are not accessible to a 1) laser. They can therefore be studied
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Fig. 28 — Temperature tuned phase matching curve for parametric down conversion
in ADP for pump radiation at A\ = 2660 A
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while the H, amplifier is being developed. The first example
generates the shortest wavelength that can be propagated in neutral
Helium. Although the two photon resonance between the 152 1S and the
1s2sls levels is not particularly close, it does represent an enhance-
ment of about 6 times over the antiresonant term. Additional single
photon resonances can be expected from w3 which lie near the continium.
Linear absorption of wq is expected to be small because the largest
part of the oscillator strength is used in lower lying transitionms.
The next two examples, again third harmonic generation in He vapor,
make use of gain from a H, amplifier. llere the resonances are not
as cluse because of the wavelength restrictions imposed by the
narrow width of the Hy gain lines.

The wavelengths generated in these examples are all comparable
to one another since they all represent 3rd harmonics of radiation
between 1200 and 1600 . Shorter wavelengths can be generated as
higher order harmonics in other materials, as is indicated in the
last two examples. in the first of these, an 8-photon resonance
of light at 1608.4 L is utilized in singly ionized Li between the
182 1s and 1s28 1s levels to generate the 9th harmonic of the
pump radiation. The second generates the 7th harmonic of a pump at
1230 £ utilizing a 6-photon resonance between the same two levels.
Since in these latter two cases, the generated power depends on the
9th and 7th power of the pump radiation, it is anticipated that the
loss in efficiency due to slight mistuning from exact resonance will
be offset by increased pump power from the Hy amplifier. Of course
use of broader band amplifiers (e.g., molecular Xe) would provide
even higher efficiences. Calculations are being performed to
estimate conversion efficiencies of these processes with our available
pump power.

REFERENCES

1. R. T. Hodgson, P. P. Sorokin and J. J. Wynne, Phys Rev. Lett.
32, 343 (1974).

2 It was demonstrated in reference 1 that a considerable amount
of resonant enhancement with low absorption was possible in Sr
vapor even when the final state lies in the ionizing continuum.

IV. €. HYDROGEN AMPLIFIER

Progress with the hydrogen amplifier has been in two areas:
(1) the construction of an experiment to demomstrate atmospheric
pressure operation using photopreionization and (2) design and
fabrication of a laser triggered spark gap as the essential part
of the synchronization scheme.

The photoionization experiment is designed to establish whether
CO can be used as a source of electrons in the atmospheric pressure
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Hy device. The first strong absorption band in CO starts at around
1500 ; hence it will pass 1600 & hydrogen radiation. Two step
photoionization is possible in CO using weakly allowed molecular
states at 2000 &, 1780 A, and 1580 & which lie about half way to the
ionization limit of 14 eV, Radiation in this region can be produced
using high pressure Xe flashlamps with special Supersil envelopes for
maximum UV transmission (A > 1600 A). An experiment has been designed
and constructed to measure the electron distribution produced in a
mixture of CO and Hy by a Xe flashlamp. The experimental apparatus

is similar to that used for CO, and tri-n-propylaminc1 and it is
illustrated in Fig. 30. This experiment has an added problem in the
UV region. The photons from the flashlamp being used are sufficiently
energetic to produce photoelectrons in the Faraday -u; independent

of any photoionization taking place. An example of this effect is
shown in Fig. 31. The lower trace representsthe flashlamp current
pulse and the upper trace is the Faraday cup response. Figure 31(a)
is for one atmosphere of Ny, 31(b) is the same except a glass slide

is place in front of the Faraday cup to filter the hard UV photons.
Attempts to remedy this problem by coating the grid in front of the
Faraday cup with an UV absorbing insulator are underway.

Several modifications are necessary in order to convert the
traveling-wave discharge system from operation as an emission source
to operation as an amplifier of tunable picosecond pulses. These
modifications are: (1) the addition of a laser triggered switch to
allow the amplifier to be fired by an optical pulse from the long
wavelength (1.06 ym) laser, and (2) the use of oil for immersing the
laser to prevent breakdown while awaiting the arrival of the pulse
which is to be amplified,

The laser triggered switch has been fabricated and is shown
in Fig. 32. 1t was designed to add as little inductance as possible
to the Blumhein circuit. When filled with high pressure gas it should
hold off the 79 - 80 kV d.c. charge until triggered by the advance
laser pulse. At present only one laser switch has been built and it
has been positioned to produce the first approximation to a traveling
wave. Several switches can be added if necessary. In additiom, the
plate is already equipped with one long switching channel which can be
used if sufficient laser power is available. Since several alternatives
are available synchronization of the amplifier gain with the tunable
picosecond pulse should not be exceedingly difficult.

Transformer oil in which to immerse the laser is readily avail-
able at NRL as are the methods to handle and purify it. It remains
to be seen however, if all of the structure for supporting the laser
plates will withstand the d.c. charge. Modifications in supporting
blocks and in vacuum and electrical lines may be needei. The extent
of these modifications as well as the operation of the laser triggered
switch will be assessed in the near future.




Fig. 30 — View of apparatus used to measure extent of
photoionization of CO in a mixture of CO and Hy. The
cliamber houses a linear flashlamp and a Faraday cup.




e e

(b)

Fig. 31 — Typical measurements using the apparatus shown in Fig. 30. In
each case the upper trace in the Faraday cup response and the lower trace
is the flashlamp current pulse. (a) 1 atm. of Ng; (b) same as (a) except a
glass slide in front of the Faraday cup.
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REFERENCE
l. J. S. Levine and A. Javan, Appl. Phys. Letters 24, 258 (1974).

IV. D. TWO PHOTON RESONANTLY ENHANCED SELF-DEFOCUSING IN Cs VAPOR AT
1.06 (m

As a part of the effort to understand nonlinear optical processes
in vapors and to explore the possibilities for 1) generation of tun-
able radiation around 1600 l, and 2) mixing processes that work from
1600 X to the soft x-ray region, a fortuitous situation was found to
exist. This consists of a near exact coincidence between the 1,079 1am
line of the Nd:YAG laser and the two photon 6s- 78 transition in
Cs vapor. The previous report briefly described a preliminary ex-
periment to investigate this effect.

The observation of self defocusing of mode locked at 1.06 u
pulses in Cs vapor was reported in a recent publicationl. The
negative nonlinear refractive index responsible for this effect has
been measured (“2 =1.5X 10’30N), and the first observation of itg
use in compensating the self focusing that occurs in other transparent
materials has been made. Since the useful output power from large
Nd laser systems is limited by self focusing due to the laser glass
(ng = 1.6 X 10-13 esu), these expe'iments suggest the possibility of
increasing this power by using Cs vapor for compensation; e.g., one
could insert Cs cells at various stages of the glass amplifier chain.

At 1.06;,, the nonlinear susceptibility of Cs vapor is determined
almost entirely by interaction between the |6s) = 10) ground state
and the |6p> =11} and 17s) = [2) levels. 1t has been shown that in
the case of linearly polarized light, the nonlinear susceptibility
can be analyzed into two distinct contributionsl. The predominant
one arises from the polarization pg2(t) due to the two photon
resonance between !6s) and !7s). The other term, which is also
negative at 1,06 ;m, arises irom induced population changes between
the |6s) and '6p> levels, and is analogous to the nonlinear refractive
effects observed by Grischkowsky and Armstrongz.

In this experiment, where the pulses are much shorter than the

inverse linewidth of |6p), the nonlinear contribution to the refractive
index becomes

NL

sl < n (€% (ty), (1)

where
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E(t) is the optical field of frequency v=c/h, N is the atomic number
density, iy the dipole matrix element between levels li) and |j>, and
vi: the corresponding frequency splitting. Nonresonant contributions
have been ignored in (2), since at 1.064 im, v/c = 9398 cm~l, while
(vig-v)/c = 2149 em~! and (2v-v 0)/c - 260 cw™!. For circularly
polarized radiation, the |0) - fl} -+ |2) transition is not allowed,
and only the second term of (2) remming nonvanishing. With longer
pulses, one would obtain additional contributions to &nNL proportional
to the integrated intensityl.

in order to measurc n, vs. N the self-defocusing of mode locked
Nd:YAG pulses in a 100 cm %ong Cs vapor cell at szveral densities
between n = .080 X 1017 and .32 X 1017 ¢n-3 was studied. ‘The input

beam was a single 35 psec pulse of 1.1 mm 1/e dicmeter and 50-60 MW

peak power. The output beam profile was recorded by imaging the

exit window of the cell onto a silicon photodiode array. In analyzing
the data, the constant gshape approximation” was used, and the
instantaneous profile over the pulse duration was numerically in-
tegrated. The value of n) that gave the best theoretical fit to the
measured profile was then chosen. The results for linear and circular
polarization are shown in Fig. 33, and the corresponding values of

n2/N are compared with theory in Table V. The second column is obtained
from Eq. (2), the third includes the nonresonant contributions to

ny, and the fourth is the value calculated by Miles and Harrish.

The theory is in good agreement with these measurements, with the
discrepancy in the circularly polarized case due mainly to the integral
terms mentioned above.

In the compensation experiment, a 2 cm long cell of CS, was
inserted 45 cm from the entrance window of the Cs cell, and the beam
profile was measured at the exit window. With 1 m]J pulses and no Cs
in the cell, the (FWHM) width was 0.96 mm. With a (s density of
.13 X 10*" em™ and similar pulses, this width increased to 1.07 nm,
which is close to the 1.12 mm width measured in the absence of both Cs
and the CS9. The Cs vapor thus appears to effectively compensate
for the CS9: however, no attempt was made to optimize this. Further
experiments are currently in progress, and conditions required for the
practical application of Cs vapor compensation are being investigated.
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Fig. 33 — Results of the self-defocusing experiments and
comparison with theory for circular and linear input polar-
izations. The value of ng is plotted as a function of Cs va-
por density.




TABLE V
COMPARTSON OF MEASURED AND THEORET1CAL NONLINEAR REFRACTIVE INDICES

n

2 X 1030 (esu)
N
THREE 1EVEIL. MODEL MILES & HARRIS
JQE 9, 470
EXPER IMENTAL RESONANT EXACT (1973)
' 1.3 4 0.2 -1.84 -1.93 -0.66
( -0.35 + 0,04 -0.29 -0.28
REFERENCES
L R. H. Lehmberg, J. Reintjes and R. C. Eckardt, Appl. Phys. lett,

25, 374 (1974); NRL Memorandum Report 2932 (reproduced in an
Appendix of this report).

2. D, GCrischkowsky and J. A. Armstrong, Phys. Rev. A 6, 1566 (1972).

3. S. A. Akhmanov, R. V. Khokhlov and A. P. Sukhorukov, Laser
Handbook, Vol. 2, edited by F. T. Arecchi and E. 0. Schulz-
Dubois (North Holland Publishing Company, Amsterdam, 1972).

4, R. B. Miles and S. E. Harris, IEEE J. Quant. Electron. QE-9, 470
(1973).

V. TKAVELING-WAVE PUMPED UV _AND VUV 1ASERS

The importance of traveling-wave excitation for the production
of long gain path lengths in the face of short excited state life-
times has been discussed previously. 1t was pointed cut in the
previous report that the production of long gain paths with con-
ventional coaxial electron beam machines was difficult and that the
operation of such devices for traveling-wave excitation was not
possible. Because traveling-wave pumping is desirable for both laser
sources and amplifiers in the spectral region below 1000 A, this
program to develop a traveling-wave electron beam system has been
pursued. The system under development provides a gain path of 1.6
meters and will operate with or without mirrors at pressures in the
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I - 10 atmosphere region. The initial design parameters were given in
the first report.

Even though NRI. was thoroughly experienced in the general
design of flat plate Blumlein lasers there was a desire to incorporate
several improvements in this laser system. These improvements are:
(1) a removable diode and laser gas chamber section which can be
modified or replaced without rebuilding the entire system, (2) the
ability to charge the bottom plate so that the difficulty of gas
discharges when making vacuum connections to the laser were not
present (previously the charged plate had to be connected to detectors
or spectrographs and it was not possible to operate without a gas
discharge resulting and obscuring the data) and (3) operation with
purified water on either side of the polyethylene dielectric in the
Blumlein plates. All of these requirements were desirable. Their
implimentations led to compromises in the plans for energy storage,
and necessitated modifications in the device in order to reach
successful operation.

The modifications made to the laser were: (1) the addition of
O-rings in the energy storage plates to exclude water and to improve
the energy transfer from an existing capacitor storage system, (2) the
additional of vacuum systems to both the top and bottom plates to
assist in excluding water from the plates, (3) the expansion of the
vacuum system conductance to lower the pressure in the diodes and
reduce extraneous discharges and, (4) addition of contact plates to
insure smooth current conduction at the junction of the storage plates
and laser diode assembly.

Many changes also have been made in the diodes themselves.
Several foils have been tried: 25 ; thick titanium and 25 ;; aluminum.
Several methods of reinforcing the foils have also been tried. The
rest method appears to be the suandwiching of the foils between two
thin reinforcing plates equipped with small o-rings. In a test
fixture this "as held well, but it has not been incorporated into the
device yet., Several cathode materials have been tried: razor blades,
closely spaced needle points, and 125 ;; thick graphite. The most
successful diode appears to be a combination of 125 ;1 graphite
cathode and 12,5 ;1 thick titanium foil window. The entire device is
shown in Fig. 34. This picture is a double exposure to illustrate
the overall features plus the relatively uniform discharge. The device
presently has been operated with 180-200 kV across the diode and with
some modification could reach 250-300 kV. The failure rate due to
breakdown of the polyethylene Blumlein dielectric has been rather small
(~ 1 breakdown per 75-100 shots) but this would certainly go up at
the higher voltages.

Operation of the excitation system is verified by the typical
time integrated photograph shown in Fig. 34. This photo shows the
emission of the excited gas in the laser chamber and it appears
reasonably uniform. Numerous diagnostics are either in use or are being
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readied for use in determining the temporal and spatial characteristics
of the excitation. These diagnostics are: (1) capacitive voltmeters
for determining voltage on the storage plates, (2) resistive volt-

age dividers for checking storage plate and coupling capacitor volt-
ages, (3) current loops to determine plate current waveforms, (4) photo-
multipliers and filters to measure the time history of the emission,
(5) a high speed image converter camera to determine the velocity of
excitation, (6) lucite, cellophane,and radiochromic "wittness plates"
which are exposed or damaged by the beam in proportion to the spatial
intensity of the beam and (7) a vacuum monochromator capable of
monitoring emission in the 300 & - 6000 £ region.

Preliminary results have been obtained from several of the
diagnostics. Both the resistive voltage dividers and capacitive
voltmeters give similar results showing that the plate voltage is
in the 90 - 100 kV range, and that the dielectric switches fire at
or near the peak of the resonant voltage waveform. Lucite and blue
cellophane witness plates give preliminary indicatims of a narrow
electron beam (< 0.5 cm), but care must be taken since the response
of these materials as a function of intensity 1is not well known.

The image converter camera has not yet given photographs with suf-
ficient intensity at the sweep rate necessary to measure excitation
velocity. Work on this diagnostic is continuing. The measurement

is simple to make since all that is necessary is to streak the laser
channel at approximately a nanosecond per mm writing speed and
measure the wedge angle that results. Several observations have been
made with the vacuum monochromator when the system was filled with

1 - 2 atmosphere of No. These observations are discussed below.

As outlined in the first report it seems possible that the rare
gas molecules will make relatively efficient lasers in the 600 - 900 %
region of the spectrum, In this spectral region the use of resonant
cavities is difficult because no mirror substrate transmits radiation.
The traveling-wave approach should enable long gain paths and uni-
directional A.S.E. type operation without a resonant cavity. This
approach may be useful above 1000 ! when high intracavity laser
intensities damage the resonant reflector surfaces. When success-
fully operated these lasers will serve as useful amplifiers for the
tunable pulses generated by nonlinear mixing as described in section
IV above.

Experiments using the rare gases have not been actively pursued
during the recent modifications to the electron-beam device because
of the high cost of research grade rare gases. In order to purity
these gases and to reclaim them from the laser chamber a vacuum system
and liquid nitrogen trap have been 2ssembled which will permit the
rare gases to be frozen nut, pruiried, and reused later. This system
has been tested with Xe and at least 957 of the gas was reclaimed.

As pointed out in the first report there is speculation that
molecular hydrogen could be made into a much more efficient laser by
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operating it on transitions which terminate above the dissociation

limit of the ground state of the molecule. The traveling-wave

electron beam should be a good excitation source for this laser.

This system would operate at high pressures on the parahydrogen ccmponent

of the molecules. One source of parahydrogen molecules is from the

boil-off of liquid hydrogen. So far no access to liquid hydrogen

has been located near NRL, but it is possible that small amounts of

liquid hydrogen can be made at NRL. Since 25% of the molecules of

ordinary bottled hydrogen are parahydrogen molecules, the experiment .
can be done even if no enrichment can be performed.

The previous report also mentioned some preliminary data that
may have come from recombination in the nitrogen atom. In the experi-
ments nitrogen, at pressures in the 1 - 2 a‘mosphere range, was
placed in the laser gas chamber. Excitation from the travel-wave
eiectron beam produced a strong 3650 ! line. This experiment has
been repeated with the improved system operation and the emission
again has been observed. Recent experimentation has been aimed at
insuring that the emission is not from an impurity. [t was sug-
gested that nitrogen may contain sufficient oxygen to produce NO
which could radiate in this spectral region, but addition of large
amounts of NO did not increase the intensity of the line. Other
impurities such as Ar, 0, Kr, Al, Xe, and Ti could account for this
radiation as they are present in the atmosphere or in the construction
of the device. By a systematic procedure of adding or eliminating
gases it should be possible to find the source of the emission., If
nitrogen is the source, the method of excitation must be determined.
Since this is an easy and convenient experiment to do, it will likely
continue to receive the most attention until the traveling-wave
electron beam has been diagnosed completely.

Near term future work w..l center on the diagnosis of the
electron beam. Temporal diagnosis will incorporate photomultipliers
and an image converter camera with faster film., Fast scintillators
may be used to directly observe the temporal characteristics of the
beam. Better current measurements are expected from the current loops
being constructed. Spatial diagnostics include a calibrated radia-
chromic film sensitive to the electrod beam as well as miniature
Faraday cups whicli will be suspended at numerous locations in the
beam. A carbon calorimeter will also be built to determine energy
flow into the gas. Once these diagnostics have been completed it
will be appropriate to consider the more difficult high pressure,
short wavelength experiments,

The traveling-wave discharge system for excitation of short
wavelength lasers was developed at NRL and has produced numerous new
laser lines in the 1000-2000 } region. The nitrogen molecule has a
recently discovered electronic state, bl , which as a high
probability of making transitions to the upper vibrational levels of
the ground state, X1vt., These transitons have wavelengths in the
900-980 1 region where no lasers have been built. Tor the 1.6 meter
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system an inversion density of about 2 X 1012 em™3 would be required
to reach threshold for a mirrorless system. Lifetime of the excited
state is on the order of one nanosecond so fzst pumping risetimes are
required. Since the 1 meter discharge system produced lasing in

Ho at 1161 A, it is hoped that the longer system now available will
be able to produce gain at still shorter wavelengths.

REFERENCES

1. 1. N. Knyazev, V. S. Letokhov, and V. G. Movschev, "On the
Collisional Four-Level H, VUV Laser", Opt. Comm., Vol. 6, pp. 424-
426, December 1972,

V1. THEQORY AND ANALYSIS

Vi. A, 3p=3s QUASI-CW INVERSION

As described in the last semiannual report, it has been shownm
by rather simple calculations!l that it appears possible tou achieve
sufficient gain on 3p-3s transitions in plasma ions to extend suc-
cessful visible and near-UV cw ion laser transitions into the vacuum-
UV region, where reflecting cavities are not available, These pop-
ulation inversions become quasi-cw, limited by the time during which
a high electron temperature can be maintained.

To better ascertain the proper operating conditions for an
experiment to test this scheme, an existing hot-spot plasma code? was
adapted3. The initial results were reported in the previous semi-
annual report. The calculated gain coefficient o for the 02+ (0 11I)
carbon-like ion is summarized in Fig. 35 for three values of electron
density. This gain dependence can be understood (and extrapolated)
quite simply as follows, assuming the upper laser state density
N, = Nz(NeX23/A33), where Xoq is the collisional excitation rate
coefficient from level 2 (the ground state) to 3 (the upper lasing
level) and A3 is the spontaneous decay rate for the laser tramsition.
At low N, (<1015 cm-3 for 02+) and fixed length,

o < N
2 A33

giving the N2 degendence shown in Fig. 35. For moderate densities
)

(~ 10 6-1017%cm- , where collisionally-induced decay from the upper
to the lower laser level exceads A33,
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Fig. 35 — Gain coefficient o versus ion density computed by the previously
adapted Hot Spot code at three vajues, for 3p = 3s transitions in the carbon-
like 02+ (OI1E) 1on. ‘The varying dependence of « is understood by in-
creased collisional mixang at higher densities, as discussed in text.
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and the density dependence becomes linear. Here D3g is the collisional
deexcitation rate ccefficient. High densities are pertinent to the
particular case of axial laser heating of a preformed plasma. At
densities ~ 10! cm'3, the axial pumping classical absorption length
Latig beccmes comparable to the laser-medium length and scales as N;z
according *o

L

o 3/2 2
abs Te /N:x ? 3)

for a fixed ion charge3. The gain product oL then becomes

5%
-1 )(23 (Tey‘
aLabs = Ne lull33 D 2 *)

33 L -

and decreases as N;I. Finally, at extremely high densities

¢ 1018 cm-3) Na.D3y becomes comparable to Ajp (the lower laser de-
population spuntaneous decay rate), collisions dominate, and equilibrium
distributions evolve with no inversion.

