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I. INTRODUCTION

This is the fourth semiannual technical progress report for the
ARPA/NRL X-Ray Laser Program. There is no intention to duplicate
background material from previous reports¥*, since the format is
similar and copies are available upon request. Rather, the intent
here is to provide an update on program progress during this reportirg
period with brief statements of motivation and goals.

The basic individual activities in the program have remained
essentially same, i.e.,

icnlinear optical mixing for producing coherent radiation in the
vacuum-UV region,

Amplification of such coherent radiation as necessary, beginning
in the 1600 & region, in preparation for further frequency up-
conversion, i

Electron collisional pumping of ions in schemes amenable
to isoelectronic extrapolation to short vacuum-uv wavelengths,

Investigation of resonant charge transfer pumping at a high
rate into preferential levels as an advanced soft x-ray amplifier,

and

Theory, analysis and numerical modeling in support of these
approaches and continual investigation of new concepts.

The overall theme in this program is to generate a coherent,
collimated laser beam at as short a wavelength as possible for materials
diagnostic applications. The general approach is to transfer a
high degree of coherence from long wavelengths, with amplification
through molecular and ionic devices in an eventual chain system as
illustrated in Fig. 1. The areas: of current NRL activity are bounded

¥previous semiannual reports on this project are -vferred to liberally
in the present report. These are published as NRL Memorand.m Reports
No. 2910 (October 1974), No. 3057 (March 1975), and No. 3130 (September
1975). Copies are available on request.

NOTE: Manuscript submitted March 3, 1978.
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by solid lines; those of conceivable future activity by dashed lines.
A high peak intensity pulse from a coherent laser at 1 um is frequency
upconverted by "conventional'" means into the vacuum ultraviolet (vuv)
region near 1600 A, possibly with accurate tuning capability. This
step is described in Section II. A. Amplification of the beam at

this point may be required to achieve sufficient power for firther
upconversion, using either a Hj, or Xe "molecular" laser and existing
technology. The details here are described in Section II.B. Electron
collisional population inversion at shorter vuv wavelengths appears
promising in either laser-heated plasmas (Section IIL.B) or with trans-
verse digcharges such as originally developed for N, and Hy, and later
extended! to ions such as ¢c3+ (Section III.D.). At shorter soft x-ray
wavelengths, the rapid resonance charge transfer process remains most
interesting for achieving significant invers:ion, and progress on the
current‘definitive experiments is described in Section IV,

Each component of this chain is in a somewhat different phase
of development. The non-linear mixing has approached the vacuum-
uv region and optimization is beginning. A delay was encountered in
obtaining the xenon diode for amplification, so that we are pre-
paring for H, amplification as required. In the laser heated plasma
experiments for electron collisional pumping, both careful numerical
analysis and sophisticated interferometric diagnostics have illuminated
the difficulties in absorbing a significant amount of laser radiation
in the very thin layer of a specific density appropriate for inversion
and gain. Quantitative measurements are continuing; however the in-
dicatiors are that electron pumping in either a transverse discharge
or beam may be more appropriate a pump mechanism, so that additional
emphasis is being placed now on the traveling wave device that has
been a unique workhorse at NRL. The direct and definitive resonance
charge transfer experiment has progressed to the point where space-
resolved spectra from both' the ions and the background helium gas are
achieved, and detailed measurements at various densities are possible.

A major accomplishment of this reporting period has been the
completion of a comprehensive review article“ on the subject of short
wavelength lasers. A preprint is reproduced in the Appendix. Of
the 268 references gathered there ( as of October 1975), the ones
directly related to short-wavelength lasing are compiled chronologically
in Fig. 2, which is an indication of the growth of interest in this
field. ! i

The following sections of this report describe the details of
progress made in each of these areas during the last six months. A
summary of the important points is included in the last section. 1In
some instances the work has been prepared for publication or has been
published. 1In these cases the reprint hgs been included as an appendix
and only brief mentica of the work is made In the walu bLudy of the
report. Each section also contains a few sentences about where the
work is headed and plans for the next reporting period.
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II. COHERENT VUV/SOFT X-RAY PULSES BY NONLINEAR MIXING AND AMPLIFICATION

II.A. NONLINEAR MIXING

This section describes our approach and recent progress towards
the generation of coherent soft-x-radiation through nonlinear mixing
processes, The motivation and general technique was described in
detail in previous reports in this series and is outlined briefly -
in Fig. 3. The output of a Nd:YAG mode locked laser is convert:d to
tunable visible radiation by successive frequency doubling and
parametric frequency conversion in each of two arms. The tunable
visible light in each arm is combined and converted to the vacuum- =3
UV (VUV) region thmugh resonantly enhanced frequency mixing in a 5
suitable metal vapor, and is then amplified in a VUV amplifier (as is
| discussed below). A further stage of resonantly enhanced nonlinear .
mixing is then used to convert the VUV to the soft x-ray range.