The numerical model has been extended to these higher density
limits as described below. An important concern is the true degree
of advantage achieved in such a quasi-cw mode over a gself-terminating
scheme, where population inversion is limited to a time of A§§. The
hot-spot code predicted inversion_times of approximately 100 ns and
1 ns at densities of 1015 and 1017 cm'3, respectively, as shown in
the previous semiannual report. For the o+ ion, A33 = 10 ns so
that the scheme appears roughly comparable to self-termination at a
density of 1016 cm-3 with a gain coefficient (Fig. 35) of about
20-30 cm-l. In the Hot-Spot model, the gain is limited by a rapid
drop in electron temperature due to thermal conduction losses to a
cold surrounding medium. This may indeed not be realistic for laser-
nroduced plasmas and there have been a number of suggestions recently
that self-generated magnetic field isolation may reduce such conduction.
Therefore, more complete modeling is required to resolve this matter,
and of course data from the experiment described in S ~tion II will
be used for a real-world comparison,

For this and other reasons, a new and more versatile program
XRL-1 has been assembled specifically for modeling the x-ray laser
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schemes, Initially it will compare results with the Hot-Spot modeling
already completed for the 02+ {on, after which it will be used for
extrapolation to other ions and shorter laser wavelengths. The new
XRL-1 code is similar to the Het-Spot code in that it solves a set of
coupled differential rate equations with the atomic level populations
and the electron and ion temperatures as dependent variables. The
input and output routines for this code have been written to facilitate
its use for any atomic level systems expected to produce lasing and

to allow easy addition and removal of extra atomic levels and physical
processes. Thls code has now been debugged and tested for atomic
schemes consisting of up to six energy levels and three stages of
ionizatiom.

Most of the XRL-1 runs thus far have been made for 02+ ions
using a three-level sysvem. Several other assumptions and simplifi-
cations were used in most of these initial runs as follows. Only the
ground level and upper and lower laser levels of the 02+ ion were
congidered, i.e., ionization and recombination were ignored. Electron
collisional excitation and deexcitation and radiative decay were
considered to affect the level populations. Also, the plasma was
considered o»* cally thin and was assumed to maintain a constant
ion density, #hich is reasonable for the short time scales considered.
Energy lossvs by thermal ccaduction (see above) and by radiation were
neglected. The electron temperature was turned on instantaneously
and was usually chosen to be 10-100 times the ion temperature.
Equilibration between these two temperatures tas computed by the code.
In all cases this relaxation time was much longer than time scales of
interest for lasing. The rates for atomiz processes considered were
computed from formulas published by Elton™.

In Fi% 36 are plotted curves of the peak gain coefficient,

o, (in cm™!) attained as a function of ion density for several initial
electron temperatures and for an ion temperature of 1 eV. For these
runs, the assumptions listed in the proceeding paragraph apply.

These curves agree with the analytical predicitigns above in that

they show the low density regime around N, = 101% where o varies

as Ne2, the moderate density region around N, = 1016- 1017 where
o is proportional to N, (e.g., for T, = 100 eV and Ng = 5 X 1016 cm-3
Ng D33 = 10 A33), and the rapid decline in o at densities large enough
for collisional equilibrium to dominate. The output tirom the computer
runs which produced these curves also shows good agreement (~ 20%) for
predicted excited state population densities compared to those pre-
dicted by the Hot-Spot code at Ny = 1015 cm=3. The latter code also
produced resuits at Ny = 1017 cm3 but here population densities
predicted by the new code were about a factor of 5 higher than Hot-
Spot predictions. They may be due to the fact that ionization and
recombination are not included in the present output from the new
XRL-1 code.
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Plans for the continuation of this study over the next several
months include adding more physical complexity in the form of more
energy levels, more ionization stages, and more energy exchange mech-
anisms to the scheme being modeled and to study their effects, with an
eye toward predicting the lasing duration as well as specific atomic
species and plasma conditions which would be most favorable for .
producing lasing experimentallg. More specifically, near term plans
include addition of one more 04t level and the ground terms of the
o and 03+, ions. Also, since shorter wavelength lasing is of ulti-
mate conern, the code will be used to model more highly-ionized
species which are 1isoelectronic with 02+ going next to Ne4+, beyond
which input atomic rates will be extrapolated.
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VI. B. ELECTRON-COLLISIONAL PUMPING

Electron-collisional pumping of potential laser ions using the
approach described earlier, i.e., picosecond laser heating of an
preexisting cold plasma, can be divided into five problem areas:

(1) the generation of a cold plasma with a large fractional population
of the laser ion npecies; (2) synchronization of tiie electron heating
laser pulse with the plasma generation; (3) obtaining optimum electron
heating; (4) identifying potential ion laser configurations; and

(5) establishing tests and criteria for observation of net gain.

Areas (2), (3), and (4) have been looked at in some detail and the
results of this work are described in full in the Appendix.

Briefly, the synchronization problem has been solved and is the
technique described in Section II both in this report and the previous
report. On & picosecond time scale and for moderate plasma densities
it can show that inverse brehmstrahlung is the primary heating
mechanisms and that stimulated Compton scattering is also a possibility
in special cases. Electron temperature up to but not exceeding about
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1 keV are possible and this limits the applicability of this technique
to the soft x-ray region. Two new candidates for pulsed (self-
terminating) lasers are identified: K-like and Si-like ions. K-like
ions for 8cIII and higher Z have an electron configuration unique to
ions, i.e., a single 3d electron ground state. The laser transition
in this series is 4p-4s, Si-like ions have a (33)2(2p)2 ground
configuration., The first allowed excited states are the (35)(2p)3
states, The potential laser transitions are 3S°, 3P°, or

3po (3s2p3) » 1s or Ip (3s22p2). This is an intercombination line
but spectroscopic data shows that in the cases of interest it is
fairly strong and can lead to useful gain. (See Appendix)

VII. SUMMARY

This reporting period has seen substantial progress in all
areas of the program. This progress has varied from important
technological improvements in experimental facilities to new insights
based on continuing analysis and numerical modeling. The charge
transfer experiment and the nonlinear mixing approach to shorter
wavelengths were initiated during the last period and have made
substantial progress in this period.

The most significant results obtained during this period for
each of the program areas are as follows:

E-COLLISIONAL PUMPING -

1. The short pulse laser facility has seen substantial
technological improvements. The Q-switched oscillator
part of the system has been improved to limit lon-
gitudinal mode structure, reduce the jitter in buildup
time, and improve reproducibility. The jitcer in
synchronization of the two pulses has been reduced to
~ 0.2 nsec by improved pulse and spark gap techniques.
The nanosecond amplifier have also been brought on-line
during this period.

2, A series of laser-plasma interaction experiments has
been completed. This series studied the effect of pre-
pulses on x-ray yield and electron temperature using
two 25 psec. pulses.

RESONANT CHARGE TRANSFER -

3. The experiment has been designed, fabricated, assembled,
and initial checkout and calibration is underway.
The experiment consists of a 2 meter grazing incidence
spectrograph, target chamber with multiple target capacity,
and a gas manifold for "puffing' gas into the target
area In synchronism with the firirg of the laser.
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NONLINEAR MIXING APPROACH -

5.

TW PUMPING -

8.

THEORY, ANALYSIS, AND MODELING -

10.

11.

In addition to the above the negative ny work which was mentioned

Further analysis on this experiment has reinforced our
confidence in this approach and identified several new
laser possibilities involving the use of gases other
than helium.

The nonlinear mixing compcnents including NL crystals,
ovens, and mounts have be:n procured and being evaluated
on an individual basis,

A laser triggered spark gap has been designed and con-
structed for the hydrogen amplifier. This spark gap
1s an essential part of the scheme to synchronize this
amplifier with the laser oscillator at the beginning
of the chain,

A experiment to test the feasibility of building an
atmospheric pressure photo-preionized hydrogen amplifier
has been designed and constructed. The experiment will
measure the electron densitv that can be produced in
a mixture of hydrogen and CO when pumped with a hard

UV emitting flashlamp. This experiment is undergoing
checkout at this time.

The TW e-beam device has undergone a number of techno-
logical improvements during this period. Among other
things the optimum diode design has been determined

and new diagnostics have been designed and investigated.

Laser emission at 3650 ! has been observed with the ™
discharge device. This radiation is believed to be
from Ny but other possibilities are being explored.

Modeling of the quasi-cw 3p- 3s laser scheme has
continued. A new, more versatile code has been developed
and applied to the O III ion along with others. The
results are in good agreement with trends predicted
using previous theoretical analysis.

The self-temminating pulsed e-collisional laser has

also been analyzed. The electron heating mechanism

has been looked into and two new ion laser isoelectronic
sequences have been identified.
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in the last report was continued with partial support from this
program during this period. A more definitive experiment was completed
with the results in complete agreement with theory. These results

may lead to faster more intense lasers for pumping sources in the
x~-ray laser work.

In brief this period has seen a good amount of progress, both in
experiments and analysis and in technological improvements. This
sort of mix will probably continue during the next period. However,
the e-collisional and charge transfer experiments are at a point

where important and definitive measurements will be made in the next
reporting period.

Finally, reprints of the important publications and talk abstracts
are including as an appendix to this report. These represent work

performed during this period and are included to provide details on
various parts of the program.
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Appendix

PUBLICATIONS* AND PRESENTATIONS
FOR THE REPORTING PERIOD

*In the case of NRL Reports the cover page only is reproduced. These documents are
available on request.
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ION LASERS FOR THE VACUUM-UV REGION
R. C, ELTON

Naval Research Laboratory
Washington, D. C., U,S.A.

ABSTRACT
A simplified three-state analysis of ions in the carbon

{soelectric sequence indicates the feasibility of obtaining

significant amplification by stimulated emission in the hun-

dreds-of-ingstrom region on 3p-3s transitions in a single-

pass system, The minimum gain length is density-limited due

to collisiona depopmlation; however lengths <1 cm are pre-

dicted. Such lengths are compatible with laser-produced

plasmas, Reasonable pumping power densities are also pre-

dicted., Future plans and needs are discussed.

INTRODUCTION

Lasers in the vacuum-UV region below 1000 X will likely be limited to
super fluorescent devices of high brightness and collimation but with limited
spatial coherence, due to a lack of efficient resonant cavities. However, a

high degree of coherence can conceivably be achieved by progressive non-linear

mixing techniques which have been applied successfully1 so far for reaching

887 §. The decreasing efficiencies of such up-conversion steps can then be
compensated-for with VUV amplifiers, maintaining the original coherence.

In developing such VUV amplifiers, large pumping fluxes are inevitably
required because of a strong wavelength dependence of the gain coefficient,.
Thus, the production of a plasma laser medium will invariably occur. It is
therefore natural to consider plasma ions as the amplifying vehicle, in a
linear geometry such as created from a solid surface by a line-focused laser,
The length of plasma that can prescntly be heated sufficiently to achieve mul-
tiple ionization is in the centimeter range. Thus, the question becomes whether
such a medium can be used at a sufficiently high density to generate signifi-
cant net gain while at the same time avoiding excessive collisional quenching
of the inversion,

There exists a host of literature on near-UV and visible lasing fcom

multiply-ionized atoms in plasmas, and it is reasonable to begin investigating

some of these transitions for shorter wavelengths, using isoelectronic ions,
1] 2]
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An initial inspection of the collisional mechanisms involved shows that tramn-
sitions between n=3 levels are most promising, based upon a general model
of electron collisional n=2+3 pumpirg through a non-dipole, slow-decaying
transition and lasing into another n=3 level, which undergoes rapid 3+2 spon-
taneous dipole decay. Pumping into higher quantum states (n=4, 5, etc.) could
produce shorter wavelength laser emission; however these levels are much more
susceptible to rapid collisional ionization and collisional mixing with dipole-
decaying states., Helium-like ions with possible 3»2 lasing transitions require
excessive 1;2-133£ pump energy. Therefore, transitions between 3p and 3s
states in, for example, carbon-like ions seem to offer a reasonable initial
compromise, and hold promise of achieving amplification in the 300 X region
with molybdenum ions.

ANALYSIS

A simple analysif can be carried ou” assuming that 2p-3p monopole
punping by electron collisions proceeds at a rate comparable to 2p=3d dipole
excitation, as evidenced by experimental and theoretical studies. For such
A4=0 transitions, the effective Guant factor approximate formula may be con-
veniently used to obtain the pumping rate . The n=3 excited stats densities
are then estimated as N3/N2=NeX/A3, where N, and N, are the excited and ground
state population densities, respectively, Ne is the electron density, X is the
excitation rate coefficient, and A3 is the dominant decay mode of each n=3
state, With AU<KA2, where the subscri?:s refer respectively to the n=3 upper
and lower laser states, a population inversion is achieved, at least until
some further equilibrium state 1s reached.

At high densities, collisional mixing will couple the upper laser state
with other n=3 states which decay rapidly to n=2, By limiting this colli-
sional mixing rate to a value of the laser transition probability for sponta-
neous decay, we can arrive at a maximum tolerable density. The collisional
mixing rates for A£=0 transitions can be estimated, assuming the rates are
double the calculated line widths®*. Numerical results for the carbon-like
sequence indicate a slight advantage over other sequences in which lasing has
been observed. For the elements and estimated temperatures listed in Table 1,
the collisional mixing by electrons exceeds that by ious sufficiently to

ignore the latter, Equating the electron collisional mixing rate NeX for

33
the laser transition to A33,the corresponding spontaneous decay rate gives
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the maximum electr ~ density (Ne)max tabulated.

The minimum length over which gain factors of alL=1 (threshold) and 5 [in
the relation I/Iozexp(aL)] are achieved at the maximum permitted density are
calculated from the gain formula® for Doppler broadened lines. The results
are included in Table 1 for the particular case where the electron temperature

Te exceeds the ion temperature T, by a factor-of-10. This condition is

i
achieved by rapid electron heating with, for example, an auxiliary axial laser
beam and in a time period shorter than the elactron-ion energy equipartition
time, The results indicate that lengths on the order of a centimeter are

feasible for achieving gains greater than threshold,

TABLE 1
Parameter—~—Jon  Ne't  a¢* gty w2
1 () 2269 1148 756 473 306
6T1= ﬁTe/lo (eV) 24 50 200 480 1100
-1
Tu(ns)—A33/2 2 1 0.6 0.4 0.3
167Ny (em"®):  0.02 0.2 3.5 16 72
' e’max ] ‘ ‘ ‘

Lmin(cm):

~L=1 0.86 0.45 0.33 0.39 0.52

~L=5 4.2 2.2 1.7 2.0 2.7
10" %/a (W/cm T

cm) (for inv. brem. zbs. length L):

~L=1,5 2 2 2 2 2

The pump power density P/a (required to overcome radiative decay) in the
auxiliary laser beam is estimated for sL=5 from NUA33LE23, where E23 is the

excitation energy interval. This result is included in Table 1 and is en-
couraging when compared to state-of-the-art picosecond lasers that produce
1004 w/an, even 1f an ~17 total pumping efficiency is assumed.

The laser action will be self-terminating in an equilibrium relaxation
time to be determined by a detailed numerical analysis. In any case, 1t {s
not expected to be shorter than 'u=A;g/2, the upper laser state lifetime,
tabulated in Table 1 and seen to be sufficiently long for present 10-25 ps

pumping lasers,
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DISCUSSION

The present analysis is of preliminary nature and intended to serve as
{mpetus for sophisticated numerical modeling of the atomic and plasma physics,
and for experiments in laser-plasma production and heating with short pulses.
For the modeling, it is clear that data are in short supply on almost all
relevant atomic processes, radiative and collisional, for high-Z ions; here
both theoretical calculations and experiments are needed. For experiments,
higher power lasers are alweys desirable for increased pumping. Also, fast
(ps) vacuum-UV detectors are needed for time-resolved Jdiagnostics, An effi-
cient resonant cavity for the v-cuum-UV would be most desirable in the sense
c.at it would reduce the severe requirements on pumping and media density
through multiple-pass operation, although again it is not essential for
achieving amplification,

In conclusion, the presently described simple analysis offers encouraging
prospects for extending proven ion laser schemes into the vacuum-UV region
for amplification of coherent radiation., More detailed numerical analysis
and experiments are required and are presently underway6.
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QUASI-ST’TTONARY POPULATION INVERSION ON Ko TRANSITIONS

R.C. Elton

U.S. Naval Research Laboratory, Washington, D.C., 20375, USA

For lsiing in the x-ray spectral region, 2p+ls, Ka-type transitions
are most desirable because of the high photon energy. The pumping flux
r.acessary to sustain a population inversion sgainst spontaneous decay
is, however, formidable[l]), due to the large x-ray and Auger transition
probabilities. The femtosecond risetimes required for pre-aquilibrium
operation in a self-terminating mode(2] ara an additional savere
problem{1]., Stripping of ocuter electrons so that hydrogenic or helium-
like ions are utilized would eliminate both tha Auger contributtion to
the decay and "he attenuation of the beam due to photoionization. In
any case, however, such short-iived inversions could only be useful aa
amplifiers, since the coharence length is S1 ym, prohibiting cavity use
without extremely well-synchronized repetitive operation or s traveling
wave pumping.

1f, however, an inverted density can be maintained in a quasi-
stationary mode(3] for nanoseconds, operation with Bragg-reflacting
resonators may be faasible. Stankevich{4] suggested such a possibility,
providing that the total rate for transfar of L-vacancias (lower lasar
stata) to the M-shell axcaeds the total K-vacancy (iLpper laser state)
decey rata. His analysis, bsead upon eariy data, indicated that sus-
tained inversiona on the Knl and sz transitions was possible for
elements with Z < 36 and 47, respectively. Using & similar approach

vith more recent data{S], we find [3] that the necessary conditions may
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possibly be met for only the |(n2 transition and for 25€245. Also, the
degree of inversion and the resultant gain are limited by a maximum
excess L- over K- vacancv depletion rate of ~307%.

However, f.he creation of double LL- or LMi vacancy states following
K-Auger transitions can produce a sufficient energy shift to avoid res-
onant sbsorption of the amplified K x-ray emission. In this refined
wodel, it is only necessary for the total L-decay rate to exceed the K
x-rsy rate; significant rate excesses and net gain then become possible
1 and Kev, transitions and for 13<2€50. This line shift

model is based upon s delicate balance between (a) rapid Auger cascading

for both Ko

to higher M-vaczancy states with multiple {onization, associated decay
rate decreaseg and insufficient 1line shift; and (b) recombination which
must proceed at a comparably high rate to prevent excessive depletion of
amplifying atoms through ionization. This latter condition places an
upper limit on the temperature permitted (AT #= 30-100 eV according to
Stsnkevich{4]) and, in a continuously pumped medium, on the inversion
period; hence the guasi-stationary nature of the inversion. The
achlievement of the proper balance will be found both by a full numeri-
cal model and from careful experimental diagnostics.

Besed upo: . is line-shift model, respective calculations{3] for Si,
Ca, and Cu st wavelengths of 7,1, 3.4, and 1.5 L indicate iirst that
only concentrated x-ray photon beams can provide the required pumping
energy density. For the came elements, x-ray photon densities (in the
K-absorption bands) o. (2, 4, and 20)1020 cm.3 are required to overcome
5

photoionization losses. This 1s equivalent to (5, 20, anu 200)10l

H/cm2 and results in gain coefficients oL of 70, 3C and 15, for a
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laser-medium length L of 300 .o»r and diameter 30 m. With a L0% conver-
sion efficiency, this could be provided by IR lasers of 4, 9, and 200 W,
powers within present means and expectatioms.

It is interesting to note that, for the same elements, the puap
power requirements are equivalent to 1% of the total blackbody radiation
at achievable temperaturas of AT = 0,5, 0.7 and 1.2 keV with pesk emis-
sions at convenient wavelangiiis of 5, &, snd 2 A, respectively. 1t {is
suggested that some experimesial eff{urts be directad towards developing
a "tuned" pump source approaching blackbody conditions in a desired
spectral band, e.g., with a pseudo-continuum of saturated L-lire emis-
sion from heavy elements; some VUV efforts on uranium plasma emission

already axist,
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TOWARDS X-RAY LASERS WITH VUV AMPLIFICATION ON Ip*3s TRANSITIONS

R.C, Elton, T.N. Lee, J. Davis, 1.F, Reintjes, R.H, Dixon,

R.C. Ecksrdt, K. Whitney*, J.L. DeRosa, L.J. Palumbo, and R.A. Andrews
U.S. Naval Rese.rch Laboratory, Washington, D. C. 20375, USA

Proposed devices for obtaining amplified spontaneous emission (ASE)
in the x-ray spectral region appear to have very limited spatial and
temporal coherence, and attempts to improve this by addition of an
X-T8y resonator sppesr unrealistic at present. High quality, cohereat
x-ray laser beams may ultimately be achieved by short wavelength
smplificstion of collimated, coherent laser radiation obtained by
frequency up-comversion using non-linear optical techniques. Wave-
lengths a8 ehort as 887 X have so far been obtained, starting with
1.064m laser radiation[1]. With limited conversion efficiencies, VUV
amplificstion becomes necessary, where superf luorescent ASE devices
suffice. In developing auch anplifiers, it is reasonable to consider
extending present near-UV ion laser transitions into the VUV region(2].
For example, UV lasing at wsvelengths as shorc as 2700 2 has been
demonstrated using 3p<3s trsnsitions in s number of multiply-ionized
low-Z elements in plasmas(3]. Excitstion 2p+3p is by electron
collisios and 3s-+2p elertric dipole depopulation is rapld. With

fairly efficient cavities, sufficient gsin is achieved without

*Science Applications, Inc., Arlington, Virginia, U.S.A.
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collisional mixing problems at low-to-moderate particle densities. In
the VUV region, where resonators become nonexistent, multiple ioniza-
tion at the high densities required for superfluoreacent gain requires
large pumping energy dansities and small volumes for existing power
sources, e.,8., focused laser beams.

With the gain factor achievable limited by the density at which
collisions compete with stimulated emission, a simple 3-level anal-
ysis[4] for carbon-like fons indicates that the minimum laser-medium
length required scales with the electron cre\ and ion (Ti) temperatures
as (Ti/Te)k exp(AE23/kTe)’ where AEZ3 1s the 2p-3p energy difference.
Hence, a high electron temperature is important and a lov ion temper-
ature is desirable for short laser-medium lengths. Including the other
important variables such as laser wavelength XL' transition probability,
and density, the analysis indicates a reascnable length on the order of
1 cm for Z extending to 42 (Mo, XL ~ 300 where a hydrogenic-ion
spectrum has already been observed in a laboratory discharge(5]. An
extended analysis with a more sophisticated numerical model, which
includes interactions with other levels and ionic species, is underway.
This analysis is based on a "hot-spot' plasma model which includes

impulse heating and radiative anc conductive cooling. Preliminary

results indicate Te/T1 ~ 10 for initial time periods of ~50 ps, which

is shorter than the upper laser state lifetime and longer than the
25 ps pumping laser pulse. An additional result expected from the
numerical analysis {s the relaxation time of the inverted populatiom,

wvhich could conceivably exceel the 3p level lifetime (4, 6].
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Experiments are underwey(7] in which a line plasma lsser-medium 1is
J created by focusing an IR leser on an appropriate target mterial to

produce the desired ion species and density in expansion. An existing
4CW, 25 ps Nd:YAG laser pulse is to be directed axially Into this plasma
and provide the preferential electron heating for collisional popula-
tion inversion, Initial experiments on characterizing the plasma have
been performed with a pciost focus from the short-pulse laser and using
x-ray diagnostics on plasmas of Na, Mg, Al, and Si. Resonance lines
from helium-1ike species are observed in all cases and from hydrogenic
ions for the first three. The observed species and relative incensi-
ties are in agreement with predictions of the numerical model. The
diegnostics are presently being extended into the more 'cluttered' VUV
region, as the two-laser system is made operatlonal.
References
1. S.E. Harris, A.ll. Kung and J.F. Young, Abstract, UV and X-Ray Laser

Symposium, Optical Society of America Meeting Washington, D. C.

25 April 1974; 3. Opt. Sor. Am. (to be published).

2. M.A. Duguay, Laser Focus 9, 45 (Nov. 1973); R. A. Andrews, Naval
Research Laboratory Memorandum Report No., 2677 (Oct. 1973).

3. Y. Hashino, Y. Katsuyema and K. Fukuda, Japan J. Appl. Phys.
907 (1972); 12, 470 (19733,

1,

4, R.C. Elton, Naval Research Lsb, Memorandum Report 2799 (May 1974) .
5. J.J. Turechek and H.-J, Kunze, to be published.

6. R.C. Elton, R.W. Waynant, R.A. Andrews, and M,H. Reilly, Naval
Reseerch Laboratory Report 7412 (May 1972).

7. T.N. Lee, J. Davi¢, J.F., Reintjes, R.H. Dixon, R.C. Eckardt,
K. Whitney, J. L. DeRosa, R.A., Andrews and R.C. Elton, Bull. Am.
Phys. Soc. 19, 558 (1974).




Reprinted I'rom APPLIED OPTICS, Vol. 14, page 97, January 1975
Copyright 1975 hy the Optical Society of America and reprinted by permission of the copyright owner

Extension of 3p— 3s lon Lasers into the

Vacuum Ultraviolet Region

R. C. Elton

The feasihility ol extending existing near-ultraviolet fon lasers into the vacaum ultraviolet spectral region
is analyzed with a simplified three-state model. Single-pass amplification in a laser-produced plasina of
reasonable lengtlt, pump power, and rise-time requirements is predicted, especially fur high electron tem-
peratures. The results are intended to serve as a basis and incentive Tor detailed numericat modeling and

for experiments,

I. introduction

Lasing in multiply ionized atoms has heen demon-
strated in the visible and near-ultraviolet spectral re-
gions with gas discharges in resonant cavities.! It
would be of great inte::st and importance to trans-
late these results to shorter wavelengths isoelectroni-
cally.2 At vacuum ultraviolet (vuv) wavelengths
shorter than 2000 A, conventional cavities become in-
efficient, and impractical below 1600 A. However,
for amplification of, for example, a frequency upcon-
verted coherent vacuum-uv beam,? a resonant cavity
is not required, provided significant gain can be
achieved in a single photon pass through an inverted
medium of reasonable length. Higher inverted state
densities are required for single-pass amplification
and for short wavelengths, with an upper density
limit set by rapid depletion due to charged particle
collisions. Population inversions are often self-ter-
minating in time as equilibrium population distribu-
tions are approached, and the required rise time of
the pumping source usually decreases with decreas-
ing wavelength according to increasing transition
probabilities for spontaneous decay. Also, the higher
excitation energy in the heavier elements required for
short wavelengths (isvelectric extrapolation) requires
increased particle energies and densities for collision-
al pumping.

With these general guidelines we have attempted
to analyze the scalability to shorter wavelengths.
The highest degrees ot 1onization in heavy eiemenis
are obtained in high density plasmas, in short bursts,

‘I'he author is with the U.S. Navul Research Laboratory, Wash-
ington, D.C. 20375,
Received 17 June 1974,

and in small volumes with a limited amount of avail-
able energy. A conceivably practical device, compat-
ible with present technology, would be a linear plas-
ma of about 1 ¢m 1n length, with the uecessary s
and particle densities pri.nced from a solid target by
a line-focused laser beam. Longer plasmas may
eventually be generated to produce increased overall
gain, or perhaps decreased density for improved effi-
ciency, as more powerful lasers are developed. Long-
er lengths may also become a possibility with axial
heating of gaseous media by long wavelength lasers, a
concept similar to that proposed for fusion plasma
heating.* However, absorption and heating is a func-
tion of the plasma temperature and density, and uni-
form heating with narrow channeling® must first be
proved. Forshort wavelengths and high 7 materials,
solid targets are generally more readily available than
gases. It therefore seems reasonable to model the
present rialveis around a transverse irradiated and
vaporizeu und target plasma medium.

After expansion the initial plasma would be
pumped axially with a separate short-pulse laser; this
would preferentially heat the electrons, which in turn
would produce the inversion by electron-ion colli-
sions. A high electron temperature T\, is often very
heneficial in producing a high inversion when. as
here, the electron density is limited; also a low ion
temperature reduces the (Doppler) line width and in-
creases the possible gain (see Eq. (1) below). Thus,
an electron ot tomporature JilMmanil il bw Aonie il le
and this may be achieved hy allowing the ions to ex-
pand and cool (faster than recombination takes
place) and by heating the electrons in times shorter
than the electron-ion energy equipartition time.

Considering resonance-lin absorption and stiinu-
lated emission, the gain in a homogeneous medium of
length I. is given hy I/1y = exp(al.), where o is the
gain coefficient®:
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o = [2a In YV ararlAN, - (g /e)N ] (1)

Here, A\ is the laser wavelength, A the transition
probability, Av the Doppler line width in frequency
units, and g, g, Nu N, the statistical weights and
population densities for the upper and lower laser
levels, respectively. Photoionization losses are omit-
ted here, since only (K and; . shell electrons are
present, and the photon energy of the short wave-
length laser lines is insufficient to remove L elec-
trons; likewise competitian from Auger decay does
not exist. Loss of laser photons through seattering
has also been neglected here. A selection of a partic-
ular al product (unity for threshold, 25 desirable)
determines the minimum length of the medium, since
the other parameters (e.g., density) are fixed or limit-
ed in the medium. Thus, we intend to show that a
practical length of the order of 1 ¢m is reasonable for
a particular transition.

Laser transitions between two states, hoth with n
= 3 principal quantum number, were ¢hosen for de-
tailed analysis. Eiectron pumping is assumed to pro-
ceed directly from a n = 2 ground state of a particu-
lar ion through a nondipole transition (slowly decay-
ing) by electron collisions to a n = 3 state, followed
by lasing through a dipole transition to a lower n =3
state, after which the electron decays more rapidly to
the n = 2 ground state. (It is not necessary to in-
voke a seemingly less probable combined ionization-
excitation single-step collisional process in the analy-
sis.) Laser transitions from a n = 4 upper state
(pumped from n = 2) to a n = 3 lower state would
produce shorter wavelength lines. However, the
proximity of other n = 4 dipole-decaying states lim-
its the maximum electron (and ion) density to too
lo a value to give reasonable laser lengths.  Also, n
= 3 to n = 2 transitions in helium like ions, pumped
from the 1s? ground state, were considered: however,
the large 1s —3s energy gap severely limits the col-
lisional excitation rates (see Eq. (5)) and therefore
the available inversion density and the minimum
laser length obtainable. (Note that this 3—-2 laser
scheme may prove practical when pumped from
ahbove by rapid downward cascading following elec-
tron capture.)

Pumping into a n = 3 upper laser state that is not
dipole-coupled to n = 2 levels is one necessary condi-
tion for maintaining a large population density, since
spontaneous depopulation of this state is limited to
the An = 0 laser transition with a relatively low rate.
Conversely, the lower laser state population is kept
low by a high n = 3--2 dipole depopnlation rate.
The collisional transition for populating the upper
laser state can be monopole: e.g., 2p =3p 12p-» 35 is
not followed by 3-+3 dipole decay). Quadrupole
9¢ »3d excitation is also coneeivable. However, in
the two instances where this might be particularly
important, namely, the lithiumlike and heryllivinlike
{singlet) ground state ions, an inverted population
will not be obtained. since the pumped 3d upper
laser state has a shorter lifetime than the lower laser
state due to a low-lving 2p state.
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Lasing following monopole 2p ~»3p excitation has
been observed in ions belonging to the beryllium
(triplet system) through the fluorine isoelectronic se-
quences,! For a particular element (such as oxygen
for which data are available), the trend is towards
shorter wavelengths (and correspondingly lower
gains) for the more highly ionized species (Be-like).
Also, pumping hy collisional excitation becomes more
difficult for the larger 2 =3 energy gap in the highly
stripped ions. It is also desirable to have a large en-
ergy separation hetween the upper lasing state and
any nearhy states that are dipole-coupled to the
ground state, in order to reduce collisional-radiative
depopulation; here. the boron- and carbonlike ions
are slightly favored.

Il. Analysls

While observations of lasing in multiply ionized
atoms have been reported,! no similar attempt
towards analysis of the mechanisms and limitations
has been found in the literature. 'The present three-
state analysis for carbon-like ions is intended to serve
as a guide and stimulus for a more sophisticated and
complete time-dependent numerical analysis (pres-
ently underway). Pumping is assumed to take place
ina2p? P -+ 2p3p *D monopole 1Al = 0) transi-
tion, followed by lasing in a 2p3p 3D -+ 2p3s 3P di-
pole transition, with the final state rapidly decaying
by a dipole transition to the 2p? 3P ground state.
Lasing from a 2p3p *S upper term is also possihle.
Two-electron radiative-Auger decay to a 2s2p? con-
figuration is expected to have a negligible effect.”
Along the isoelectronic sequence, data are generally
availahle up to neon.” ' Bevond that, wavelengths
are scaled' as z !, where 2 is the charge seen by the
active electron (z — 1 = ion charge). The oscillator
strength for the laser transition is extrapolated ac-
cording toa ="' * empirical best fit (Z is the nuelear
charge of the ion), and the associated laser transition
probability is deduced* from A = f/A?% The equilib-
rium kinetic temperature of the plasma in which the
ions are produced is taken as &7 = 0.25x, -2, where
\s o is the fonization potentiat of the next lower ion
state. For estimating the excitation rate, and conse-
quently the inversion density, it is assumed that the
monopole exeitation rate i< approximately equai to a
corresponding dipole rate.  This assumption is sup-
ported by experimental and theoretical results™ on
plasma ions and 15 further discussed below for the
high electron temperature situation. For this, the
ap2 AP e 9pid #D allowed transition was used and
the oseillator strength was extrapolated empirically
to unity with higher 7 This oscillator strength, as
well as the n = 2 3 energy ditference AR, are re-
quired in the approximation used for caleulating the
excitation rate in 1. (5) for An = O transitions.
The energy difference Moy was estimated through
extrapolation by keeping the ratio M/ constant
along the isoelectronie sequence.

In evaluating the collisional mixing rate between
the upper laser state and a nearby state that has a
short litetime for dipole de~ay to the grouad state,
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Fig. 1. Minimum length L 4, for amplification in carbonlike jons

~ with gain exp(alL ) vs atomic number Z, wavelength A, and temper-
\ﬂure, where the electron (kT.) and ion (kT,) temperatures are us-

umed equal. Maximum electron density (N.) nuax is also shown.

the lower laser state was chosen, since—for the car-
bon sequence at least—it was close and thereby had a
typical overlap. (In carbonlike ions there are six
clustered n = 3 states that should be properly con-
sidered in a more sophisticated collisional analysis.)
The electron collisional mixing rate C,. at an electron
temperature T, and density N, is best estimated for
An =0,] =1 — 1 =0 transitions from twice the line
width given by the portion of E.;. (526) of Ref. 14,
which pertains to [ — ! — 1 transitions:

¢, = 6aN,@m/akT Y W/ ma¥t 08 — P/ @1+ 1]
x In{s — (@.5/2) + &+ kT vpzlz = 'Y, (2)

wheren = 3,1 =1, and where ¢ = (z — 1) ¢ w/mp,*
from Eq. (515) of the same reference. Here, yy is
the ionization potential of hydrogen and w is the laser
angular frequency. The ratio C./N, has been tabu-
lated! for T, = T..

The ion collisional mixing rate (', has also been
evaluated by Egs. (517) and (518) of Ref. 14 (with the
former multiplied by the square of the ion charge (z
— 1)2 for ions heavier than protons):

C, = [an%/(21 + 1)) %(Im’mz)z{l\',"(g - Oz = 1Y
x (.\I/I.'T,)[I(nz = P cxp(—% A/;-‘»’«‘;\-‘r,)]. 3)

where

o= [6n(z = DefwkT /M, @)

Here, M is the ion mass, T, the ion temperature, and
N./(z = 1) is used for the ion density. The parume-
ter C;//N. has also been tabulated'® and is found to
range from about five to two orders of magnitude less
than (',/N, for the neon to molybdenum ions, respec-
tively.

The maximum electron density is determined by
setting the collisional mixing rate equal to the spon-
taneous emission probahility Ay for the laser transi-
tion. Then, (N,) max = Aasz/(C.N,), for C; « C..
This density upper limit has been tabulated' and is
plotted in Figs. 1 and 2. The maximum electron
densities shown are quite consistent with those avail-
able in an expanding and cooling laser-produced
plasma.

If the upper and lower laser terms are assumed to
be populated by electron collisions from the n = 2
ground state (density = N,) only (see Introduction),
final coronal equilibrium values, given in a first ap-
proximation by N,(Cus/Ays), are reached in a char-
acteristic e-folding time of ~:t .~  This time is
much shorter for the lower laser level than for the
upper, and the lower level reaches a much lower equi-
librium concentration more rapidly. The collisional
excitation rate Cay is calculated with the effective
Gaunt factor approximation in the convenient
form!%
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Fig. 2. Minimum length Ly tor amplificadion in carbonlike ions

with pain explol,} vs atomie nunber Z, wavelength A, and e ki

netic temperature kT, The ebetranae kinetic temperatare kT, s

assumed egaal to IV ET, and is plotted. Maximum electron densi-
ty (Vo) g 15 alseeshown,
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for AE .y and AT, in eV and where 2 is the average
Gaunt factar (=0.2). By setting N, = N./(z ~ 1),
the upper laser state density may be ealculated and is
found' to he = 103N,

A gnestion remains as to how long an inversion is
maintained; i.c., what equilihrium population distri-
bution is reacled and in what time interval? = At lirst
glance it appears possible that inversion can he sus-
tained for a. indefinite period. Clearly, a detailed
time-dependenit numerical rate eqnation analysis is
needed, including as many efteets from other levels
(such as cascading) as possible.  This refinement is
now underway.

Hl.  Results

It is now possible to estimate the minimum tength
necessary to achieve a particular gain produer «of..
For Doppler line hroadening (Stark hroadening is es-
timated from 0.5C,., and found to he negligible), this
length is given for large inversion by

L Bawl AgNai@atr, )
This is platted as 1., vs element, temperature, and
wavelength in Fig, 1 for o, =1 and 5, and Tor 7.
T, 'The analysis is earried np to molvhdenum (2
42). which is the heaviest element tor which high
stages of ionization have heen reported.'™ It is seen
that the parameters involved seale with Z such that
L 15 approxinately constant for elements heavier
than Z =17 and never hecomes less than 10 cm,
which is somewhat long for laser-produced plasmas,
However, for neon. the length is consistent with {-m
cavity discharge experiments, since ol s 1.5% is suf-
fietent.

Since it is hoped that the ions may cool in expan-
sion and that suhsequently the electrons mav he
heated preferentially, it is of great interest 1o ohserve
the effect here. Negleeting the logarithmic term in
Eq. (2), C,/N, scales as Te™ V2 50 thit (N ) in-
creases ax T, V20 Also, from Eq. (5), Co/ N seales as
@/T. =rexpl = AES kT, as does  N,/N,
Therefore, N, o x T exp (=K. /ET), and [
(11002 exp(AES/ET, ). The advantage in al-
lowing the ions to cool (while N, decreases 10 the
maximum value allowed) is indieated hrere, atthongh
the dependence pon T, is much weaker than on T,
partieularly for AT, <AF.. s Fig. 2 the ion tem-
perature is paintained at the equilibrium vilne as-
sumed above i.e, 1025 .- ) and T, is taken as 107"
The effec* is to reduce L, below mnity for thresh
old gain and as low as 1.7 e for ol =5, "T'hus indi-
cates the dramatic effect of increased pumpmg at
higher electron temperatures. The L., enrves in
Fig. 2 are to be shifted downward sieccording to « 7,
for significant cooling with frozen-in ions.  Jnst
which tons will he most useful (Le., the carbimbike se-
quenee analyzed here or imother sequence) will prab
ably be determined hy experiments (presently ander
vy,

(6)
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There are twa coneerns that warrant further con-
sideration far high electron temperatures. One is the
depopulation of the luser states hy electron collisions,
the net result heing a possible increase in gain length
over that estimated above.  An estimate'® for joniza-
tion from the n =3 states indicates that in all cases
the rate is mueh less than the dominant collisional
mixing rate C. used above. A second coneern al high
clectron temperatures involves the assumption, made
above, that  the nondipole-transition  collisional
pumping rate is approximately equnl to that of i cor-
responding dipole transition; i.e., tor atoms, at least,
the cross section for the former decreaxses more rapid-
Iv at high electron energy thigh 7.9 than does the
cross seetion for dipole tronsitions.  FFor the present
To = T, analysis, KT/ AE, < |, and for the T/7T,
= 10 analvsis, 87T/ A0y inereases from approximate-
v 3 for neon to 5 for molyhdenum,  From existing
expernnental and theoretieal data ™ for mubiply-
ionized sttoms, there is no evidence that the n=2 =3
nondipole rates will be significantly less than the cor
responeing dipole rates for L7/ AF .. up o b, Fur
thermore, data exist™ tor n =3 3 1amsitions with
KT M 5 varving frow 1o 15, which also shows no
signilicant deteriaration in the relative nondipole
rates Grlthough the absolute vithie of the cross section
is reduced helow that for dipale transitions in 1his
case). Data on relative nondipole excitation rines at
high electron temperatires sire importint, not only to
the present analysis, but to other short winelengilh
ion laser approaches®! that depend directly on awecalk
monopole exeitation rate tor the lower Laser level a
anomalously high electrany energies in plasns,

The required internal pump pow er density can he
found from N,Coy AE ., assuming N, = N,/ -
1. With a volume determined hy the product of the
ernss-sectional area a and the length L, and assum-
ing a fractional absorption of L/L . along with a
total energy eonversion elficiency of 3, the axial
pumping laser irradianee a that is required is
uiven by
NG Fagli (7

P 1,

Here, L 0 is the clussical inverse-hremsstrahluny ab-
sorption length, given hy!