3 As was outlined in previous semiannual reports, the technique of
parametric generation was chosen to convert the 1.06 ym YAG output into
tunable visible iight because of its potential for generating higher
powers and shorter pulse durations with the available laser system.
During the previous reporting period, one arm of the visible radiation
generator was set up and preliminary investigation of its operating
characteristics was begun. Measurements of conversion efficiency in
the first two stages of harmonic generation were made. The parametric

: ! (frequency) down=conversion system was assembled and radiation was J

3 ! generated from 4600 to 6300 i by tuning the crystal temperature from e

é

t=

" e

T o e
Gl sl ¥

52 to 70°C.

R

During the present reporting period the performance of the second
harmonic stages was studied in more detail, with attempts to optimize
their performance being msde. In the first stage, conversion from
1.064 ¢ym to 5320 X was obtained with an efficiency between 50 and
60%, which is considered adequate for our purposes. Conversion

| efficiency from 5320 X to 2660 X in the second stage was me2sured in

5 the range of 25%, a value which was ¥nexpected1y low although comparable
w.th performance reported elsewhere.  Since the efficiency of the

é parametric generation in the subsequent stages depends critically on

g

§

]
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the strength of the UV signal, the fourth harmonic generation stage
was studied in some detail.

The conversion, from 5320 & to 2660 A was studied in a 1" long
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ADP crystal by measuring tiie depletion of the transmitted pump signal at
5320 X simultaneously with the generated signal at 2660 L as the crystal
temperature was adjusted on and off the 90° phase matching value (Fig. 4.)
These measurements were made as the intensity of the pump radiation was
varied by introducing a 2:1 reducing telescope into the beam. The results
are summarized In Table 1, where the various signals are shown referenced
to the pump pulse. Comparison of the UV signal with and without the tel-
escope with the crystal temperature set at 53.7 C shows that addition of
the telescope results in an increase of relative UV signal by 4.8 times,

in go~d agreement with the nominal expected increase 8f 4 times. A similar
compaxigon with the crystal temperature set at the 90 phase matching value
of 51.7C shows an increase in UV signal of 1.4 times. Simultaneous
measurements of pump transmission show a depletion of 23% for the untele-

scoped beam and 557 for the telescoped beam.

TABLIE 1

REIATIVE CONVERSION 5320 to 2660 &

Relative UV Signal Relavive Transmitted
Pump Signal
1 /1 I /1
uv’ “pump pump’ “pump
T = 53.7%
Pump Untelescoped 1.0 1.0
T = 53,7%
Pump Telescoped 4,38 1.0
T = 51.7°%
Pump Untelescoped 36.5 0.77
T = 51.7%
Pump Untelescoped 50.9 0.45

These results can be interpreted with the aid of Fig. 5 in which are
shown curves for pump and secoad harmonic (SH) signals for an ideal plane
wave as a function of the parameter LE,. The results for the untelescoped
beam are indicated by points A and A'?) (Linear attenuation due to absorp-
tion and surface reflection is not considered at this point in the dis-

cussion.) An increase in pump depletion to 55% upon addition of the telescope

is indicated by point B, with the corresponding predicted UV signal as B'.

The ideal increase in signal relative to the untelescoped case is 2.2 times
rather than the observed 1.4 times (point B"). The discrepancy of a factor-
of-1.7 appears to arise from nonlinear losses at 2660 A, since the increase

in signal off the phase match temperature is in agreement with the theoreti-
cal value.
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Observation of reduced harmonic.generation due to two-photon ab-
sorption at power levels of 35 MW/cm™ have been reported elsewhere.
In addition, reports of limitation of SH generation in semiconductor
systems due to two phcton absorption of the SH &ight and sum frequency
absorption of SH and pump light have been made.” To determine the im-
portance of these effects in our system, we also measured the transmission
of a 2" long ADP crystal at 2660 A as a function of intensity both at
2660 X and 5320 &,

Intensity variation of the 2660 & light was again accomplished with
a reducing telescope, the time of value 5:1. The transmission measure-
ments,are shown in Fig. 6. At the highest UV intensities used (around 800
MW/cm”) nonlinear absorption is seen to have reduced the transmission
by a factor-of-2. The corresponding intensity in the telescoped harmonic
generation experiment is also showm (A) (taking into account surface
reflections, filter transmission and crystal lengths), indicating a
reduction in UV signal by a factor of 1.55. Thus, the discrepancy
between the observed and predicted increase of the SH UV-signal in the
harmonic generation experiment is almost entirely accounted for by the
observed level of two=-photon absorption. The intensity of the untele-
scoped beam in the harmonic generation experiment is also indicated (B3),
and at this level the two photon absorption should be negligible. No
effect on the transmission at 2660 A was observed when the pump intensity
was varied.