1) em (8)

tor densities much less than the critical vitlue (s (02!
em Ftor X = LO6 pmoradiation) at the plasma fre-

gueney. Here, Toois in eV, N is in em. and N, is in

cm Then,

Poao@ o 10t expl Ak BT (e i)
Wy, (4]

with 1q. (5 Within the present apnroximations,
{u is therefore independent ot density aml medium
length.
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Numerical results indicate, for an estimated total
conversion efficiency of 1%, a required irradiance up
to approximately 104 W/cm? for the ions indicated
in the figures, and for T = 107, This may be ob-
tained with a 0.1-J, 10-psec laser focused to a 100-um
diam, The 1% efficiency estimate is arrived at by as-
suming 10% for laser heating and 0% for excitation
of 1the particular upper configuration, in competition
hoth with other excitation modes and with ionization
(ionization from the n = 2 orbit proceeds at a rate!
comparable to that for excitation to n = 3 levels for
the enhanced electron temperature case).

iV. Discussion

The experimental scheme proposed above involves
the transverse generation and subsequent expansion
of a cylindrical plasma and the additional heating
and pumping by an axial laser beam. A Maxwellian
electron distribution has implicitly been assumed in
the analysis. The electron equilibration time scales
as N~ 17,%2 and reaches the nanosceond range tor
the high electron temperalure cases, which is compa-
rable both to the upper laser state lifetimes and the
collisional excitation times. Electran-ion equiparti-
tion times are. however, still much longer, so thai
high ' T, ratios may be maintained. A more so-
phisticated analysis will either have to account for
this relatively slow electron equilibration or depend
upon electron heating at higher densilies with ap as-
saciated risk of excessive cooling during the ensuing
expansion phase. The latter approach would not re.
quire additional pump irradiance, according to 1he
present analysis; however, a complicated dynamic
numerical plasma model would be required for analy-
sis. Experiments will undoubtedly be done wtili var-
ious heating times.

V. Summary

The present three-state analysis indicates that it is
promising ta extrapolate successful near-ultraviolet
ion laser transitions into the vacuum-uv region for
amplification, by using expanding laser-produced cy-
lindrical plasma as an initial medium that is subse-
quently pulse-heated axially with available lasers to
inerease the electron temperature for erfictent pump-
ing. The particular ion species that are generated
and aintained in a frozen-in state will be identified
in experiments. The added effects of other levels, as
well as the true time dependence of the gain, will
hopefully evolve from a numerical madel presently
under development. Such modeling of increasing so-
phistication will require more refined extrapolation
methods and more basic data, particularly as it pro-
ceeds 1o higher Z elements.

The author is grateful to H. R, Griem for helpful
suggestions lowards evaluating the collisional rates
involved here. Valuable discussions with - col-
league R. A. Andrews are alsa recalled with apprecia-
tton.
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Two-photon resonantly enhanced self-defocusing in Cs vapor at
1.06 . *

R. H. Lehmberg, J. Reintjes, and R. C. Eckardt

Naval Rescarch Luaoboratory, Washington, D. C. 20375 .
(Received 5 July 1974

The electronic nonlinear refractive wdex m Cs vapor a1 1.06 g 15 shown 10 be negative and 1o consis)

of 1wo distinel contributtons, One of these conlribulions arises from a two-photon resonance 1 the
suscephibility and can be made comparable 1 magminde 1o the positive o 1 kiser ghass, The other
term anses from popnltanan redistributions between the grouml and first exented stale. We present
measireinents of self-defocusug of @ single pulse front a Nd  YAG mode-loched laser that e m
agreemenl with the theoretical predichons

The useful output power which can be generated in In this tetter, we study in more detail the negalive
many pulsed solid slate tasers is limited by the oc- noitlinear refractive index of Cs at 1.06 u. We show
currence of setf-focusing aud setf-phase-modulation due that it arises from two distinet contributions; i.e., one
{o the positive nontinear refractive index n, of the am- from a two-photon resonance and the other from popu-
plifying material. 1t would appear to be possible to lation redistributions. Under easily attainable experi-
raise the useful outpul power from such lasers by com- mental conditions, the magnitude of n, can be made com-
pensating for the self-aclion effects of the lascr am- parable to that of laser glass. Because of ils resonance
ptifier with comptementary self-action eftects in a behuvior, the two-photon term can make the largest con-
material with a negative nonlinear refractive index. tribution to the nontinearity. making compensation for
Such compensation is anticipated to be effective under setf-focusing, of short pulses feasible. We present mea-
conditions where the spatial and temporal distortions curements of self-defocusing of a single pulse from a
of the beam due to the positive n, are small. Nd : YAG mode-lncked laser, and show thit the results

are in good qualitative and fair quantitative agreement
The negative nonlinear refractive indices which have with the theory.
been abserved previously have arisen etther from two-
level resonance effects which oceur in restricted wave- The energy level diagram of Cs is shown in Fig. 1.
Jength ranues attainable only by the use of tunable The nontinear susceptibility at 1. 06 i1 ts delermined
lasers,' or from thernial effects’ which are too slow to primarity by interactinns belween the 16 (=10)) and the
e of use in compensating for the self-focusing of pulses 164 (=11)) and 174 (=12)) levels because of nearby one-
in the nanosecond range or shorter. it has recently heen and two-pholon resonances, respectivety, In the slowly
2 noted that Cs vapnr should exhibit a negative value of n, varying envelope approximation, 1l can be shown thiit .
at the Nd: YAG wavelensth. * Using Cs. one should thepe- the nonlinear refractive index has two distinct
fore be able to mvestigate coivpensation of the self- enntributions:
focusing and self-phase-modulation in high-power glass anttoom—n, By b, (N
;. lasers. where n, is the linear refractive index,
h 374 Applied Piysics Lenlers, Vol. 25, Mo, 7, 1 Ocluber 1974 Copyright © 1974 Amencan lustilnie of Physics 374
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FIG. 1, Energy level diagram of Cs. With refervence to the
toxt the 68 level is referred to as level 107, the 62 levels as
11), and the 7S level as 120, 1'he dotted lines show the posi-
Lion of the laser fundiamental at 1,06 g and its two-photon fevel
at 0,532 u,

The lirst term is given by
sn, =ng? (E(1)

7R R
TN ( LN >'1.-:'=(/)\.

13wy, = 20N (W), = W) \wjg—w W =Wy

(2)

where E(/) is the ootical field of frequency w 2a¢ /N,
N is the atomic density, u,, are the atomic dipote
matrix elements hetween tevets i and 1), and w, is
the atomic frequency splitting between '+ and 17} ‘The
denotes an average over an optical cycle. In the case
of 1,06- radiation in C8. w,,—w. ‘wy, =2« =« and
we are justified in ignoring antiresonant contributions
to the above expressian, In deriving this result. we
have also assumed that the atomic and laser linewidths
are small compared to the detuning frequencies w, - w

and Jw,, = 2wl.

Expression (2) arises from a two-phaton interaction
between the 16s) and 17s levels. In solids such terms
are usually positive and are generally accepted as being
responsible for the setf-focusing observed in materials
sueh as laser plass.? For 1.06-. radiation in Cs vapor,
however, w,,-2w <0, while both wy,-w and & - wyy = 0;
hence. nf?<0, and one obtains self-defocusing and nega-
tive frequency chirping for laser pulses. The effect is
resonantly enhanced by the two-photon denominator
(W, = 2w ==260 em™), and uJ* can be comparabte in
magnitude to the n, of laser glass at modest vapor den-
slties (V~10"7 em™),

The second contribution to An Y% arises from intensity-
dependent population redistrihutions between the [6s)
and | 6p) tevels, and is given by

v 2 L 2
by e — o2 2un o, K ) My
ho\wp-—w  w=wy ) 2
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xj Al explilwyy - wt :’T)(I’-I")l{‘(/")*c.c.],

(3)

where ¢ is the complex amplitude of the optical field
defined by E() = L (Nexpliw) 4 c.c., T, is the lifetime
of the |6p) tevel, and 7 is the atomic dephasing time.
The actual form of du, depends on the magnitude of the
laser putse duration {, relative to 7 and T, For short
pulse durations /, <7, T,

o1 /12 = Ny 20, BaBie ) pe
ny, - nt (1)) - PR <w,°-w =T CE*().

4

This term is anilogous to the expression derived by
Grischowsky in the adiabatic following approximation of
the two-tevel system.? It has the same form of intensity
dependence as 5n,. and is also negative, sirce w - »,
W=y, >0,

When 1</, <« T, kq. (3) reduces to

o, 2Tl [ dr B, (5)

where nY' is defined in Eq. (4). The term leads to a
form of thermal self-defocusing.

11 order to verify these results, we studied the setf-
defocusing of radiation from a mode-tocked Nd: YAG
luser in a celt of Cs vapor. The input beam consisted
of a single pulse with a duration of 30 psee and an ener-
wy which was varied between 0.2 and 8 m,l. The beam
had # spatial profile in the form of a collimated Airy
disk with a diumeter D, 3.5 mm between minima. The
Cs cell was 1 m long with an alomic denzity of 0. 5% 10%°
em™?, The temperature of the Cs reservoir wias main-
tained at 330 °C while the temperature of the cell was
held at 600 °C in order to reduce linear ahsorption from
Cs dimers. The output beam profite was measured by
imawing the beam emerging from the vapor cell onto an
mdpe converter camera with a mintmum resolution of
6 7p mm. The chanpe in beam size was observed as the
input enerey was varied over a factor of 40.

B

—

(hi 1%}

FIG, 2. Photographs of the nutput besum profile after propagat-
ing through o 1-m cell ot Cs vapnr. G Input et linearly
politrized ar 0,2 md @ 8210t Woem) . B input beam linearly
poslarizesl o < med (1,1 W ew) (o) input heam nearly civ-
culariy pularizedat = ml (1.1~ 1 W/ em),
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Figure 2 shows typical results from three diffevent
Mmeasurements. In part (a), the output beam is shown
for a low-power (0. 2-mJ) ltnearly polarized input heam,
with toe ceul filled with Cs. The beam diameter here is
essentially the same as that which was observed without
Cs in the cell. Part (b) shows the results of the same
measurement when the input beam power i« increased by
a factor of 40 to about 8 mJ (1= 1. 1210 W/cmy?), The
beam diameter has increased by a factor of abcut 5 over
that observed in part (a), Measurements at intermeliate
intensities showed that the output beam diameter in-
creased monotonically with increasing input power, in-
dicating that the change in beam size is actually due to
self-defocusing, rather than self-focusing, Part (c)
shows the result obbsbi.l o s iy errenttily po-
larized light was used instead of linearly polarized light,
With the same input energy of 8 m.J, the increase in
beam dianieter is only a factor of 3 7.

We can estimate the expected change in beam size
using the paraxial ray approximation® and the expres-
slons for n, yiven earlier. If we approximate the Airy
proflle of the input beam by a Gaussiun profile with a
1 1 diameter of the intensity distribution equal to i,

- D, the ratio of output to input beain dianeters is
civen by

n, d, [’ Po\ki? ! ()

where P, is the imput power, / is the cell length, 1 27
Avand 'O aFe 32qtn,,

For the experiments described above, the ligh-level
input power is 270 MW, For a Cs density of 0.5
10" em™, we find that it =092 10" esy from Eq.
(2) and u' - 0,25%10°"" ey from Eq. (4). Under these
experimental conditions, the atomic dephasing time is
40 psec. so Eq. (4) is not precisely valid for cateutating
43': however, it can be used to rive a tower estiniate of
its macnitude. The nonlinear index then results mainly
from the two-photon resonance terni, and 1its response
is expected to be instantaneous on the tinte scate of the
laser pulse. Wwe expect the largest effect for linearly
polarized light, since both the Suand du, terms con-
tribute to the nonlinear index. and both are negative. In
this case, the expected increase in beam size given by
Fq. (6) is a factor of 4. 4, in fair agreement with the
observed increase of a factor of 5,
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_however, in qualitative agreement with the theory, t

If circular polarization is used, the defocusing is
expected to be smaller, since In thls case the two-photon
ressnanee lerm does not conlribute. The theory pre-
dicts an increase in beam size by a factor of 2. The in-
crease in beam size in Fig. 2(c) is observed to be
smaller than that in Fie. 2(b) in qualitative agreement
with the theory, although the observed difference is not
as large as predicted. The discrepancy could be due to
the use of Eq. (4) in predicting the value of On,, rather
than the more exact expression in Fq, (3). It could also
result from a deviation of the input beam from true
circular polarization, possibly caused by birefringence
in the sapphire cell windows. The observations are, '

We have shown that the electronic nonlirear refractive
index in Cs vapor has two distinct contributions. One
contrib.fion arises from a two-plhoton resonance and the
other from poputation changes between the ground and
first excited state. For radiation at 1,06 u. both terms
are negative and can be made comparable in magnitude
to the n, of laser glass at modest vapor densities. We
have observed self-defocusing in Cs vapor of a single
pulse from a Nd:YAG mode-locked luser under con-
ditions in which the two-phaton resonance term makes
the major contribution to the nonlnear index. The in-
¢rease in beam size for linear polarization is in rea-
sonable agreement with the theory. The increase in
size of a nearly circularty polarized beam is in rrood
qualitative agreement and fair quantilative agreement,

A more complete study of the interaction of these two
effects will be published elsewhore.
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A MULTIPLE PULSE LASER SYSTEM WiTH SYNCHURONIZED
5 MODE-LOCKED AND Q=SWITCHED OUTIUTS

J. Reintjes, R. C, Eckardt, aud J. L. DeRosa

Naval Research Laboratury

Washington, b.C,

ABSTRACT

The development our a pulsed laser system
which generates multiple synchronized output puises
on both a picosecond and nanosecond time scales
is described. The system consists of a mode-
locked Nd:YAG oscillator-amplifier syatem and a
Q-switched Nd:YAG and Nd:Glass system synchronized
by a versatile switching technique. The unique
features of this laser include t%e¢ synchronization
of two 200 mJ 30 psec pulses with :eparation
variable between 0 and 10 nsec with a shuttered
portion of a O-switched pulse variible in lergth
from .5 to 30 nsec and with energy in the range
of 1 to 10 J.

W2 describe a laser system which has been
developed to meet the need. of some experiments
in plasma generation and »-ray spectroscopy being
carried out at NRL. [his laser system produces

. multiple synchronized output pulses on both
2 nanosecond and picosecond time scale sim-
ultaneously. Although it waa designed primarily
for the performance of laser-plasma interaction
studi®s inveoiving controlled prepulsing of laser
produred plasmas, it is a versatile research
tool wiich can find use in other types of non-
linear optical «xperiments where pulses on vastly
different time scales are needed.

A schematic of the laser aystem is shown
in Fig. 1. The picosecond pulaes are gererated
in a mode-locked Nd:YAG laser that produces two
200 mJ pulsea of 30 psec duration with a time
delay between them variable between 0 and i0 nsec.
The nanosecord pulse ia generated in a Q-switched
laser and {s variatle {n duration between about
0.5 nsec ard 30 nsec. with energy in the 1 to
10 J range, The two lasers are synchronized
wizh a versatile switching technique which over-
comes the jitter inherent in the generation of
either of the pulses separately and can provide
jitter times in the aubnanosecond range.

The mode-locked laaer consists of a Nd:YAG
oscillator, a Pocnc’s cell shutter, five Nd:
YA, amplifiers, beam expansion optics, beam-
splitter, and an optical delay track. The
Pockels cell shutter tr.nsmita a aingle pulse
from the train of mode-locked pulses generated
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in the oscitlatc:. The puise is amplified in
the first three anplifiers and then split into
two components. tach of the Lwo resulting
pulses paases through its own fourth amplifier.
tne pulse transverses a variable optical delay

V. Beam expansion optice arc required so

reises will just fill each of the two firal
.au amplifiera of | inch dia eter.

Performance of the mode locked system at
various stages is summarized in Table i, The
osciliator is mode locked bv a flowing dve cell
contacted with the output mirrer, it produces a
train of ahout 15 pulses with a peak energy of
.25 ml. An aperture is used for transverse mode
control ard the spatial profile was measured to
follow a Caussian profile out to the 1C7 intensity
poiuts,

Considerable care was exercised in design of
the amplifier chain to the advantage of the full
cross section of the final stages whicn avoiding
distortion due to self focusing and sei.-phase
modulation, The amplifiers are pumped with four
linear xenon lamps in a clover leaf reflector
which provide a uniform gain profile across the
whole rod. Beam processing optics are used
between the first and second amplifier to convert
the beam profile to an elliptical Alry disc
which matches the projection of the Brewster angle
rods.

The third amplifier is used to aperture the
Alry Fraunhofer pattern at the first minima so
no seif focusing due to edye diffraction occurs.
At the output levels recorded in Table 1, 40%
of the en-.rgy stored in the " rods is extracted
and the beam shows no evicence of small scale
self focusing., At higher sutput energies, however
gross beam self focusing b.gins to appear, The
output pulses were analyze: temporaily with a
5 psec streak camera, (Fis. 2) and spatially
by measuring the far t eld pattern (Fig. 3). The
streak cemera recording shows a pulse of approx-
imately 30 psec duration with no temporal
substructure, indicating the absence of severe
self phase modulation., The spatial profile
shows that the beam can be focused to nearly its
diffraction limited spot size. Using a 30 cm
f/30 lena, the beam at the target is about
30 X 60u in diameter with an intensity of
5 X 1014 wiem2,




The O-switched laser consiata of a Nd:YAG
oscillator followed by a Pockels cell shutter and
three Nd:Glass amplifiers., The oscitlator is
formed by a 10 m radius 1007 mirror and a 3-
sapphire-flat resonant reflector coupler. It is
O-switched with a Pockels cell and produces a
single longitudinal mode pulse 30 nsec in duration
with an energy of 20 mi. The Pockels cell shuttex
gates out a variable duration section of thia pulse
for amplification to a level hetween 1 and 10 J,
depending on the duration of the yated pulse.
Transverse mode control ia ohtained with an
{ntracavity aperture. Nd:YAG is used in the
osciltator to improve the tongitudinal mode
structure, while Nd:glasa is neceasary in the
amplifiers to prcvide the required en rgy for the
amplified pulse.

The aynchronization of che two lasers is
accomplished according to the scheme shown in
Fig., 4. The major problems in synchronizing two
independent lasers is the jirict in buildup of the
pulsea in each laser cavity. The techniq.e used
here overcomes this problew by timing each
step in the switching sequence from the appearance
of an optical signal, rather than an electrical
one. Spark gaps are used for switching because of
their fast riaetimes, ahort delays ad low jitter.

The operating characteristics of each of the
lasera were adjusted to make them compatible with
the synchronizing process. The mode locked pulse
train has about 8 pulaes between the 507 and
1007 points of the train. This duration ia
sufficient to insure overlap on every shot with

the O-switched pulse which has a build up time of
125 + 25 nsec. The Q-switched pulse has a dura-
tion of about 30 na, which insures that a mode
locked pulse can be reliably selected near its
peak, allowing for the jitter of 6-7 ns in the
mode locked pulse selector.

The synchronization process starts with the
appearance of the mode-locked pulse train with a
jitter of about + 10 usec relative to the
flash tamp pulse. A PIN silicon photodiode is
used to detect the pulse train anc trigger an
electronically switched spark gap that removes the
voltage from the Pockels cell Q-switch in the
second laser. The Pockels cell 1s switched on an
early pulse in the mode-locked pulse train to
allow for the 35 nsec delay of the apark gap and
build up time of the Q-awitched oscillation. The
peak of the Q-switched pulse is synchronized to
the peak of the mode-locked train with a jitter of
+ 25 nsec (Fig. 5). A laser rrigpered spark gap
is then awitched on the leading edge of the Q-
switched pulse and a voltage pulse is applied to
another Pockels cell which switches out a single
pulse from the mode-locked train (Fig. 6). The
jitter in timing of the selected pulse ia limited
by the 6-7 nsec pulse spacing in the train. The
selected mode-locked pulse ia then used to shutter
out a port.on of the Q-switched pulse near its
peak (Fig. 7). This last switching event can be
accomplished by using a greatly overdriven spark
gap, which can provide ultimate synchronization
accuracy in the subnanosecond range.

TABIE 1

MEASURED PARAMETERS OF PI1COSECOND LASER SYSTEM

PULSE PULSE
ENERGY DURATION POWER BEAM INTENSITY AMPL1FIER
STAGE (mJ) (PSEC) (D] PROF1iE (W[CM7! GA 1IN
0SC1LLATOR .20 25 8 x 10° 1 mm 10°
(Circular Gausaian)
AMPLIF1ER 8 9
Ist STAGE 4.8 25 1.9 X 10 2 mn 6 X 10 30 (30)
2nd STAGE 13.2 25 5 X 108 .6 X .3 CM L5 X 109 10.6 (12)
(ELLTPTICAL AIRY DISC)
3rd STAGE  114.0 30 4 X 109 5X .9 CM 1.1 X lolo 9.4 (12)
4th STAGE 210 30 7% 10° 5 X 1.2CM 1.25 % 10'0 & @
TARGET 190 10 6.3 X 10° 30 4 X 60 4 s x 10
NOTE: The parameters of the picosecond laaer syatem are tabulated at varicus stages., Large signal

gain under actual operating conditions is given in the lsat column with amall signal gain in parentheaes,

Total gain is reduced from the product of individual gains by power loaa at the apertures and reflections.
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Fig. 1. Schematic diagram of coupled mode-locked and Q-switched laser system.
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Fig. 3. Spatial intensity profile of a single
amplified mode-locked pulse recorded at the
focus of a & m, f/400 lens,
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Fig. 5. Oscillograms displaving both synchronized
mode-locked pulse train and Q-switched laaer
pulse. Both laser beams were incident on the

aame photodiode. Sweep duration is 300 nsec.
Three succescive oscillograms indicate reproduc-
ability,

!

Fig. 6. Oscillograms showing synchronization of
aelected mode-locked pulse and Q-switched pulse.
(a) O-switched pulse snd electrical pulse from
laser triggered spark gap. Some cable reflaction
is present in the ¢ mhined signal«. (b) 0=
svitched pulse and rejected pulae troin, (c¢) Q-
switched laser pulse and selected mode-locked
pulse, Sweep curations are 300 nsec for {(a) and
(b) and 120 nsec for (c).

L)
T
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W

Fig. 7. Oscillograms of synchronized switched
out mode-locked pulse and 6 nsec shuttered
portion of Q-switched pulse. Both pulsea were
incident on the same photodiode. Sweep durstion
is 30 nsec. Successive oscillograms are shown.




THREE QUASI-CW APPROACHES TO
SHORT WAVELENGTH LASERS*t

by

R. C. Elton
Naval "‘esearch Laboratory
Washington, D. C. 20375

ABSTRACT

Three approaches towards achieving extenced-period quasi-cw
amplification by stimulated emission in the vacuum-UV and x-ray spectral
regions are discussed, in a somewhat logical progression towards shorter
wavelengths, increased complexity, and demands. Extrapolation of visible
and near-UV tuned-cavity cw lasers using higher density plasma media is
first discussed for the near-to-mid VUV region. Further extension to the
soft x-ray region is described, using preferential resonance charge
transfer pumping. This and related intense incoherent x-ray source
development could ultimately lead to successful quasi-cw Ko inversions,
as is discussed. Experiments underway to test the first two schemes are
described.

I. INTRODUCTION

The basic problems that hamper a rapid extension of lasers into the
vacuum ultraviolet (VUV) and x-ray spectral regions can be summarized
with a few simple relations. Since high reflectance cavities do not
appear to be realistic for wavelengths shorter than ~ 1000 i, significant
gain must be achieved in a single pass; this immediately implies an increase
by orders-of-magnitude in the inverted state density required for a given
net gain at a particular wavelength. Hence, at truly short wavelengths
we are usually speaking of amplified spontaneous emission (ASE) devices, which
alone represent more of an amplifier than a tuned oscillator producing
highly coherent radiation. In fact, the devices developed «111 probably
prove most useful, at least for the near term, as amplifiers for coherent
VUV radiation produced by frequency multiplication from the IR anu visible
regions.

*Presented at Orbis Sientiae 11, Center for Theoretical Studies, University
of Miami, January 20, 1975 (Proceedings to be published).

tSupported in part by the Defense Advanced Research Projects Agency,
DARPA Order 2694,




For an amplifying medium of length L, the ASE gair is given by I/Io =
exp (ol), where o i8 the gain coefficient. The product oL is often written asl

VA,

o, = —2= Lfn - B N, , (1)

2 u = Y
4"y g£

where g, gy and N,, Ny refer to the statistical weights and population
densities of the upper and lower laser states, respectively, Av refers to
the line width in frequenty units, and } refers to the wavelength of the
laser transition. With fhe transition probability A, for spontaneous
emission scaling as fk'z, and for larger inversion (i.e., N, >> Ny),

Eq. (1) can be written as a proportionality:

oL = N L/bv, (2)

with the oscillator strength f fairly constant along an isoelectronic
sequence. This demonstrates the need for narrow lines and a large product
N,L. In plasma media where short wavelengths occur in ionized species,

Av 1s often dominated by Dopper or collision broadening“ (see Fig. 1).

The lack of a wavelength-dependent factor in Eq. (2) is sbmewhat deceiving,
since a large N, is difficult to achieve against radiative depopulation
rates scaling as A2,

‘Trade-ofrs are possible in raising N L. For example, with electron
collisional pumping in a plasma N, scales as electron density Ne squared,
so that a high denaity plasma of necessarily short length (for pumping)
is appropriate for the shortest wavelengths. For increased density,N,
scales more as N, due to increased collisional effects, and longer lengths
can bc more appropricte., At very high densities, a longitudinal-pump absorption
lenyth can decrease rapidly and NyL may actually decrease with increasing
density, unless ftransverse pumping is employed. (These scaling laws are
expanded for the 3p -» 38 scheme below,) This illustrates the obvious need
for careful modeling for any particular scheme, since many parameters
enter. Before proceeding to the pump power requirements, it is worth noting
that the presence of outer electrons, e.g., in innershell laser transition
schemes, decreases the net gain op through photoionization iosses (« 1)

to the main beam, {i.e., op ~ o - apy- This is discussed further below for
the Ko innershell scheme.

A second general concern is the pump power per unti area P/a required.
This can be expressed as:




Ph1=r%th(V+A)'JQL\A(1+g)(%¥), (3)

using Eq. ('). Here v is the laser frequency and |” is the Auger rate,
which enteis for innershell transitions. For low Z and for metastable
laser traasitions, |° can be much preater than A which increases the pump
requirerents. Since the presence of excess outer electrons also decreases
the net gain as discussed above, there are clear advantages to using
transitions that avoid these problems when possible, e.g., with hydrogenic
and helium-like ions (as well as alkalis for certain longer-) transitions).
Since the same NyL product occurs in Eq. (3), similar scaling examples

to that above for ol may be applied. It is worth noting from Eq. (3)

that the ratio (P/a)/qL, i.e., pump power density per gain product, scales
as V' (av/v § O /) being approximately constant -- see Fig. 1); thus an
advance from 1 um to 10 A in wavelength translates to a factor of 1012

in pump power density at a particular gair product. With limited power,
the need for a small pump area a i< obvious.

The third general problem that must be considered is the lifetime
of the inversion. Any transition can be inverted for a pre-equilibrium
interval limited approximately by A'l, at which time lasing is ''self-
terminating”. This time is in the nanosecond (10~9 sec) range for wavelengths
in the 1000 A region, but becomes femtoseconds (10-15 sec) for typical
1-2 4 dipole transitions. Long r-lived metastable states with lower
f-values and transition probabilities require higher NyL products for
equivalent gain and comparable pumping flux, according to Eqs. (2) and (3);
the higher densities can then lead to rapid collisional destruction of
inverted metastable-state populations so that the advantage is lost.
A sustained (cw or quasi-cw) inve:sion* is the most desireable mode of
operation at short wavelengths and is achieved in principle when the
final laser level is depleted at & more rapid rate than it is filled;
this is particularly difficult for resonance transitions. Three possible
qQuasi-cw approaches will be considered in the following.

II. SELECTED QUASI-CW APPROACHES

A. 3p - 3s

Numerous visible and near-UV lines from 3p — 3s transitions have
been reported to lase, including som¢ in plasmas of moderate density

*The cw-mode or stationary-inversion terminologies designate a sustained
population inversion, in contrast to the self-terminating mode. Quasi-cw

or quasi-stationary inversion implies that the inversion is limited in time

by the environment or by the pumping pulse available, not by the basic atomic
rates. The degree of inversion is distinct from its merc existence and a high
value may have an additional transient dependence associated,e.g., with

high initial electron temperatures in electron collisional pumping as
discussed herein.




(using cavities).B-S While the appropriate mechanisms for producing inversion

are the subject of continuing discussfcns, we have used a single-ion excitation
model shown schematically in Fig. Z for carbon-like ions. Electron collisional
pumping 2p = 3p is followed by 3p - 3s lasing, with the final 3s level more
rapidly depopulated by radiative dipole decay to the 2p ground state, thereby
maintaining the inversion. At t.,» densities anticipated, collisional mixing
and depopulation of n = 3 states must be included. An initial analysis for
carbon-like ions extrapolated to Z as high as 42 has been published® and the
resulting gain lengths are consistent with near-UV 0¢" observations. Results
of this initial analysis indicated a significant advantage for ASE in having

a high electron temperature T, for collisional pumping and a low ion temperature
Ty for narrow lines., The resulting minimum lengths for oL products of 1
(threshold) and 5 (desired) and for Te = 10 T; are shown in Fig. 3 versus
nuclear charge Z for the carbon-like isoelectronic sequence. Also indicated
are the electron densities (Ng)ax @t Which collisional depopulation becomes
equal to radiative decay for the 3p = 3s laser transition; at higher Ne

the gain dependence becomes weaker as discussed below.

More recentéy, a "hot-spot" atmospheric plasma model7 has been applied
to this problem. In this numerical model, energy is deposited in a short
burst and the electrons are assumed to be heated (by inverse bremsstrahlung
only) in times much shorter than the electron-ion energy equipartition time.
Peak Te/T- ratios of 60 are predicted and, with the necessary atomic physics
included, higher gains are found for OIII (02%) as plotted in Fig., 4 for the
three densities chosen so far, The practical and desirable duration of
such an enhanced electror temperature and associated gain depends both upon
the rate of depletion of lasing ions through ionization as well as the rate
of electron cooling through collisions. The gain 1is also affected
by any rapid plasma expansion. A refined program to properly include these
effects for the particular experiment underway is now being assembled. It
is of importance to emphasize such modeling at this stage to ascertain
whether the high gains predicted so far (Figs. 3 and 4) and associated with
the enhanced electron temperature are indeed sustained for times significantly
longer than A-l, i.e., with a definite advantage of quasi-cw operation over
self-terminating laser transitions.

The gain dependence (shown in Fig. 4) can be understood and extrap-
olated quite simply as follows, assuming N, = N3 = Np(N.X93/A33), where
X23 is the collisional excitation rate coe%ficient from level 2 to 3. At
low N, (< 1013 em™3 for 02+) and fixed length,

N X
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giving the N; dependence shown. For moderate densities (~1016 cm 3),
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and the density dependence becomes linear. Here D33 is the collisional
deexcitation rate coefficient. For high densities, consider the parti-
cular case of axial laser heating of a preformed plasma. At densities
» 1018 cm™3, the axial pumping classical absorption length L,pg becomes
comparable to the laser-medium length and scales as N;z according to

3/2 2
Labs * Te /Nik 7 6

for a fixed ion charge. The gain product gL then becomes
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and decreases as N-l. Finally, at extremely high densities (~1021 cm-3)

NeD32 becomes compgrable to A3y (the lower laser depopulation spontaneous
decay rate), collisions dominate, and equilibrium distributions evolve
with no inversion. This is all done for 0% at present, and is being
extended to other ions.

In any case, the outlook is most encouraging for reaching the mid-
vacuum-UV region by extrapolation of known laser transitions. Except
at the very highest densities, L < Labs and the Ezmp power required
scales indepgndently of L or Ng, with about 2X10 W/cm? a reasonable
requirement. Experiments are presently underway at NRL using short
pulsed (25 ps) lasers of high quality to deliver a large P/a pumping
flux axially to a preformed linear plasma as indicated in Fig. 5 and
discussed elsewhere 1in these proceedings by R. A. Andrews. The first
goal of these experiments (following initial plasma characterization)
will be to verify the existence of population inversion by relative line
intensity measurements; and then to proceed with orthogonal measurements
to demonstrate net axial gain.

B. Resonance Charge Transfer Pumping

Detailed extrapolations analagous to the 3p — 3s scheme described
above have not been carried out for transitions of higher energy, such
as 423 or 352, A preliminary analysis has indicated that for the former,
collisional mixing of the n = 4 terms will deplete the inversion at too
low a density to be practical for significant amplification. The second
possibility requires helium-like or hydrogenic ions without n = 2 electrons.




3 With collisional excitation from the low-lying 1s level, the large 1s-3s

] energy gap makes pumping by free electron collisions in a plasma pro-
hibitively difficult, according to the model employed above. What is
required is a less demanding (energy-wise) mechanism for preferential
population of n = 3 levels, and particularly the 3s level which could
cw-lase into 2p, in turn more rapidly depopulating to ls. Cascading from
higher levels tol!lowing capture of a free e¢lectron in a recombination
transition is one possibility considered. However, electron capture by
low-energy resonance charge transfer has by far the largesi cross section,
providing the proper combination of ion and atom can be found. The scheme
is illustrated schematically in Fig. 6 fo{ certain transitions to be
described below. Vinogradov and Sobelman 0 originally suggested this
mect.anism for populating higher states of highly ionized neon in
collisions with helium atoms, and pointed out that the peak cross section
is approxiTgted by na%z » where z is again the charge of the ion. When
this ~ 10 22 is compared to a total radiative recombination cross section
of about 10-20z; the advantage of the resonance effect is obvious.

The resonance referred to here is at very low energies (measured in
eV instead of 10's of keV for the higher energy resonance) and is described
conveniently by the Landau-Zener formulism'4, worked out for s-s
transitions. This theory requires a classical potential energy curve
crossing between the initial and final states of the system, and therefore
requires exothermic reactions, with an energy defect . In Fig. 6 are
plotted the resonance charge transfer cross sectionsl? versus relative

. particle energy for various values of AE in eV, with smaller but finite
defects obviously favored. In the present analysis, we have chosen H,

l He, and Ne as the atomic species, with the intention that they provide a

> gaseous atomic environment into which nlasma ions can rapidiy expand,

from a laser produced plasma for example. Hydrogen and helium provide
low-1lying 18 electrons, for which the theory 1s intended; neon provides

six 2p electrons which would be a useful test for p-p or p-s exchange
transitions. The velocity required in utilizing Fig. 7 (and indicated
there) is assumed thermal, with kT taken as one-fourth the ionization energy
required to produce the ion desired. For initial ions, both completely
stripped and hydrogenic ions are considered, since noc n = 2 electrons are
permitted for the 3-2 laser transition. The data for n+ ion ctages of both
classes is sufficiently independent of element to be combined for present
purposes.

By inverting the data in Fig. 7 fer each specles, we obtain the cross
section as a functicn of AE shown in Fig. 8. A survey of possible transitions
between the indicated ions and atoms shows the quantum states into which
charge transfer is likely to occur at a high rate. For the 3s-2p transition,
hydropenic initial ions are most promising, since the resulting 3s helium-
like fon level will not be as strongly coupled to 3p by collisions.

Here B4t + N and C5 + He are both promising; for the former, hydrogen
atoms do not have to be produced from gaseous molecules, as the cross section
is of similar magnitude for both the atomic and mo' .ular states.
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Further parameters for some of the possible transitions are included
in Table 1, where transitions to the ground state are intentionally omitted
since inversion of such seem most unlikely possibilities, at least at present.lo
In this table are given the laser wavelengths, the "maximum" electron densities
above which collisional depopulation seriously competes with radiative
decay, the maximum background-atom pressure Py permitted for transmission of the
radiation over a 3 cm length, (Pp could be increased up to about 100 Torr
before laser breakdown effects become troublesome, should significant
photoionization of the background gas occur; for hydrogen the protons produced
by photoionization do not absorb)., Also shown are the spontaneous lifetimes ¢t
of the upper laser level, of use for self-terminating transitions (not for
the 3s - 2p scheme). Finally the gain coefficlent is given as derived from
Eq. (1) assuming N given by NyN;OrecVi/Ayyg.

Tabtle 1. Resonance Charge Transfer Laser Pumping

-18 12

A 10 Ne PA 107t o
a 1 =3 o =1
n (9] (cm 7)) (Torr) (sec) (cm )
(Be, B)4++ H 3-2 400 1 0.7 75 20
5+
(B, C) + (He, Ne) 3-2 250 6 1 60 30
6+
(C, N) " + H 4-3 520 2 0.3 80 50
42 130 2 20 90 40
7+ .
(N, 0)  + (He, le) 4-3 380 6 0.3 45 30
4-2 95 6 20 50 30

m%

An experiment intended to test this method of pumping has been designed9
and is shown schematically in Fig. 9. A high power glass laser beam
will be focused in a line image onto various target materials placed on a
rotatable disc in front of the entrance slit of a grazing incidence vacuum
spectrograph. The plasma formed will expand into a background gas in an
upward direction, parallel to the slit, and in a confined slab configuration
by the use of a solenoidal magnetic field (not shown). Rotation of the focusing
lens will permit both axial and transverse observations for indications of
amplification. Spatial resolution along the direction of expansion will be
provided by a slot placed between the entrance slit and the grating as indicated.
Experiments to verify anomalous populations under optically-thin conditions
will be carried out at lower densities further from the target by a simple




displacement of the target and lens assembly.

C. Ko Quasi-Staticnary Inversion

As ment ioned above, inversion with the ground state by the above scheme
of resonance charge transfer pumping seems at the present unlikely, both
because of the short times iavolved in the self-terminating transitions and
of the pumB power required, However, as pointed out by Vinogradov and
Sobelman, 1V this could be a source of intense spontaneous radiation in a
single line or perhaps a series of closely spaced lines. 1If successfully
extended to the x-ray region, this could be a connection tc a third scheme
which has received serious consideration for amplification in the x-ray
region, 1.e., quasi-cw inversion of K-a innershell transitions. 1In a concept
originally proposed by Stankevich13, awmplification would occur by the depletion
of K-shell vacancies resulting in the creation of 1.-shell vacancies (using
x-ray terminology). Self-termination in femtosecond times would be avoided
by Auger depletion of the L-vacancies to higher shells at a rate higher than
that for K-vacancy decay (see sketch in Fig. 10} The relative rates
RL/RK (reconstructed from the brief description given by Stankevich) which
relate to the population inversion N, /Ny * Ny/N3 achievable are shown in
Fig. 9. Also shown are the results of a more recent reanalysis2 using recent
data.

What appears now to be only a marginal gain possibility in Stankevich's
original concept, becomes more promising if the further sophistication of
shifts in potentially absorbing lines accompanying K-shell Auger-ionization
transitions 1s introduced, as indicated in Fig. 11 (note that recombinatjon
must continue at a "balanced' rate). The results of this additional effect
are shown in Fig. 12, In the final analysis the details of which will not
be repeated here except in Table 2, sufficient pumping must be accomplished
to overcome photoionization losses to the main laser beam in the medium,
since there are by necessity many outer-shell electrons present. This pumping
must also be selective for removal of the K-shell electrgn without disturbing
the outershell structure significantly. It can be shown“ that the magnitude
and selectivity required can only be achieved by photoionization with the
"tuned" photon flux density of magnitude N,,, and power density F which are
indicated in Table 2, along with the resulting gain ol for a length of 300 .
It is suggested2 that blackbody asources of appropriate temperatures kTpy with
peak wavelengths given by (Km)BB be employed, for example, with bands o
intense lines in the correct wavelength region. What is nzeded in this
approach is a very intense x-ray pump fource limited to a rather narrow
specific wavelength band concentrated onto a small area, probably in a
traveling wuve pumping mode to avoid minimum disturbance of the medium prior
to inversion. 1In addition to the charge transfer source mentioned above,
the further development of heavy element (c.g., uranium) condensed spark
pseudo-continuum sources to the x-ray region has been suggested2 for pump
source development; further concentration of the x-ray flux is a separate
problem.