In summary, two photon absorption at 2660 & appears to be important
in limitigg SH conversion from 5320 } at pump intensities around
2.5 GW/cm~., Although large pump depletions can be obtained at higher
intensities, corresponding increases in generatﬁd SH radiation are not
realized. At pump intensities around 600 MW/cm”, the attenuation of the
UV signal from two photon absorpticn appears to be negligible. At these
putp intensities, a conversion efficiency of 237 1is observed, in agree~
ment with values reported elsewhere.

REFERENCES
1. K. Kato, Optics Comm. 13, 361 (1975).

2, C. A. Schwartz, J. L. Oudur and E. N. Batifol, JQE 11, 616 (1975);
J. L. Ouddar, C. A. Schwartz, and E. M. Batifol JQE 11, 623 (1975).
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IT. B. VACUUM-UV AMPLIFICATION

As described above, the generation of tunable picosecond vacuum
ultraviolet (vuv) laser pulses using nonlinear optical upconversion
techniquesl largely preserves the coherence of the fundamental
driving laser beam. However, because of a rather low (frequency)
upconversion efficiency, large amounts of driving
power are necessary both for practical applications2 and for reaching
the threshold level for further upconversion steps. Driving power
cannot be increased without bound because other processes such as
multiphoton absorption limit the power which can be transmitted
through the non-linear medium. It is thus desirable to have amplifiers
between scme of the up-conversion stages to restore the pulse power
level. Sevaral amplifier approaches have been under study at the
Naval Resea'ch Laboratory and are described specifically below fol-
lowing some more general considerations.

II. B.1. INJECTION

The general problem of injecting a short vuv pulse into an
amplifier deserves careful study, Below 1000 & all amplifiers will
most likely be mirror-less gain configurations constrained by the
pumping geometry and probably pumped in a traveling-wave manner
(termed the swept-gain method by Bonifacio, et al.”)., All of these
mirrorless systems, called amplified spontaneous emission (ASE)
devices, normally operate by amplifying and buildirg a pulse from
their own spontaneous emission. Bonifacio, et al.’? have shown that
the width of the steady-state pulse developed by these systems depends
inversely upon the gain achieved. For high peak power applications,

the most desirable pulse output is obtained for the case of high
gain,

The injection of a pulse into ASE systems has been considered
theoretically by Allen and Peters®, While their results do not
apply specifically to traveling-wave excitation, it is useful to
consider their results of output intensity as a function of input
intensity. Figure 7 shows that for the injected signal, I}, to exceed
in amplitude the forward going ASE pulse, I,, the input (x = 0)
intensity must exceed a threshold value which they give as

K (L - Lc)

= S —————————— b
Ib(o)thresh L Lc (1)

where K is a constant, L, is the critical length for threshold
"unity" gain, and L is the total amplifier length. Also, a greater
input signal results in a greater ratio of amplified pulse intensity
to ASE pulse intemnsity., It also seems reasonable to expect an even
greater increase in pulse intensity and a lowering in the threshold
when traveling-wave excitation is used.

11
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not consider traveling-wave pumping. [After Allen and Peters, Ref. 4.]
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II. B.2. TRAVELING-WAVE (SWEPT-GAIN) AMPLIFIER THEORY

3
3
Ne—— ] ;

i DL B BB e e A by s T ] 1L

Bonifacio, et a1.3 have considered traveling-wave pumped amplifiers
(without injection) in considerable detail showing that steady state i
pulses with rather wide pulse width arise for the case of limited |
gain; but that for very high gain the steady state pulse becomes a
1t pulse with characteristics similar to those predicted for super- [
radiance. Fig. 8 shows examples of pulse shapes for three B
gain (g)/loss(k) ratios. In the case of high gain it is shown that E
! no limit exists for the power because no cooperation length iimit E
- exists, and that the pulse width decreases as 1/p, where p, is the §
1 inversion density. These results apply directly to the traveling-
: wave pumped No and H, lasers at NRL and the behavior described
(gain narrowing) has been seen experimentally; but the effects of

S ——
T, e

]

4 injecting pulses into the system can so far be judged only by the .

3 theory of Allen and Peters described above. 1

II. B.3. EXPERIMENTAL CONSIDERATIONS :
.
:

' The theoretical treatments presented above are not sufficiently l
complete to model the behavior expected when a 30 picosecond up-

| converted laser pulse is injected into a vacuum ultraviolet amplifier.

‘ Such questions remain as to whether an injected pulse would be

significantly amplified and narrowed in a traveling-wave excited

3 ' medium and whether the input signal intensity threshold can be met.

If a non traveling-wave amplifier is used, a further question is

whether the injected signal will need to be greater than in the

traveling-wave case to compete with the internally generated signal.