Table 2. Ko, Pumping Requirements

2
ELEMENT X 10" 20y 107F ol kT ™)
& v : BB m’ BB
(cm ") (TW/em®) (keV) &)
Vagy 7.1 2 4.8 70 ns 5
20a 3.4 & 21 30 0.7 4
“eu 1.5 20 230 15 1.2 2

ITL, SUMMARY

Present modeling has demonstrated that the extension of laser action can
be actively pursued into the vacuum-uv and eventually x-ray spectral regions
without high reflectance cavities, for the initial purpose of feasibility
demonstration and for amplification of coherent frequency multiplied beams.
Extension of proven visible and near-uv laser transitions into the mid vacuun-Uv
region with plasmas of increased density and decreased size seems to be a
most reasonable starting point. Extension to shorter wavelengths !nto the
soft x-ray region could be achieved by selective population in, e.g., helium-
like ions, where the Auger and photolonization effects of outer electrons are
absent; here resonance charge transfar appears to be the most promising candidate
providing that a sufficient density of ion-atom interactions carn be achieved.
Experiments are well underway at NRL towards testing these two schemes.
Success here or with other intense x-ray sources could finally lead to suf-
ficient amplification on Ka innershell transitions to overcome the losges
associated with the multiple outer electrons required for quasi-cw and
eventually possible resonant cavity operation.
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Fig. 1 — Estimates of line widths for Ka type transitions versus wavelength X, with
natural (A\AN), Doppler (AAp) and Stark (AAg) effects included. The decrease in
natural broadening with ionization is indicated by circles for neon; and hydrogenic
and helium-like ionic species are included. (See Ref. 2).
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Fig. 2 — Schematic energy level diagram for carbon-like ion species. Collisional excitation is
designated by C and C’, radiative decay by A and A'. ionization by I, and collisional depop-
ulation by D. The relative 3p to 3s population densities are estimated from a modified corona
model, where excitation is balanced by radiative decay and collisional de-excitation. Com-
peting collisional depopulation to the 3d level is also indicated.
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Fig. 4 — Gain coefficient o versus ion density computed at three values for 3p — 3s tran-
sitions in the carbon-like 02* (OIII) ion. The varying dependence of a is understood by
increased collisional mixing at higher densities, as discussed in text.
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Fig. 7 — Resonance charge transfer cross section from s-s Landau-Zener theory versus
scaled relative velocity for the atom-ion combination. (Data adapted from Ref. 12).
AE represents the energy defect in eV for the exothermic reaction, z the effective
charge of the ion. Velocities for ions designated are assumed thermal, with the kine-
tic temperature chosen as 1.P./4 for creating the ion.
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Fig. 11 — Vacancy diagram according to binding energies Eg for copper. K, Land M
designate shell-vacancies. P, X, and I" are the rates for pumping, x-ray [emission or
absorption (dashed)] and Auger transitions, respectively; r, i indicate recombination
and ionization, respectively. Auger line shifts 6\ are shown. (See also Ref. 2).
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SOFT X-RAY LASERS VIA ELECTRON-COLLISIONAL PUMPIKG*

R. A. ANDREWS

Naval Research Laboratory
Washington, D. C. 20375

I. INTRODUCTION

One possible technique for obtaining gain in the soft x-ray region of the
spectrum is to use electron-collisional pumping of an appropriate ion species.
This can be done in a manrer analogour to known ion lasers which operate in
the visible portion of the spectrum. The differences being 1) more highly
ionized ions are used to obtain shorter wavelength transifions, 2) the pumping
electrons are at a higher temperature to populate the more energeéic transitions,
and 3) the lifetimes are shorter which implies higher pump intensity per unit
area (P/a = va). In tb- cuce of shorter wavelengtﬁ transitions one can project
known laser transitions .oelectrionically to higher Z ions and hence shorter
wavelengths or investigate unique ionic electron configurations that are not
observed in neutral or weakly ionized species. This technique works wecll for
electronic configurations with relatively few electrons. With many electrens
systems level crossings and other anomalous effects with increasing Z limit
the range over which a group of levels which are a viable laser scheme can be
isoelectronically projecte. to higher Z. A further problem with short wave-

length lasers is that the techniques available for generating significant

# This work was partially supported by the Defensc Advanced Research Projects

Apeney, Arpey oudor e,
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amounts of energy with very short risetimes are limitod. Discharges are
limited to about 10’7 sec. Mode-locked lasers, however, can be used down to the
10” sec range with significant amounts of energy. Short wavelength require-
ments lead to many other problems for the attainment of an inversion and net
Positive gain. Several of these are discussed in this paper along with a
particular approach to the short wavelenth laser problem.

A particularly promising concept for an electron-collisional pumped laser
is the use of a picosecond laser Pulse to heat the electrons in a cold plasma
which has a large fractional population of the laser ion species.l’2 The initial
Plasma can be created by a variety of techniques, However, if one {is seriously
considering highly ionized species then a laser produced plasma offers distinct
advantages since large amounts of energy can be deposited.in small volumes in

short times. This initial plasma would typically be generated with a line

focus laser to create a plasma/laser media with a large aspect ratio and hence

maximum gain length. This plasma must be allowed to expand, cool, and develop

a maximum fractional population of a particular laser ion species. Cooling is
important since the laser line is Doppler broadened and Boltzmann population

of low lying levels may ruin a possible inversion. Also expansion must be

limited since laser heating of the electrons will not be effective if the

density is too low. Once the initial plasma has evolved, a short laser pulse
Propagating along the plasma axis heats the electrons as shown schematically

in Fig. 1. 1If the pulse width and hence the heating time is much less than the
electron-ion equilibration time for the particular plasma conditions (temperature,
density) then in principle it is possible to obtain conditions where the electron

temperature is much higher than the ion temperature. Depending on the laser




scheme and the energy of the upper laser levels, there will be an optimum electron

temperature. Finally, once there is sufficient inversion of the laser levels
there will be superfluorescent emission or traveling wave (TW) amplification
of a synchronized input pulse. Due to the general lack of efficient reflectors
for short wavelengths and the very high power densities in short wavelength
lasers, an oscillator analogous to visible lasers does not seem possible,
Further, the short characteristic times associated with short wavelength
transitions prevents gain from being maintained for long enough times to allow
several round trip resonator transits. 1In fact, long gain lengths at very
short wavelengths can only be obtained by TW pumping. This is shown in Fig. 1.
The laser pulse and the gain pulse travel through the plasma at approximately
the speed of light. The width of the gain pulse is determined by the life-
time of the laser transition for the case of self-terminating laser action.
The heating pulse may be shorter than this.

A discussion of this approach can be divided into five problem areas:
1) the generation of a cold plasma with a large fractional population of the
laser ion species; 2) synchronization of the electrom heating laser pulse with
the plasma generation; 3) obtaining optimum electron heating; 4) identifying
potential ion laser configurations; and 5) establishing tests and criteria
for observation of net gain. The following sections of this paper will
concentrate onareas (3), (4), and (2) along with comments on recent experimental work at NRL.
IT. SHORT PULSE LECTRON HEATING

Ultrashort laser pulses with peak intensity, I > 1013 w/cm2 can be used
very effectively to preferentially heat the electrons in a plasma. These

intensities are most easily generated by modelocked lasers generating pulses




on the picosecond time scale. These short pulses are very important for
self-terminating pulsed lasers. In fact, they limit the wavelength where
lasing can be expected since the pulse width, v ~ A—l where A is the transition
probability of the laser tramsition (A = k-2). The short pulse width simplifies
the analysis of the electron heating since plasma hydrodynamics and collective
plasma oscillations can be neglected.

~In high intensity fields the plasma electrons oscillate with the frequency
of the incident laser radiation. This energy of this oscillation is like
“"internal' energy independent of the thermal or translational energy. If the
electron does not undergo a collision while the intense field is present then
the oscillation energy goes back into the laser field and nothing is changed
i.e., the electron temperature is not increased and the laser pulse is trans-
mitted through the plasma. However, if the oscillating electron suffers a
collision then the oscillation energy is converted to translational or thermal
energy at the expense of the high intensity laser field. The oscillation energy

is given by

- e%EJ - ggez I
osc 2
4w me W

where e {s the electronic charge, m the electron mass, c¢ the velocity of light,
and w the angular frequency of the incident laser radiation of intensity I.

At 1.06 im

13

- 2
Eosc fev] = 1,02 X 10 I [(W/em' ).

Hence, Eosc SfEe (electron thermal energy) ~ 3/2 kTe (electron temperature)

for intensities I > 1013 W/cm2 and relatively cold plasmas (Te ~ 1 eV).




The electron's energy is the sum of the thermal and oscillation energies,

1f Eosc is high enough,a single collision can excite an energetic ionic level.
Alternatively with many collision the electron temperature can be increased

to higher values. This large thermal energy can then excite more energetic

ion levels in inelastic collisions. The potentially important heating mechanisms

are inverse bremsstrahlung and stimulated Compton scattering. Potential
cooling mechanisms are inverse Compton scattering, expansion, ion collisions,
and bremsstrahlung. Each of these cooling mechanisms can be shown to be
negligible on the picosecond timescale for plasma parameters of‘interest here.

The inverse bremsstrahlung heating rate is given by

£). E v
dt B osc eff

vhere Vegf Ls the effective electron collision rate and is given by'

— 3 4 3/2
~ 3 A
Veff 2\/.n/m A n, In /(Ee + Eosc)

where Z is the net ionic charge, n, 1s the electron density, and fn A is

the Coulomb logarithm, The heating rate for stimulated Compton scat:tering:‘l"5

is given by

dE . 2, 2
(E)sc = 3nc° 0 1I"/bmw Auw

where o, " 8rre2/3mc2 is the Thompson cross section, 1 is the solid angle of the
focused laser radiation, and Aw is the width of the heating laser line.

tr/w is about 10-4 for Nd:YAG lasers and about 10"3 for Nd:glass lasers. For
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a given laser (Aw/w) and focusing optics (Q) only those electrons which

sati{sfy the condition,

u 1/2 nTe
W 7 »
mc

will be heated by stimulated Compton scattering. In typical situations
stimulated Compton scattering is important for Nd:glass lasers and of minor
Importance for Nd:YAG lasers. In the latter case after Te reaches some
relatively low value inverse bremsstrahlung is the dominant he&ting mechanisms.
As Te increases Veff decreases. Hence for a given pulse width, T, the number
of collisions Vegf T decreases. For very high intensities there are insufficient
collisions to obtain high Te' Figure 2 shows Ee(T) for a number of ion
densities as a function of Intensity, I. Note that there is a maximum Ee
for a given n1 and this occurs at an intensity where Vegg T is on the order
of unity. At higher intensities there is not enough time for effective
heating (veff T <1). Also under typical conditions for this problem the
maximum temperature attained via inverse bremsstrahlung heating is on the
order of 1 keV, Under conditions where stimulated Compton scatterine is
important (using Nd:glass lasers) this maximum can potentially be incr-eased
but only with extremely high intensities. Hence, using state-of-the-art
laser technology one can produce Te ~ 1 keV conditions in a plasma without
increasing Ti' This is sufficient to pump x-ray lasers with hv in the range
of 100 ev depending on the particular laser scheme.

Electron-collisional excitation probabilities for atoms and ions can be

calculatcd.6 There are considerable experimental data for atoms and very

little for fons, What data exist for jons are for simple ions with low




deprees of ionization. The graph in Fig. 3 qualit

of theoretical analysis of this problem. For large valuesof Ee/Eexc’ Cross

sections(?) can be calculated using the Born

-Coulomb approximation, Theory

shows that for allowed transitions o falls off as LnEe/Ee and for unallowed

transitions it falls off as Ee-l. For atoms the cross section is maximum for

Ee ~ (2-3) Eexc and depending on the situation 0 (allowed) can be comparable

to o (unallowed). In the case of ions 0 has a finite value at Ee = Eexc due

to the Coulomb field and hence the maximum cross section is at lower values of

E /E . Also 0 for ions scales as 2-4 which is an important consideration for

short wavelength (higher 2) electron-collisional laser schemes. 1In brief,

the general considerations for collisional pumping are the following: (1) to

preferentially pPopulate an allowed transition over unallowed dipole transitions
use Ee > 3Eexc’ and (2) to obtain maximum population of multipole.transitions

use E ~E 3
e exc

III. 1ION LASER CONFIGURATIONS

When predicting potential short wavelength laser transitions one usually

starts with known transitions and projects along an isocelectroric sequence to

higher 2. An = 0 (n = principal quantum number) transitions tcale as A « Z-1

and &n = 1 transitions scale as A « 2-2. Hence An = 1 transifions are required

for really short wavelengths using reasonable states of ionization,

laser scheme can be either '"quasi-cw" where an inversion is maintained in

near equilibrium conditions or "pulsed, self-terminating" where an inversion is

developed in transient, extreme nonequilibrium conditions. The quasi-:w

scheme has recently been discussed by Clton both in the 1iterature7 and in uan

earlier paper in this symposium,

Since the ion populations must finally be

atively indicates the results

C e




in equilibrium for "quasi-cw" operation (i.e. the gain is lirited only by the
duration of the pumping) this implies Te approaches Ti ~ 1/4 XZ-I (XZ-I =
lonization potential of 2-1 ion) and an initial advantage of a large Te/Ti

ratio disappears in a limited time ~ (1-10) A-l. Therefore, a true quasi-cw

condition requires long lengths of hot low density plasma to achieve reason-

able gain. In the case of the pulsed, self-terminating laser scheme, collisional
mizing is not a problem in a first approximation, since gain only exists for
times on the order of the lifetime of the states involved. Further, pumping
times are much less than the electron-ion equilibrium time and hence '1‘i << Te'
This scheme can lead to very high gain; however, as the wavelengths become

shorter the period of time over which gain can be maintained decreases.

The self-terminating electron-collisional laser scheme has several re-

quirements.8 First the laser transition should preferably be one with 4n = 1,

Second, the upper laser level (U) should be connected to the ground level

(G) by a resonance line in order to make use of resonance trapping, and not
connected by an electronic-dipole transition to any lower level except the

lowver laser level (L). The density of the plasma must be sufficient to insure
resonance trapping of the spontaneous emission from the upper laser level.

This also implies that if the ground level is split, that the splitting be

small enough to maintain uniform ground state population and therefore reabsorption
of the resonance radiation. The resonance trapping insures efficient collisional
pumping since there are effectively no radiation l::ses. Third, the lower laser
level should not be connected to the ground state by an electric dipole transition

and it should be sufficiently above the ground level so that it is not populated




by the Boltzmann distribution at T the relatively cold ion temperature. The radiative

1)

; transition prubhabilty of the laser line, AUL' should be le¢ss than that of
‘ the resonance line and the length of the pump pulse, Tp, should be shorcer than
|

§ AUL-l' This will insure that an adequate inversion can be achieved for high
gain, On the other hand, AUL should not be too small since thiis will increase

the gain length to unreasonable values. Thus,

A 2 ~ -1
C <
16 AUG AUL 10 AUG,

and -1
T <A 3
P UL

Ions isoelectronic with potassium and ions isoelectronic with silicon
represent two possible electron-collisional self-terminating laser schemes.
Figure 4 illustrates the K-like isoelectronic sequence. KI and Call have one
4s electron in the ground state. However, the ions ScIIIl and above have a single

i 3d electron in the ground state. This configuration is not found in neutral
species and hence is a unique ionic configuration. The ground state is
3d(2D). The first allowed excited state is Ap(zP) which is also connezted by
an allowed transition to the lower lying 43(28) state. These three levels
make up a possible self-terminating laser which meets the criteria discussed
above: the resonance line is 3d - 4p and the laser line is 4p - 4s as shown.
This lower laser level is connected to the ground state by an electric quadrapole
transition. This scheme suffers the disadvantage that the laser transition
is 20 = 0 and hence it will not scale to very short wavelengths. The levels

in tig. 4 are plotted through NiX using actual spectroscopic dntag. The pump

-2 > i
erergy scales as 2 and for very moderate values of Z is mach larger than the



laser photon energy. It is seen that for NiX the laser transition is at a wave-

length slightly less than 1000 Y while the pump energy is close to 100 eV.
This isoelectronic extrapolation breaks down above NiX for another reason
also. The manifold of levels corresponding to the (3d)2 excited state start
to fall below the (4p) and (4s) excited states and the conditions discussed
above are no longer satisfied.

The Si-like isoelectronic sequence has a (3s)2(3p)2(3P) ground state as
shown in Fig. 5. For ions SIII and above the first excited states are all of
the configuration (3s)(3p)3. This is split into 3So, 3Po, and'3D° levels.
Ions in this sequence have particularly strong intercombination lines connecting
these excited states to the singlet ground levels (35)2(3p)2(15) and (1D).
Hence these levels fit the collisicnal self-terminating laser requirements
discussed above. laser transitions can be any of the foliowing:

359,15, 35%1p, 3po,lg Ipouly 3p0.ls 3p% . This scheme also has An = 0
for the laser transition and hence the laser wavelength scales as Z-l. For
TiIX the 3S - 1S transition is clcse to 400 A, and for ZnXVII it extrapolates
to around 240 A. The 1S statc is the preferred lower laser level over the

1D state since it is higher above the ground state and does not limit '1‘i

to too low of a temperature. The curves in Fig. 5 were drawn from spectro-
scopic data.9 Reference 9 lists several observed intercombination lines

for this isoelectronic sequence., These are listed in Table I. Tue branching
ratio shows the ratio of obsczrved line intensities of the listed line and the
corresponding line to the ground (3P) state, This ratio approximates the ratio

ui Lne A values for these two transitions.

A peneral schematic of the collisional laser using the short pulse laser




heating approach is shown in Fig. 6. The axial length of the gain region,

L, is determined by the confocal parameter of the focused short pulse radiation.

The focusing optics also determine the diameter of the gain region. For a
1010 Watt, 1.06 im laser, the desired peak intensity for optimum electron heating

determines the dimensions of the gain region as shown.

As an example of this type of laser consider ScVIIT with the 3S - 1S laser

14

line at ~ 450 1. Using a 1010 Watt, 1.06u. laser focused to 10 w/cm2 and a

pulse width of 10-11 sec; then from Fig. 2 an electron energy of about 150 eV

can be obtained with a density of n, o~ 5X 1017 cm-3. This energy is

~ 4.5Eexc for the upper laser level and should insure optimum pumping. Also,
this density is sufficient to guarantee an optically thick pumping line since optical

thickness, 7, is given by

r=5.5% 1012 n, 4 \WMIT,

where M is the atomic mass number.10 For 7 = 10 this requires n, > 6 X 1015 cm-3

i

for this example. This is adequate assuming the condition T, ~ 1 eV can be

i
maintained. The electron-ion equilibration time is
T =3,2X 107 MT 33
e,i e

/n,
and for this example i ® 6 X 10-8 sec. Hence, Tp < and the conditions

’i e,i
for obtaining Te >> T1 are satisfied. Also Tp << AUL-I =5X 10-9 sec =

which satisfies the requirement for obtaining maximum gain. Gain can be

estimated using the expression for a doppler broadened line

-32 3
o =1.6X10 n, ) AUL ‘/M/Ti




- rme ey

o cm_3, and a gain

length L ~ 1.5 em (based on a 1010 W, 1.06 ;m laser focused to 1014 W/sz)

Using the values given above, an estimated n, ~5X 10

then
o L ~ 14,

If plasmas of higher density and the same temperature can be achieved then this
number should incres:e accordingly.
IV. SYNCHRONIZATION OF ELECTRON HEATING PULSE.

This approach to a soft x-ray laser requires two laser pulses, one to
produce the plasma and the second to preferentially heat the plasma electrons.
Energy is a primary consideration in the first pulse which must ionize neutral
target atoms to produce the desired stage of ionization. Hence, typically this
pulse can be a nanoserond pulse assuming that extremely high values of Z are
not required. The hezting pulse must be a picosecond pulse to achieve the
desired heating. These two laser pulses must be synchronized with a jitter
time short compared to d/v where d is the diameter of the gain medium and v is
a typical plasma velocity. Hence, the jitter must be < 10-9 sec. This problem
has recently been solved at NRL. Figure 7 shows a schematic diagram of the NRL
dual laser system. The picosecond laser consists of a modelocked Nd:YAG
oscillator and four Nd:YAG amplifiers: one 1/4", two 3/8", and one X". The
performance of this laser is indicated in Table II. The laser produces 30 psec
pulses at a intensity >'1010 Watts. The second laser consists of a Q-switched
Nd:YAG oscillator followed by three Nd:glass amplifiers, It produces 3 nsec
pulses at an intensity of 109 Watts. 1Its characteristics are indicated in
icble ILI. The synchronization techmique is shown schematically in Fig. 8.