Experiments to determine these points are very important. It appears

from the theory that high gains and long lengths are desirable from

the standpoint of raising the amplified input signal intensity

3 well above any amplified spontaneous signal intensity. From the view-

] ' point of easing the acceptance of the frequency of the input signal,

i it would be desirable to have a reasonably broad amplifier band- ;

width. These considerations cause the consideration of two different

types of amplifier: (a) the electron-beam pumped, rare gas (xenon)

amplifier; and (b) the traveling-wave (gwept gain) hydrogen amplifiex. {

(Recent work at NRL by Burnham and Djeu” on chemical lasers such as
XeF spur the hope that broad bandwidth and higher energy might be

l obtained with a long traveling-wave amplifier using vacuum ultraviolet

gain from such molecules as NeF.) Progress on both types of amplifier

will be discussed,.
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II. B.3.A. XENON AMPLIFIER
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A proven 6,7 coaxially pumped xenon amplifier of approximately

! 10 cm length and 4 mm diameter has been ordered from D. J. Bradley of
i Imperial College. This diode will be mated with an existing Fexitron
g high voltage pulse generator which produces approximately 10 J of

600 keV electrons. From an unmodif’ed Febetron pulse generator

¥
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Fig. 8 — Theoretical pulse shapes for a traveling-wave excited (swept-gain) amplifier
for several gain (g)/loss(k)ratios where #/Tg is a reduced (dimensionless) time
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(similar to NRL's), Bradley achieved 3 mJ pulses at 1690 - 1760 &
having 3 ns width wher operated in a resonant cavity. Bradley obtained
9 mJ by lengthening the amplifier and modifying the Febetron to pump
for 5 ns at a 500 keV energy level.

From these oscillator measurements it would, of course be desirable

to make gquantitative statements about the performance of this device

as an amplifier for the 30 picosecond up-converted pulses mentioned
above. It is difficult to predict whether a 5 R wide 30 picosecond
pulse will be able to stimulate and remove all the energy stored.

In the oscillator measurements of Bradley, et al. the emission was

spread over a 70 ! bandwidth. When prism tuning was introcuced the
power fell by a factor of four, but the output bandwidth was reduced

to 1.3 £, 1In this case the xenon pulse had the entire 5 ns pumping

time as well as several passes through the gain medium to attain the

output measured,

Mie58 has calculated the vibrational wave functions for bound-
continuum transitions and has predicted the emission lineshapes.
It would appear difficult for an incoming pulse to stimulate all of the
vibrational levels of xenon, but no data are available to allow a
quantitative estimate of how much energy can be extracted from a
xenon amplifier. Experimental efforts to answer this question are
being initiated.

Since the gain coefficient reported by Bradley, et al. is
0.25 cm~l, an ASE pulse will clearly build-up in addition to the
amplified pulse. Because the ASE pulse will have the entire frequency
band to feed upon, it may contain more total energy than the narrow
band amplified pulse, but would have a longer pulse length (proportional
to 1/p0). In summary, experiments must be performed to ascertain
the input signal required to overcome the ASE signal which will be
generated in this amplifier. Other techniques, such as reducing the
length below that sufficient for ASE build-up, may also be investigated
experimentally.

II., B.3.B. HYDROGEN AMPLIFIER

Several traveling-wave pumped hydrogen lasers have been built.
The largest and most sophisticated is at NRL and produces 1 - 2 mJ
of energy over a number of lines in the 1600 ! region.* When divided
proportionally to their intemsities, each of the strongest lines of
hydrogen would have on the order of 0.1 to 0.2 mJ of energy. This
hydrogen laser operates with more than 0.1 cm? cross section at a
pressure of 30 Torr. (Suggestions* that the Soviet hydrogen laser
energy can be scaled upward by increasing their cross section--

¥In one proposal to ARPA (CMR-P-74-1) the output of a Soviet hydrogen
laser was incorrectly stated as 5 mJ rather than 0.5 mJ.
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presently at 0,005 cm2--may not hold true. The Soviet ability to
operate at high (~ 1 atm) pressure liktly cqmes from surface dis-
charges due at such close electrode spacing.” )

Increased power may also be produced by increasin§ the length
of the traveling-wave discharge. A3 Bonifacio, et al.” point out,
the intensity will grow proportionally to the square of the inversion
density, and the pulse width will decrease inversely proportionally
to the inversion density. Pulse shapes corresponding to Bonifacio's
high gain case have been observed emerging from the forward direction
of the NRIL traveling-wave system (Fig. 9), while pulse shapes
corresponding to muchk lower gain (greater pulse widths) have been
seen from the reverse direction, These experimental
results confirm the theoretical trend predicted by Bonifacio, whil®
also emphasizing that a lower gain reverse direction pulse does
build up in a swept-gain system.

IT. B.,3.C COMPARISON OF AMPLIFIERS

To summarize and compare these two vuv amplifiers, Table I
lists some of the pertinent characteristics. Xenon appears to store
more energy, but its wide bandwidth may greatly reduce the energy
which can be swept out by line radiation. Also it is difficult
to estimate the effect of repumping rn the energy obtained from xenon
in oscillator experiments. On a narrow equal bandwidth basis the
intense lines of hydrogen may provide more cnergy; it is certain
that the Hy numbers shown have not been increased by repumping
since the transition is self-terminating., Both systems will amplify
their own noise, and this may present problems in obtaining a maximum
gain for low injection powers. Some power increase may be obtained
by the pulse narrowing in the traveling-wave pumped system.

As shown in Table 2 the gain ceofficients, gain lifetimes, and
cross sectional areas are comparable. Presently 100 cm and 160 cm
long hydrogen lasers exist at NRL and the length of these traveling-

wave systems can be increased, in principal, without limit, Extension

of the active length of the coaxial xenon amplifier is possible with
higher energy electron beam systems, but the finite cooperation
length would limit the length to about 150 cm.

While not elzborated upon here, both systems present about equal
problems in synchronization with the picosecond injecticn pulse. The
longer lifetime of xenon may assist somewhat, bu: this cannot be

assessed without a knowledge of when and with what precision the extermal
picosecond pulse must be injected to enable it to dominate the spontaneous

noise that will be amplified.

Some consideration should be given to new traveling-wave pumped

discharge systems such as NeF which would amplify at shorter wavelengths

(~ 1070 A) and which may store even greater energy than with Xenon
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PULSE NARROWING IN GAIN-SWEPT* AMPLIFIERS

I I l l I

HIGH GAIN DIRECTION
(X 100 ATTENUATION)

../ 4 Jin 1 +

0 0 20 30 40 50 60ns
| | | I | :
LOW GAIN DIRECTION /4

-J | | | t !

o) 10 20 30 40 50 60 ns

Fig. 9 — Measured output pulse shape for the forward high-gain direction of a
traveling-wave excited laser, and the shape of the pulse traveling in the reverse
direction where the gain is much less
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TABIE 2
COMPARISON OF XENON VS. HYDROGEN AMPLIFIERS
#*
_Ez_ Xe2
Wavelength 1610 & 1690-1760 L
(Peak at 1730 1)
Energy Stored (Total) 1 -2md 3 -9 mwJ
Energy Available (0.1 & bandwidth) 0.1 - 0.2 mJ ?
Gain Coefficient ’ 0.18 cm_1 0.25 cm_1
Gain Lifetime 1 -3 ns 5 - 10 ns
Active Length Available
For Amplification 100 cm 10 cm
Active Area 0.1 cm2, 0.125 cm2

for the same configuration These chemical lasers may generate
enough power in an ASE mode to allow hfﬁher harmonic up-conversion
to follow, giving wavelengths near 200 A or lower (e.g. 3rd, 5th,
and 7th harmonics of 1070 & = 357, 214, and 154 X, etc.). The
coherence would be limited, however, as with any ASE system.

It is difficult to decide at this time which of these very
different approaches will be best suited for amplification of an
injected short pulse coherent beam. Considerable practical experience
in the swept-gain amplifier has been acquired at NRL and the cencept
of swept gain has vital general importance to short wavelength
laser generation, particularly since it operates without a resoaant
cavity. (Indeed, considerable effort is presently being spent in
extending the device to shorter wavelengths with electron conllisional
pumped ion transitions as described in Section III.D. For the
initial experiments and for an input pulse of several Angstroms width,
instead of 0.1 L in Table 2 xenon may provide comparable energy
and also may be easier to synchronize with the injection laser
initially. Both amplifiers need much experimental investigation to
characterize their performance. This is to be expected, of course,
for an advanced concept of this nature, and attempts to increase the
input power may pay great dividends in increased amplifier performance.
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i ] III. ELECTRON COLLISIONAL PUMPING

3 '

«

Pumbing of population inversions in ions by inélastic collisions.
of free electrons in high temperature plasmas is attractive, since

s proven laser transitions can at least in principle be then extrapolated
to shorter wavelengths along isoelectronic sequences,

"ITI.A. NUMERICAL MODELING

g The overall x-ray laser numerical modeling effort during this
! reporting perlod is included in this section rather than separately as
| in previous reports, since the current results are most appropriate for
guidance of the electron-collisional pumping experiments., The numerical
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program under continual development is, however, of sufficient general
applicabil'ty for extension to other schemes, as will be described in
Section III.A.3 be” -7,

ITL.A.1. 3p-»3s LASING WITH CARBON-LIKE IONS

Development of the analysis and modeling for electron-collisional
pumping of ions along a particular isoelectronic sequence is detailed
in the three previous reports in this series and in publications "~ and
will not be extensively reviewed here. The advantages of quasi-cw
operation as well as an extrapolation from proven near-ultra "iolet laser
transitions in light elements remain.