The sequence of even*s is as follows: (1) the flashlamps for both oscillators




are fired, (2) the modelocked pulse train begins to appear, (3) an early pulse
in the modelocked train triggers the pockels cell of the Q-switched oscillator
(at this point jitter ~ 10-20 nscc), (4) the O-switched pulse appears and triggers
the pulse selectiug pockels cell in the modelocked train (at this point jitter =
interpulse spacing in modelocked train -- 6-7 nsec) and, (5) the selected mode-
locked pulse triggers the zate which Passes a 3 nsec portion of the Q-switched
pulse. At this final Poinu the jitter has been measured to be < 1 pgec, This
short jitter time is achieved by overdriving the final laser triggered spark
gap with the single selected modelocked pulse. Figure 9 shows the two laser
pulses at various Stages of the syncrhonization process. Of course, once
these pulses are generated and amplified the delay between them can be varied
by changing their respective optical path lengths to the target,
V. EXPERIMENTAL STUDIES

Experiments are underway at NRL to investigate the possibility of demonstrating
gain in the soft X-ray region us.'ng collisional Pumping in a picosecond laser
pulse heated piasma. The early experiments have been aimed at (1) demonstrating
the attainability of Te > 'I‘i conditions and (2) investigating the effect of
laser prepulses on the x-ray yield from a laser produced plasma,

The 30 psec, 1010 Watt laser has been used to generate laser produced
Plasmas. These plasmas have been diagnosed with soft x-ray spectrometers for
a variety of medium Z targets, A typical X-ray spectrum for aluminum is shown
in Fig. 10 which shows He-like and H-1like 2luminum lines. This series of experi-
ments bas been mode led using the NRL "Hot Spot" code which has been described
elsew'nere.12 The result of this modeling is shown in Fig. 11 vhere the integrated

intensities of the aluminum lines shown previously are compared with theory.
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The experimental data has been normalized to the AlXII (ls2 - 1s5p) line.

1t is seen that the agreement is quite good. The low experimental value for the
(lS2 - 1s2p) line is due to film saturation and the low experimental value for
the (1s - 2p) line is due to an optically thick plasma. This same code has
been used to predict the time history of the evolution of the various Al ions.
These results are shown in Fig. 12. Projections of this cype along with experi-
mental data will be required to determine the optimum time for pumping a particular
laser ion species in the development o7 a laser produced plasma. Based on the
experimental data this code has also been used to trace the time development
of T1 and Te' These results are shown in Fig. 13. The results indicate quite
clearly the attainability of Te >-Ti conditions.

A second series of experiments investigated the effegt of a prepulse on
the x-ray yield from the plasma. The prepulse was incident along the same
path as the main pulse. It preceeded the main pulse by ~ 6 nsec and was 1/3
the intensity of the main pulse. Both pulses were 30 psec in duration. The
results of these experiments are shown in Fig. 14. Both with and without a pre-
pulse there seems to be two temperatures, onec ~ 1 kev and one < 0.5 kev. With
the prepulse the total x-ray flux is increased by almost an order of magnitude.
These results evidence how effectively picosecond pulses can couple into a
preexisting plasma.

Vi. SUMMARY

Electron collisional pumping of ions in a plasma heated by picosecond
laser pulses is potentially a means of generating gain in the soft x-ray
region. The approach uses isoelectronic projections of knevm laser transitions

to higher Z and shorter wavelengths or in some cases electronic configurations

’
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advantages of this approach are that there are no photoionization losses in
' i
the laser medium; no Auger effects; and for the case of self-terminating lasers,

' unique to ionic species suchas K-like ions with a (3d) ground state. The "

:

} collisional effects are not limiting in a first approximation. 1in the self- i
terminating case very high gains can be aclieved.

f 8 The disadvantages are that the electron heating is probably limited to
~ 1 KeV and hence the laser transitions to ~ 100 eV. 1Isoelectronic projections
are aifficult over large ranges of Z due to level crossing and anamolous

effects. This approach tends to be inefficient at longer wavelengths since the

densities are low and the laser absorption low. Finally, it is very difficult to

s e o

obtain high densities of a single "'cold" ion species which is the optimum
media for this approsch. :
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FIGURE CAPTIONS

Fig, 1: Schematic diagram of the electron-collisional laser using the picosecond
pulse heating of a plasma approach, The heating pulse propagates down
the axis of the plasma to provide TW pumping. The width of the gain pulse

is determined by the lifetime of the upper laser level.

Fig. 2: Plot of final electron energy Ee(T) after heating via inverse bremsstrahlung
with an intense pulse of duration 10-11 sec, for various ion densities.

VeffT is the number of collisions during the pulse,

Fig. 3: Characteristic curves of electron-collisional excitation cross sections for

atoms and ions as a function of [electron energy (Ee)]/[excitaticn energy

for a particular level (Eexc)]'

Fig. 4: Energy level diagram for the K-like isoelectronic sequence showing the
3d, 4s, 4p, and (3d)2 levels. For a laser scheme with 3d ground state,
4p upper state, and 4s lower state the pump energy and laser photon energies
are plotted on the right hand ordinate. The data for these curves was
taken from R. Kelly and L. Palumbo, NRL Report 7599 (1973).

Fig. 5: Energy level diagram for the Si-like isoelectronic sequence showing the
3823p2 levels and the 3s3p3 levels. For a laser scheme using the 3S°,
state as an upper level and the 1S level as a lover level the laser photon

energy is plotted on the right ordinate. The data for these curves was

taken from R. Kelly and L. Palumbo, NRL Report 7599 (1973).
, Fig. 6: Schematic of the picosecond laser heated plasma approach with laser parameters:

for a 1010 Watt, 1.06u laser,
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Mg, 7: Schematic diagram of the NRL dual synchionized laser system which generates
a 30 psec, 1010 W pulse synchronized with jitter << 1 nsec to a 3 nsec
109 W pulse.

Fig. 8: Schematic diagram of the synchronization technique used for obtaining two
pulseswith jitter < 1 nsec. See text for details of the sequence of events.

Fig. 9: Laser pulses at various stages of synchronization. (a) Q-switched pulse
with mode locked train, (b) selected single mode locked pulse with Q-
switched pulse, (c) selected mode locked pulse with shuttered Q-
switched pulse,

Fig. 10: A typical x-ray spectrum of a laser produced plasma generated using a 30
psec, 0.1 Joule pulse. This spectrum shows H-like and He-like Aluminum
lines.

Fig. 11: Comparison of theoretical model with integrated experimental data for Af.
The data was normalized to the He-like 5p line. The 2p line was saturated
on the film which accounts for the low value for this line. The plasma
was optically thick for the H-like 1s-2p line accounting for the low
experimental value of this line.

Fig. 12: Theoretical predictions made with the "Hot Spot" code of the time history
of the various Al ion populations.

Fig. 13: Theoretical predictions made with the "Hot Spot' code of the time history
of '1‘i and Te'

Fig. 14: Experimental data showing the effect of a prepulse on the total x-ray
output of the laser produced plasma. Both pulses are 30 psec in duration;
the prepulse is 1/3 of the main pulse which follows the prepulsc by

~b6 nsec.



TABLE I

OBSERVED INTERCOMBINATION LINES
IN Ci-LIKE IONS

ION TRANSITION WAVELENGTH BRANCHING RATIO
P11 3o . 1p 1772 & 1:100
oL 1y 1473 1:170
S III 3oL L 789 2:3
ciw | 3s°-1ls 756 1:11
3. L 662 3:11
Ar v %0 . 13 651 1:70
30 . L 571 8:70
K VI 30 . 1g 572 1:25
30 . Ly 502 1:25
cavir| 3°-Db 448 2:45
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TABLE III

PICOSECOND IASER SYSTEM PARAIETERS
Q-SWITCHED LASER (SYNCHROXIZED)

PULSE PULSE
r ENERGY  DURATION  POUER BEAM INTEXSITY
STAGE (J) (ns) 1) PROFILE W/ cn?)
DESIGN GOALS
OSCILIATOR OUTPLT | 0.05 50 1% 10° (PEAKY| 2 mm
(CIRCULAR GAUSSIAN)
OUTPUT FROM GATT 6
SHUTTER 0.003 3 1% 10 2 ;.
AMPLIFIER OLTPUT g
(3 STAGE) 3.0 3 1% 10 2 ‘oM
. TARGET 3.0 3 1X 10° S0u X S0u | 5 x 10'
(CIRCUIAR FOLUS)
50 4 X 2 m| 1.25 X 102
(LINE FOCUS)
SYNCHRONIZAT ION
ACCURACY <1 ns
MEASURED OUTPUT
0SCILIATOR .02 30 .67 x 10° %
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Quasistationary Population Inversion on K% Transitions
R, C. Elton

U. S. Naval Rescarch Laboratory, Washington, D, €. 20375

in a search for an x-ray laser scheme capable of uperating in
a quasi-cw mode, a suggested Kc-inmershell scheme is cxamined using
recently calculated rates. This schere involves the decay of a i-
siiell vacancy followed by a more rapid (for certain eclerents) i-
vacancy decay, which maintains the inversion. The present analysis
indicates that the scheme is only marginally feasible unless a de-
pleticn of resonant absorbers is accomplisihed through line shifts
assoc iated with multiple ionization following K-vacanrer preductio:,
The pumping requirements for overcoming photoionization losses in
the beam and the associated gain conditions are estin-ted for
three elements, namely silicon, calcium and copper, +d it i: concluded
that phivwionization pumping in a selective energr hand is required,
with e¢mission approaching the blackbody level, A multiline heavy-

ion plasma source is suggested.

T. INTRODUCT ION AXD BACKGROUND

For x-ray lasing, K.-type transitions would seem to be a first choice,

both because of the inherent short waveiengths, and the large transition prob-

abilities(which imply increased gain). however, witl tie rapid ¥-vacancy decay
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rate is associated a short (femtosecondl for penetrating x-rays) equilibration
period T, during which lasing is completed for a simple self-terminating transient
inversion schemez. With coherence lengths cT7 ~ 10-5cm, conventional cavity
operation becomes impractical (even if cavities could be constructed to with-
stand x-ray laser intensities), and traveling-wave operation would be tedious.
Sufficient pumping for significant single-pass lasing (amplified spontaneous
emission) is also a formidable task during such a short lasing period.

An alternative to the short-pulse self-terminating laser approach is to
somehow creale a stationary (or at least quasi-stationary) population inversion
by eliminating final laser states, which are potential absorbers, more rapidly than
they are created, TFor Ko-innershell transitions, this translates to depleting
the density of atoms (or ions) with a particular L-shell vacancy more rapidly
than they are created by lasing transitions from K-vacancy atoms. (It is not
necessary that the L-shell be filled, since isolate spectral lines are produced
for each of the series of possible L-vacancy configurations as discussed
below,) A particular L-vacancy state may be depleted by either adding or
removing an electron to the L-shell, tut again it must take place at a very
rapid rate and preferably without external stimulus. Stankevich3 in 1970
first suggested that this be accomplished by electron cascading from outer
shells through rapid Auger as well as radiative transitions, and suggested
that this combined specific rate exceeds that for K-vacancy depletion.

This particular scheme depends strongly on a sufficient density of outer-
shell electrons, i.e., is classified as an innershell4 transition scheme,
Although the description of the model Stankevich used is sketchy, it is
possible to approximately reconstruct5 his results, which were based upon K-

vacancy depletion rates from experimentally obtained K-level widthsb, propor-
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t:i.oned7 as 2:1 for Kol and K02 lines; and L-vacancy depletion rates estimated
from the difference between the K-level widths and measured K-line widthsG.
Some of these numerical data are included in Table 1, and the ratio RL/RK of

L- and K-vacancy depletion rates is plotted in Fig, 1 versus atomic number Z.
In equilibrium, NZRK=N3RL’ where N2 and N3 are, respectively, the upper and
lower laser state densitiesz, populated originally by pumping from state 1.
Therefore the ordinate in Fig. 1 corresponds to the population density ratio,
and inversion is achieved when N2/N3“g2/g3 where the statistical weight ratio

gz/g3 is 1 for the KwZ(KLII) line and 0.5 for the le(KL ) line.

IT1
(Stankevich apparently assumed gz/g3=1 for both lines.) Thus, for the data avail-
able to Stankevich, net quasistationary inversion appears possible for the
Z = 20-45 range.
II. PRESENT ANALYSES
A. Total Rate Model with Recent Data
When a similar analysis is carried out5 with the mor. recent calculations
of Auger and radiative rates shown also in Table 1, the prospect for quasi-
stationary inversion appears considerably morve marginal. K-shell rates have

10,11

been calculated by McGuireS, Walter and Bhallag, and Scofield (radiative

only) in the 1970-1972 period and are in close mutual agreement for present

purposes. McGuire12 in 1971 also calculated L-sheli radiative, Auger, and Coster-
Kronig rates, from which are obtained total eifective L sub-shell vacancy depletion
rates bty increasing the L

rate and decreasing the L rate according to the

11 ITL

tabulated Coster-Kronig rates. It is interesting to note (Table 1) that the

total line widths obtained from these calculated rates agrees reasonably well at
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high Z with the widths published by Blokhin and Sachenko6 and used by Stankevich;

however the relative rates are different, and L-depletion is not as rapid as

originally supposed3. A K(vl/Kc/2 transition rate ratio of 2:1 is again assumed,

The result is a maximum population density inversion of about 30 percent in the
2=30-35 region, as shown also in Fig. 1. Thus, even with the most recent data,
quasistationary inversion using total decay rates remains a possibility, but
with a more limited degree of inversion.
B. Trartial Rate Model with Line Shifting

It may only be necessary for the L-hole depletion rate to exceed the
radiative x-ray rate for K-vacancy decay13’ 14, which for low-Z elements is much
less than the total rate used above. To better understand this model, a total

binding-energy 1eve115 diagram for copper is shown in Fig. 2, with various

single and multiple shell-vacancies designated by capital letters (e.g., K, L,

M, KL, LL, etc.), and vacancy transitions by K~ L, etc. As indicated, the scheme
evolves from creating K-vacancies by pumping (P) in neutral copper, but is equally
relevant beginning with a particular ion species (providing an excessive decrease in
the L-iMZ Auger rate does not occur with depletion of M-electrons). Also the diagram
is relevant to other materials with some attention to the relative importance of
x-ray (X) and Auger (') tates. The L state and some of the [M2 states shown are
potential reabsorbers of the K— 1 laser radiation. The newer idea here is

that laser absorption by multiple-L-vacancy states (e.g., LL) and certain LM2

states may take place at a shifted wavelength (indicated by -7} in Fig. 2),

and therefore may not contribute to resonance-absorption losses in the laser
. . 16 q
beam. Indeed it has been recently shown botk theoretically and experi-

mentally17 that K-line shifts due to multiple-L-vacancies exceed the line widths.
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y If we then limit laser resonance absorption to l-states and only consider x- .
3

= | ray decay of the K-vacancy, a high dcgree of inversion is reached for both le . i
a and sz transitions and for Z as low as 13, as shown in Fig. 3. 1n this figure, %
b i
k the low-Z cutoffs are due for o, toa lack of M-clectrons and for “l to a lack * ,t
h 3
3d M-shell electroms to £ill 2p L holes (data for M, -1, (- g

i of M-shell el Py/g (L) ( o Myl s 4 .
4

i transitions, are not available). The high desrec of inversion in the Z=20 ﬁ

2

gl o

range makes this modc] particularly attractive as far as pumping requirements arc

concerned. It should bc noted that this linc shift modification will not appreciably

- vone
T
AT R Yo

extend the high-Z, short-wavelength limit; however, it could make measurements at

longer wavelengths (low-72) considerably easier.

i g

Thcre are some potential problems associated with the shifted-line model,

: ; 4 e
Double L-vacancies will cascade to M states as indicated in Fig. 2 at a rapid

o e R R B T

i

rate, just as do single L-vacancies, leading to decreased linc shifts, The

2z,

aih

16 . . . . ’ : 5
(sparse) data” " available on linc shifts with multiple M-vacancies indicate

._
.

that an emission-absorption linc overlap fortunately is not cxpected if only

B i natural (x-ray plus Auger) broadening is important and if Hl and MII vacancies

3 are present; an overlap for higher M-shell vacancics appears to be unavoidable.

For light elecments up through Z=20, only HT and Mll—shcll clectrons exist (Auger k.

12 , l.

£ loss of N-elecctrons has a low probability 7). TFor 7 larger than 20, further b
s rj‘%

ascading may transfer M _, M__-vacancies to M Mo, M ostates (by radiative &

cascading may b[ T Mop Y \ g

and Coster-Kronig transitions), where the line shift is neygligible, Rate data 3

. 18 . ] ; . . . g
are available for including this effect, but the complexity is beyond this -%
analysis. !

A further complication in the line-shift scheme is electron~ion recombination

. . 3 . ;
(r in Fig. 2). As Stankevich points out™, recombination must proceed at a

o

%‘ ;
A 5
i ;
- . ’
. 5 4
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sufficient rate to inhibit over-depletion of amplifying atoms. This implicitly
places an upper limit on the plasma temperature. However, a recombinaton rate
exceeding the K- and L-vacancy depletion rates will also produce LL-L recom-
bination transitions following K-» LL Auger transitions and again provide
absorbers; we are then back to the less promising conditions in Fig. 1. For

true cw-operation, such a high recombination rate is required. However, as we
show below, inversions of ~1% are required to achieve net gain. Thus, perhaps

a lower recombination rate is possible, permitting a gradual depletion of atom
density through ionization (with an accompanying increase in pump-power require-
ments) in order to achieve some degree of stationary inversion for a limited time
(hence '"quasistationary" inversion), hopefully long enough to have multiple
transverses in a resonant cavity or to permit reasonable pump-pulse risetimes.
This will perhaps be a delicate balance to achieve, and clearly requires a rather
sophisticated numerical model for further analysis. For example, electron
collisional ionization, as well as photoionization, of outer electrons should

be included (i in Fig. 2). Also, the adverse effect on gain due to line shifts
associated with multiple vacancy production accompanying radiative decay (ra-
diative-Auger effect) should be includedll’lg. The basic information for such
an analysis is generally.available and the payoff, i.e., quasistationary population

inversion, is potentially high., Further advantages of the line shift model

will be indicated in the pump requirement es’imations which follow, particulary

el (T YAt e o ST T

for low-Z elements.
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1IT, PUMPING REQUIREMENTS
A. General Requirements
Of next concern is the pumping energy required to achieve significant

net gain, since photoionization of outer electrons by the laser beam will add

to the normal line-absorption losses. Also, Auger decay (dominant for light ele-

ments) tends to deplete at a rapid rate the K-vacancy upper-laser-states created.
Both processes imply large pumping powers Lo maintain iwersion. These are
problems common to all innershell x-ray laser schemes (cxcept alkalis without
Auger losses for n=2 vacancies) and also result in low system efficiency; on
the other hand one is not overly concerned at present about efficiency if a
quasi-cw mode is achievable with available pumpisg powers. (It should be remembered
that, were it not for the potential of quasistncionary inversion, Kx~innershell
pumping would not be a serious candidate for x-ray lasing because of these
losses.)

The restrictions set by the requirement that net stimulated emission
exceed photoionization lo§ses in the medium are derived from ~ 2X the
minimum threshold condition, i.e.,

224

2
4o7AN
; . . . L2
where the left side is the net gain factor due to stimulated emission and
the right side represents photoionization losses on the original states of

density N., with subscripts as defined above. The transition probability A is

1)
different from the x-ray rate X which is averaged over all terms, The
parameter A is the laser wavelength, Av is the line width in frequency

, . . - 20 . , .
units, it is the solid absorption coefficient™ " and ¢ 1is the density of (solid)

23 . . .
absorber. The factor ip /10 is the Ko photoionization cross section., The




bracketed factor is the inversion density

i

AN N, - (gz/gB)NB

=
N

N g N
2 1 - 23 | o T N == , (2)

1 N1 g3N2 1 N1

i
=z

where T indicates the degree of inversion and is evaluated in steady state by
assuming NJ/N2 to be given by the ratio of K- to L-vacancy depletion rates
shown in Figs. 1 and 3. 1In a more complete time dependent model, T represents
the stalronary inversion achieved following the transient upproach to
equilibrium,

For a first-evaluation of Eq. (1), the product XZA may be approximated by
0.2 (c.g.s.) and 27Av by the Auger rate, which does not vary rapidly with 2
and is about 200 atu_l or 8 X 1014 sec-l. Thus, a first-cut yields a ratio
N2/N1 which is required to be greater than 10-1 to 10-3 depending on the absorption
cross section # and the degree of inversion (T) achieved. If the line width
exceeds the 'natural' width assumed (see below), even more inversion will be
required.

Some relaxation of this requirement on inversion density could be achieved
with multiple ionization, i.e., removal of some absorbing valance electrons.
This could be an added advantage in the line shift model above if these valence
electrons are in NIII shells or higher. llowever, ionization of electrons from

lower shells will decrease the L-vacancy depletion rate and affect the degree

of inversion achieved. A proper balance could come from a detailed numerical

analysis.

i v i
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A desired ratio Nz/rl1 =1% may be considered to b achieved by electron-

o

7

collisions in a plasma, particle (electron) beam bombardment of a target, or by

photon bombardment of a target, Only the latter appears at all feasible5 ’

?
25

' . R -3 . :
since excessive plasma densities (2 10 cm ) are required for either

n AT . 21 . . 22 1% .
ionization = or dielectronic capture clectron-collisional pumping schemes;

Z_w&-;.‘),.

. 14 2 .
and a requirea electron beam current of -~ 10" Af/em” is greatly in excess

8

(~ 107X) of that currently available in unfocused beams. Also, in both of these

cases the rate for ionization from outer-shells exceeds that for the K-innershell
by orders of magnitude, so that efficient collisional immershell pumping scems
most~-unpromising,
; 'B. Photon Beams
For photon pumping, preierential innershell ionization can be achieved with
a source "tuned" to emit predominantly in the K-absorption region, so that
T 7 . LR . - .

outershell photoivnization is reduced. The pumping rate P is given by

K .o : S , o — ; d
N T _.c¢, where & is the =-ray photon density and = [ 1s the K-shell pliotoionization
*opl 3 p
cross section. In this particular case, il is possible to obtain this thres-
hold value independent of absolute cross section, since photoionization losses

are balanced against photoionization pumping. In equilibrium, N2/N1 = P/(7 +X)

and Eq. (1) becomes -

YRR B ]:ic w 2ol % (3)
oy | = ST Uit
' T+X)"
where 2:.v = 7 + X is assumed for natural line broadening (see below tor
. , . . . : 2 : Ko L
validation of this assumption). With > A 0.2 again and o { gpi ~ 8 near .

. . 2
the K-absorption edgezo, the required photon density is N2 5 (I + X) /2Tc

-3 .

cm .

Sk Wi N i




Calculations are carried out for three cases, namely silicon, calcium and

8-12
copper, using published values in Eq. (3) for the total decay rate I’ + X

(since Kﬂl and Kaz transitions must be pumped), values for T from Eq. (2)
and the results plotted in Fig. 3, i.e,, assuming the line shift mode of operation
is possible. The vesults are listed in Table 2, where for copper the results
without the line shift advantage are also included in parentheses by calculating
T from the data in Fig. 2. ‘The photon densities Nv derived are converted to
pump source radiances F by multiplying by ¢ (3he/t ), where the latter factor
represents the approximate pumping photon energy. Up to this point, the
density of the laser medium has not entered.

The gain oL achievable with a chosen length I, may be found from using
the gain coefficient < given by the right side of Eq. (3), i.e.,

K

_ L, K . K
L ZNlopiajpikjpi) I, = hf}piL/A. (4)

With cﬁi (see Table 2) calculated from Ref. 23 at a pumping photon energy

of 1.25 times the K« photon energy, and assuming N1 = 1023 cm—3, the gain is

calculated for a length of 300 pm, which is 10X a reasonable 30 um focal

width (w). The results for the three cases are listed in Table 2. For all

three cases, the mean free path of a pumping x-ray photon, given by (Nlc;i)-l,

is much less than the length, so that transverse (or oblique traveling wave)
- 2
pumping is required, and the area is given by Lw = 9 X 10 . cm . With this

area, and providing for a 10% efficiency of power conversion from the original

pumping source to x-rays of the proper cnergy, the pump power P required is

10
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derived and listed. Also indicated is the corresponding pump energy E required

for a 10 ps wide pulse, e.g., for a laser heated target x-ray source.
] From Table 1I we may conclude that, with the advantage gained from line
shifting, high net gain (¥70) is available in silicon with a reasonable pump,
e.g., 40 J in a 10 ps pulse. Since it is unlikely that the vapor density J
: . 23 -3 ; P C 7
can bc maintained at 10 cm (solid), the high gain is a safety factor, i.e.,
. ; . Ll -3 . . .
with a medium density as low as 7 X 107 em 7, a gain of ~1=5 is still
possible. For shorter wavelengths the pumping energy increases to, e.g,,
2 kJ for copper, which is still within the realm of reality.
The assumed conversion (from pumping source Lo x-ray photons) efficiency
of 10 percent is probably high, since the pump source must be converted into
a somewhat narrow band of x-ray photons towards the high energy side of the
K-absorption edge; at lower photon cnergies cxcessive outer-shell ionization
will occur. If indeed the conversion could take place in the medium itself
3 or in the immediate area, and/or if a properly "tuned" pumping source is avail-
able, this efficiency might be realistic. An initially attractive possibility
is radiation resulting from radiative recombination of electrons into ls
orbitals of hydrogenic and/or helium-like ions of the lasing element in a
surrounding "blanket'" ot.high density plasma. As the inverse process of
photoionization, the recombination spectral energy distribution complements the
absorption process; i.e., there is preferential recombination emission at
: . s . » 5
energies above the k-absorption edge. Tlaking the silicon example™, the re-
. . R . 24 2, [
combination emission For a 1 em thick blanket can be calculated” ', and it is
. . : . 23 -3, 7
found that a charged particle density of approximately 10 cm = is required,

which is techmically difficult tc achieve. Broadband bremsstrahlung emission




R ST o

is hundreds of times 10wer21.

o

This difficulty with insufficient recombination radiation at reasonable

sl T

plaswa densities is associated with low emissivity. Blackbody radiation at

e

a sufficiently high temperature is often considered as a limiting case (as

2
for sodium in the VUV, for example 5;. Included in Table 1 are the black-

body temperatures k’l‘BB in keV required to produce the required x-radiance
with 1% utilization of the total blackbody emission. Also listed are the
peak wavelengths (from Wien's law) for these temperatures., The results
are very reasonable as regards both plasma temperature and the matching
of the peak of the waission with the absorption band. The problem is how
to create such a blackbody source, since continuum emission is down by several
orders of magnitude at reasonable densities, A possibility is a multi-
line source created in a heavy element, where the individual broadened lines
have biended emissions approaching the continuous blackbody "limit". This
"saturatiosn'" is not unusual for intense VUV lines and, with a careful selection
of material, some tuning should be possibie, For example, uranium has L and
M atom and ion emission lines near 1 and 4 ﬁ, respectively, and some
work has already been performed on uranium discharges for intense pseudo-
continuum sources in the.vacuum-UV region,
IV, Line Broadening

Whenever a plasma is created in the laser medium, either intentionally
to achieve a high density for pumping purposes or unavoidably due to intense
ionization pumping with Auger processes contributing to the free electron

production, the effect on the line width must be considered, since the gain

12
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varies inversely with line widthz. Enhanced broadening (over the natural
broadening assumed above) may exist due to random Doppler shifts and to charged
particle interactions (Stark broadening). Both are considered here for
radiation in the Ko spectral regions for various elements. The results
are not only relevant to Kv innershell lines but to resonance lines of
helium-like and hydrogenic ions; in fact, Stark broadening rates are taken
for Ly-o lines for convenience and availability.

An estimate of the Doppler width ARD is obtained from21-

o -5 L
AAD/I X AVD/v =7.7X10 (kTi/u)z, (5)

where kTi’ the ion kinetic temperature, isin eV and ;. is the atomic mass
number of the element. Assuming as an approximation that kTi=hv/4 (v the
Ko-laser frequency) in an "equilibrium' plasma and A= %(Lyman-a),AkD can
be evaluated as a function of laser wavelength }. The result is plotted
in Fig. 4.

Stark widths for Ko transitions may be estimated26’27 with sufficient
accuracy for present purposes, from the lesser26 of the widths given by
formulas for the quasi-static linear Stark effect (Holtsmark theory) and
for the electron impact broadening. The former is given approximately for
Lyman~¢ transitions by

B W23
Zi P

where Zi is the ion charge and Zp the average perturber charge of density N .

For a single-ion plasma where Zp=zi this becomes




"
;
i1

py, e SBE oy (7)

for the (lesser) electron-perturber limit., The electron impact broadcning£7

is found from

(8)

where the factor nz(nz-S)ln (e /e . ) has been approximated numerically by
max min
nA for Lyman- transitions. Also, v, may be replaced by the mean thermal
velocity for the electrons at the plasma kinetic temperature derived above,
i.c., hv/4. The resulting Lyman-o (n=2) Stark widths Alg are plotted in
Fig. 4 as a function of wavelength for three electron density values. The
magnitudes of these two Stark broadening processes are approximately the same
for present conditions. There is,for some schemes, an advantage in increasing
the electron temperature preferentially over the ion temperature for increased
electron collisional pumping without additional Doppler broadening. This will
have the effect of decreasing the (Lorentz) width throrgh v, in Eq. (8).

From Fig. 4 a comparison is now possible between plasma line widths
(Doppler and Stark) for K« transitions and natural widths A)(?izAm/Zﬁc)
determined from Aw = [ + X; T being the Auger rate and X the x-ray decay
rate. The Auger data used here are mostly for single K-vacancies in neutral
atoms; for one case, namely neon (A=14.6 R), the reduction in natural width
with multiple ionization is indicatedzs. Also shown for general interest are

the natural widths A}N (A=A, the transition probability) for hejium-like and

hydrogenic spectes, where the latter is a straight line since Ly-o wavelengths

14
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2 2
{ were used, i.e., A"} and AXN“A A,

S,

From Fig. & it is clear that Doppler broadening is not significantly

i

larger than innershell natural broadening at a low degree of ionization.

o

Also, Lyman-z type (n=2) Stark broadening even at solid densities

’ 23 -3 .
4 (~10°7 em °) is not dominant for wavelengths shorter than 4 X. fTherefore,

line broadening alone does not preclude a unified plasma approach to x-ray

B Liest et ao s e

lasing on K transitions. The significant reduction in line width shown and

the avoidance of photoionization losses offered by hydrogenic and helium-like ]
ions could only be realized in a relatively tenuous, expanded, low temperature X
plasma with "frozen-in" ions of these types; where quasi~-cw operation ,é

according to the present scheme is not pcssible,

V. Summary

Quasistationary population inversion appears to be possible, even with

the most recent calculations of Auger rates, for elements with Z less than P
40, It appears that the line shift with multiple ionization will help in
maintaining inversion; however the need for a more complete numerical rate
equation analysis is clearly indicated. Assuming quasi-cw operation is

feasible, the pump power requirements necessary to overcome photoionization losses g
¥

and at the same time achieve useful gain do not appear to be complctely un-
E reasonable, particularly when blackbody x-ray emission is considered as a

pumping source. It is suggested that partial blackbody radiation in the b
selected wavelength band required for innershell photoionization pumping be

acquired with intense multiline radiation from heavy atoms and ioms.
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Table I. Seclected Atomic Ratesa Used (in 10"2 atu

-1.b 1
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) .
$
22 30 38 47 £
9.4
Stankevich
1. K-level width® (k-rate)® 3.10  5.80 11.7 26.0
2, K-line widths6 b :
Kal (K-LIII) 5,71 10.1 18.6 35.6 F
- - 0
K.Jz (K LII) 7.90 12.0 19.0 36.0
3. L-level widths® (L-rate)®’® i
:
LIII 2.61 4,30 6.90 9.60 2
3
.8 o2 .3 o b
LII 4,80 6.20 7.30 10.0 ;
Present Analysis %
8 E
4, K-rate ;
X-ray 0.89 3.41 10.2 24,45
Auger 2.63 3.14 4,00 4 .42
Total 2.64 6.54 14.2 28,87
5. L-ratelz’d
.88 2, 3 .
LIII 0.885 95 3.92 6.36
LII 0.886 2.87 5.27 9.50
6. Total (K-line width)
Kory (K-LIII 3.52 9.49 18.1 35,2
- 3.53 9.41 19.5 38.4
K, (K-L ) s
-17
a la.t.u=2,42X10
b rate [a.t.u.'ll A (4,14 X 10'2)x width [eV]
¢ Row 2 less row 1
d Coster-Kronig added to L subtracted from L___; x-ray rate included




o . (= s " - = AL . -m"“_ L A SR VAR e v
{
#
i
‘é
2 %f Table L. K& Puaping Requirements
B ik
. . -4 =0 _ . . ’
Atom } 0 Ay 10 05\{. 02 y L020~‘:i ol per)” k’l‘: (o),
Ay (sce™ Y (ew™d)  (Mi/em™)  (cm?)! 105wy oy @) P 4
., 7.1 6.7 0.6 2 4.8 ) 0 4 0.5 5 5
£ 51
E 20, 3.4 11 0.8 4 21 4 309 0.7 4
3 29, !5 2 0.6 20 230 2 15 200 1.2 2

b (0.2) (60) (700) (600) (1.6) (1.5

() Refers to no line-shift casc

* For 107/ conversion clficiency

Using 17 of total blackbody spectrum
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Fig. 2 Vacancy diagram according to binding energies E for copper.

K, L and M designate shell-vacancies. P, X, and T are the rates for
pumping, x-ray [emission or absorption (dashed) ] and Auger transitions,
' respectively.
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Fig. 4 Estimates of line widths for K. tvpc transitions versus wave-

length 3 [with natural (A)y), Doppler (11}) and Stark  Jg) effects :
included]. The decrease in natural broadening with ionization is in-

dicated by circles for neon; and hydrogenic and helium-like ionic species

are included.
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Abstract for an Invited Paper
for the Anaheim Meeting of the
American Physical Society

29 Jan - 2 Feb 1975

Atomic Physics In Laser Produced Plasmas. R. C. Elton, Naval Research
Laboratory, Washington, D.C. (30 min.)

Atomic processes play a vital role in the efficient conversion of
laser energy to charged particle energy in laser heated plasmas. Both
classical and anomalous absorption processes must be thoroughly
understood in order to exploit their optimum heating potential.
Radiation losses, along with self-generated magnetic fields, threaten
to reduce the amount of heating achieved in laser heated plasmas;
thus their presence must be minimized. Laser radiation losses due to
various scattering mechanisms are just beginning to be understood, as
data become available at increasing laser flux densities. Atomic
processes also continue to play an important role in plasma diagnostics.
For the moderate particle densities encountered in gaseous target
plasmas heatel by long-wavelength lasers, established diagnostic techniques
such as laser scattering, interferometry, and spectroscopy are proving
satisfactory; and definitive measurements can be expected. For the
supra-solid density plasmas expected from pellet fusion experiments
and also desired for x-ray laser development, the plasma rapidly
becomes opaque to visible radiation, and x-ray diagnostics are essential
for interior measurements. Here the ionic physics connected with x-ray
spectral analyses of solar observations becomes relevant, with the
addition of some exotic excitation mechanisms unique to high-density
plasmas. The state-of-the-art of x-ray diagnostics will be reviewed
and problems of interpretation with existing atomic physics knowledge
outlined. Also, possible spin-off contributions at atomic physics
knowledge from well diagnosed plasmas will be made apparent. The
close similarities between laser-fusion oriented experiments and x-
ray laser research will be addressed, particularly since the develop-
ment of the latter may be required for deep probing of extremely
high density compressed pellet fusion plasmas.
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Abstract Submitted
for the 16rh Division of Plasma Physics Meeting of the
American Physical Society
October 28-31, 1974

Physical Review Bulletin Subject Heading
Analytic Subject Index in which Paper should be
Number 35. Plasmas placed laser Produced Plasma

Session Title:
9, Laser Produced Plasma

Effect of Pre-pulse in 35 ps laser Produced Plasma. J. F. REINTIES,
T. N. LEE, R, C. ECKARDT, J. L. DeROSA, R. A. ANDREWS, and R. C. ELTON,
Naval Research 1ab.--X-ray emission spectra of low Z plasmas generated
with a 25 ps laser pulse have been previously1 described and compared
with a numerical analysis. The study is extended to understand the
plasma state which results when the laser pulse is preceded by a pre-
heating pulse. A mode locked Nd:YAG laser providing beam energies
up to 100 mJ in a 25 ps pulse is focused onto slab targets of C,
Mg, and Al at 2 power density of about 1014 w/em2. The pre-pulse is
obtained from the main laser beam using a beam splitter and is then
forused collinearly onto the same spot as the main beam focus within
+ 10 ym. The peak electron temperature is determined from a foil x-ray
absorption measurement. A question of whether the plasma produced by
the pre-pulse is largely transparent to or strongly absorbing to the
main laser pulse will be discussed based on the experimental results,

1

T. N. Lee, et al., Bull. Am. Phys. Soc. 19 558 (1974)
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for the 16th Division of Plasma Physics Meeting of the
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October 28-31, 1974

Physical Review Bulletin Subject Heading
Analytic Subject Index in which Paper should be
Number 35. Plasmas placed Plasma Focus
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8. Plasma Focus

Diagnostics of a Vacuum-Spark Plasma. T. N, LEE and F. C. YOUNG,
Naval Research laboratory--Characteristics of neutron and x-ray
emission from a laser-triggered linear-pinch discharge (or vacuum
spark) are investigated experimentally. To produce neutrons, (CD2)
is imbedded into a l-mm dia. hole in a metallic anode. Neutron meaSure-
ments with both a moderated "li-loaded glass activation detector and

large area time-of-flight detector indicate a total yield of

- 10° neutrons (~2.5 MeV) per discharge in time coincidence with
the x-ray burst. This yield is consistent with that expected from a
thermal plasma with the previously determined plasma parameters1 of
50 ym dia., T, = 8 keV and Ny ~ 1019/em3.  x- -ray pinhole and streak
photographs indicate that one or more minute plasmas (15-50 um dia.)
are produced initially as the result of highly localized pinches. ‘hese
local constrictions tend to be produced at the vertex of the bullet-
shaped anode plasma. These pinches are bel = ¢l to be caused by the
repetitive penetration of a strong azimuthal magnetic field through
a cool poorly conductive anode plasma.

lT. N. Lee, Astrophys. J. 190, 467 (1974).
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Abstract Submitted
for the Washington, D.C. Meeting of the
American Physical Socieiy
28 April - 1 May 1975

Physical Review Bulletin Subject Heading

Analytic Subject Index in which Paper should be

Number 71.65 placed Nonlinear Optics,
Lasers

Generalized Adiabatic Following Approximation. * R. H. LEHMBERG
and J. REINTJES, Naval Research lab.--The response of a two level
atom to an intense near-resonant driving field e€(t) can be described
by the adiabatic following model’ if the condition llﬂ(t) << TP << Tl,
T, is satisfied throughout the pulse. Here, I(t) = (A2 °e* m®)
the precession frequency, A(t) the detuning, the puleewidth and
T, , To the atomic level and phase relaxation times. From the Bloch
equations, we have developed a generalized version of this approx-
imation applicable to cases where T and T> can be comparable to or
less than T_; i.e., we require only 1/Q(t) << T_, T;, To. In this
model, the pseudospin remains oriented nearly pgrallel to the
effective driving field (e(t), 0, hA(t)/u) in the rotating frame,
but decays in length if T, is comparable to Tp. The approximation
bridges the gap between pure adiabatic following for Tp << T, and rate
equation behavior for T, >> T,, thereby allowing a more complete
description of phenomena such as adiabatic inversion and resonantly
enhanced self focusing and defocusing.!

*Jork supported jointly by DARPA and USAEC.
11y, Grischkowsky and J. A. Armstrong, Phys. Rev. A6, 1566 (1972).
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Abstract Submitted
for the Washington, D, C, Meeting of the
American Physical Society
28 April - 1 May 1975

Physical Review
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in which Paper should be
placed Nonlinear Optics,
lasers

Negative Nonlinear Susceptibility of Cesium Vapor at 1.06y.*
J. REINTJES, R, H. LEHMBERG, and R. C. ECKARDT, Naval Research Lab.--
We outline a theory of the nonlinear susceptibility of Cs at 1.06y,,
and present the first measurement of the negative nonlinear refractive
index n; responsible for the self defocusing recently observed' . The
theoretical value of n, is -1.95X10‘30N, in good agreement with our
measured value of -(1.5 + .2) X 10-30N, The main portion of n, comes
from a two-photon resonance between the 6s and 7s levels. An additional
negative term arises from induced populat ion changes between 6s and 6p.
In our experiments, where the (35 psec) pulses are shorter than the
6s-6p inverse linewidth, the nonlinear susceptibility is proportion~:
to the instantaneous Intensity; however, with longer pulses, one
obtains additional contributions proportional to time integrals
over the intensity. Since the useful output power from large Nd
laser systems is limited by self focusing due to the laser glass,

our results suggest the possibility of increasing this power by using
Cs vapor for compensation.

*Work supported jointly by DARPA and USAEC,

'R, H. Lehmberg, J. Reintjos, and R. C. Eckardt, Appl. Phys. Lett.
25, 374 (1974,
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SELF DEFOCUSING OF MODE LOCKED Nd:YAG
PULSES IN CESIUM VAPOR

R. H. Lehmberg, J. Reintjes, and R. C. Eckardt

Naval Research Laboratory
Washington, D, C, 20375
202-767-2730

ABSTRACT

We have measured the negative nonlinear refractive index of Cs
vapor at 1,06, The result n, = - (1.5 + .2) X 10-30N is in good
agreement with theory. We report the first observation of its use in

compensating self focusing from another material,

(Presented at the 1974 IEEE/OSA Conference on Laser Engineering and
Application, Washington, D. C,, May 1974.)