The initial analysis as well as the initial numerical modglipg 2
were performed for lasing on 3p-3s transitions pumped from a 1s,2s 2p
ground configuration in a 6-eleccton carbon-like ion (such as 0 ') as
shown in Fig. 10. Encouragingly large gains were predictc: for rather
moderate densities (such as typically produced in the H, discharge laser
device). With the major intemt to pump such ions exper%mentally in a
laser-produced plasma with a second synchronized short pulse laser (Fig. 1D,
it became clear that a higheyr density plasma would be required, since
inverse bremsstrahlung absorption in relative shoEE 1eg§ths occurs only
for densities approaching the critical value (~0 =~ cm = for 1 pm
radiation). For this reason an extension of the analysis and modeling
to higher densities was undertaken. During this repoEEing per}gd, we
have concentrated on "critical" level densities of 10~ and 10 cm
corresponding to the neodymium, ruby, or frequency-doutled pump-laser
ranges. This decision followed from the experimental results described
in Section III.C. below on interfreometric diagnostics of the expanding
laser evaporated plasma, as well as from space-resolved diagnostics
from the charge transfer experiment (Section IV), which indicated the
presence of a very thin (few micrometers) near-critical-density layer
in which absorption would dominate (possibly from a normal incidence
second pumping pulse).

The modeling to date includes electron-collisional as well as
radiative-decay processes betwzen all nearby levels for carbon-like
ions for Z=20-45, and indicates peak gain coefficients for 2=25-30
(700-300 % laser wavelength range) in the range of 50-300 cm = for
kinetic temperatures of KT & 500 eV to 5 keV (considered reasonable for
present and near-future laser heated plasmas). In this high density
modeling, electron and ion temperatures are assumed equal due to ex-
tremely short energy-equipartition times in the plasma. Other processes
such as ionization and recombination as well as resonance-radiation
absorption are yet to be included, with some expected effect on the
results, The resonance-radiation trapping is expected to increase the
lower laser state accumulation density and could possibly lead to restric-
tions on the maximum diameter of the linear plasma, i.e., to be maintained
nearly optically-thin in the transverse direction. These effects are
currently being added to the model and the final resulis presented in
the next report in this series.
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1s” 2s” 2p
Fig. 10 — Simplified energy level diagram for 3p—>3s lasing in 6-electron
carbon-like ions showing the most relevant interaction channels so far in-
cluded within a specific ion. C, D, and A represent collisional excitation,

collisional deexcitation, and radiative decay, respectively. The dashed
lines represent alternate upper-level depopulation channels.
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III.A.2. 3s-2p LASING WITH HELIUM-LIKE IONS

The 3p-3s scheme described above is most promising in the hundreds-

of-Xngstrom range. For shorter wavelengths, there is a similarly prom-

E ising 3s-2p singlet transition jn 2-electron helium-like ions, pumped by
electron colljsions from the 1s° ground configuration as shown in Fig. 12,
For ions in the Z=12-25 range, lasing with wavelengths between 12 and 70 4
could be expected. Preliminary modeling as described above has also been
extended.to such ions and indicates maximum gain coefficients in the
3-15 em = range for temperatures between 2 and 10 keV. Again, the addi-

1 tional processes described above are being included in the modeling for {

: this transitions, and the results will be detailed in the next report.

It is worth noting that helipm-like ions have already been observed in

3 laser-produced plasmas for Z as high as 22 and in vacuum spark plasmas

for Z as high as 29.
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A preliminary analysis indicates that the required pumping power
) densities are not considered to be a problem for these schemes, once the
: ions are created. A portion of the continuing modeling will be devoted
to predicting the feasibility of direct measurement of inverted-level
population densities prior to the demonstration of significant net
amplification.

III.A.3. EXTENSION OF MODELING TO OTHER SCHEMES

The present modeling has more general application than these two
particular schemes. With the inclusion of additional radiative transfer
effects it will be convenient to adapt the present numerical program tog
model a resonance radiation absorption pum:ing scheme recently proposed ’’.
In this scheme, intense resonance line raciation emitted from an ion in
a plasma is to be absorbed by a second ion, exciting an electron to a
higher lying level from which lasing can take place to a vacant lower
| level, with subsequent rapid decay to the ground state. This scheme has

the attraction of preferential excitation of a particular level and relies
on the coincidence of matching transition energies in two ions, several ¥
of which have been identified already. Problems such as maximum collec-
/ tion efficiency of the pump radiation and additional effects of collisions
€ have not yet been fully addressed and will be included in the numerical
' modeling codes.

In the following three sections will be described the current
results and status of the dual-laser plasma-heating experiment, as well
. as plans for investigating the 3p-3s and eventually 3s-»2p laser transi-
’ tions described above in both the laser plasma and transverse electric
: discharge devices,
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Fig. 12 — Simplified energy level diagram for 3s—2p lasing in 2-electron helium-like
ions showing the most relevant interaction channels so far included within a specific
jon. C, D, and A represent collisional excitation, collisional deexcitation, and radi-
ative decay, respectively., The dashed lines represent alternate upper-level depop-
ulation channels.
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III.B. SYNCHRONIZED DUAL LASER SYSTEM

Before proceeding to a description of recent experiments with the
dual laser/plasma experiment shown in Fig. 11, = description of recent
progress in development of the laser system is presented.

The laser facility is now operational, and most of the effort in this
area has been directed toward application of the system to experiments
described in other sections of this report. Construction and charac-
terization has been described in the three earlier semiannual technical
reports. To summarize briefly: two Nd:YAG laser oscillators, one mode-
locked, the other Q-switched, are synchronized. A single 25-psec pulse
from the mpde-locked oscillator is produced with variable delays and with a
jitter of =0.1 nsec with respect to the appearance of a rectangular
segment of the O-switched pulse of duration from 1 to 10 nsec. Both
laser outputs are at the 1.064 pm Nd:YAG wavelength. The 25-psec
pulse is amplified and divided in a Nd:YAG amplifier chain to produce
200 mJ pulses separated by a variable delay. A segment of the Q-switched
pulse,is amplified in a Nd:glass amplifier chain to an output power level
of 10°W. The two lasers are used either synchronized or individually as
the experiments require., Laser development performed during this reporting
period included the final characterization of the single-mode Q-switched
oscillator and the addition of an isolating Pockels cell at the output of
the Q-switched amplifier chain,
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It was necessary to add the Pockels cell for the plasma experiments.
Without the isolation provided, reflections of the laser pulse returned il !
through the amplifiers and damaged the polarizing prism and the Pockels
cell in the shutter that selected the segment of the Q-switched pulse
(Fig. 13). Damags to optlcal components ceased with the addition of the S
isclator. Also, secondary pulses on target and anomalously deep holes
drilled in the target by the laser beam were prevented with the iso-
lation installed. Voltage is switched to the isolating Pockels cell
when a laser triggered spark gap is fired by a portion of the beam from
the Q-switched oscillator (Fig. 13). The isolator shutter stays open
for 14 nsec, long enough to allow complete transmission of the Q-switched
pulse segment., Light requires 29 nsec to travel the 4.4-m distance from
shutter to target and back to the shutter, In that time voltage is again
removed from the Pockels cell, and reflections are prevented from entering
the amplifier chain,
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Single-mode operation of the Q-switched oscillator is desired to
provide well -defined pulses for laser plasma studies and to allow
maximum amplification, while avoiding damage due to excessive instantan-
eous intensities. Such single-mode operation was achieved with a short
build-up time of 125 nsec, which allows synchronization with the pulse
tr vin of the mode-locked oscillator. Frequency selection was obtained
with a two-element resonant reflector and a birefringent filter of
cvlcite. The cavity Q was not completely spoiled to allow buildup of
~uasimonochromatic radiation before the cavity was switched to high Q.
The birefringent filter discriminates against widely spaced cavity modes, «
and it is tunable to the peak of the Nd:YAG fluorescence by rotation ’
of the calcite crystal. The resonant reflector consisted of a flat 45%
mirror and a 5 cm thick fused silica flat, with ends parallel to within
3 seconds of arc, The resonant reflector provides discrimination against
oscillation on adjacent modes, and its peak reflectivity is tuned to the
transmission of the filter by fine adjustment of the spacing of the two
elements. This adjustment is provided by a translation stage driven
by a differential screw micrometer with resolution of 1/8 wavelength,

With proper adjustment, single mode operation was obtained and would
last for typically 10 shots before readjustment was required.

i i i . Cra
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It is necessary that the resonant cavity be held stable to inter-

i ferometric tolerances to maintein frequency selection characteristics.

The oscillator is affected by changes in temperature and air pressure.

i Thermal_gxpgnsggn coefficients for common alloys are typically

- 20 X10  (C) ~. To hoid the length of a_l-m bench constant to 1/4 um

g requires a temperature stability of 0.0013%. A stability of 1/4 um

| in cavity optical length requires thatoaif pressure be constaut to 0.7 Torr
i | and air temperature be constant to 0.3°C ~. A sealed, temperature
|

:
::1
'ﬁ

controlled enclosure with constant gas density would be required to obtain
longer-term stability of single-mode performance. 1If the Q-switched
laser is operated independently, a short build-up time will not be re-

| quired for synchronization. 1In the case of independent operation it

f would be simpler to use a saturable absorber Q-switch. The long
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build-up times of thgsg Q switches greatly reduces the problems of

frequency selection 7.
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II1.C. LASER/PLASMA EXPERIMENTS

During this reporting period, the dual-laser system just described
was used mailnly for plasma measurements (the mode-locked laser alone
was also used for analysis of losses in up-conversion as described in
Section II.A.).

One of the proposed methods of achieving short wavelength lasing
via electron collisional pumping is to make an elongated plaesma by
focusing a pulse from a Q-switched Nd:glass laser with a relatively
long pulse length onto a slab target; and to subsequently inject a
second, shorter pulse from a mode-locked laser into the expanding

‘plasma as shown in Fig. 11, The role of the second laser pulse is to

heat the expanding plasma rapidly enough to create a high-temperature
plasma state which will result in an inverted population in the n=3
level (Section III.A.). The Q-switched glass laser pulse should be
powerful enough to produce a sufficient number of the desired ionic
species of multiply ionlzed atoms., Several experiments were performed
to characterize the expansion of laser-produced plasmas. Pulses of
5-nsec duration and 4J energy from the Q-switched laser were used to
produce Mg plasmas which were investigated with VUV spectroscopy. As
described in the last semiannual report, spectroscopic data were
obtained showing line radiation arising from such ionic species as Mg X
and Mg XI in the x-~ray region betwgen 7.5 & gnd 9.5 &, from Mg III,

Mg IV, and possibly a Mg VII 2p3s ~P - 2p3p "D transition near 1625 f.

This lasing scheme also requires a rather careful selection of the
time-when, and the location-in the expanding plasma where the second
laser pulse is injected., This restriction results from a combination
of a maximum electron density (dependin-~ on the element) above which
the level coupling becomes collision douiinated and, perhaps more impor-
tantly, on a sufficiently high density tou absorb the pump radiation

from the short-pulse laser in a finite plasma length. The last condition

implies densities approaching the "critical' value as described in
Section III.A. above.
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It is therefore essential to have detailed information on the charac-

teristics of the expanding plasma, including the electron density

3 profile as a functior of time. Unfortunately, no previous work in this
direction has beem made, particularly for the case of the line focus,

y The purpose of the present study is to obtain suchlsxperimental data

b with high spatial (~ 10 pn) and temporal (~5 X 10 sec) resolution. ]

: One way of acnieving such a goal is to use a micro-interferometric |

technique  which allows one to probe the plasma with spatial resolution I

4 much smaller than the focal spot size (50 um for the_point focus).

3 Because of the high streaming velocity (v ~ 3-4 X 10 cm/sec) of the

expanding plasma, the spatial resolution of the required magnitude can

only be obtained with probing pulses lasting less than 100 psec. | .

SR T
b

ﬂ The experimental arrangement2 is shown schematically in Fig. 14 .
A where the focusing optics for the Q-switched laser beam, the probing E
laser beam, and the interferometer are indicated. A simple Jamin-type |
interferometer is placed inside the targer vacuum chamber, with the E
4 probing laser beam passing parallel to the target surface and transverse >
to the Q-switch glass laser beam. The 30 ps, mode-locked Nd:YAG laser
l which is frequency doubled (A = 0.53 um) through a KDP second harmonic i
generating (SHG) crystal is utilized as a probing beam, and the inter- :
?; | ferometric image is photographed through a 10 X telescope on ASA-3000 |
;- speed polaroid film, With the present arrangement, the spatial resolu- { 8
tion of the interferogram is limited at about 10 um by both the length 1
I of the probing pulse and the imaging optics. The arrangement (see Fig.15)
{ for the synchronization of the Q-switched laser and the mode-locked
\ laser is described in the previous semiannual reports. The plasma is
4 generated from either a point (= 50 um) or a line focus of the Q-switched A
4 glass laser at three different pulse lengths of 1.5 ns, 2.5 ns, and 5,5 ns ]
' and at power levels of about 1 GW. The targets used in the experiment ¥
are slab targets of aluminum (1 mm, 0.25 mm, and 0.025 mm thick), mag-
nesium, and polyethylene.

Figs, 16 (a and b -- enlarged for detail) show interferograms from

from a 0.25 mm A4 target irradiated with a point focus and a 2,5 ns

pulse duration. The time evolution of the plasma expansion is obtained

i with separate shots by varying the delay time between the main laser

£ pulse and the probing laser pulse. The delay times shown in the figureg

are measured from the 10% point on the rise of the Q-switched laser pulse. i
As can be seen, during the early phase of the expansion (< 0.3 ns) the E

i plasma is a well-defined hemispherical shell with a diameter roughly the

3 same as the focal spot size. It expands rapidly outward until the ,

ﬁ v cessation of the Q-switched laser pulse., The boundary of the opaque :

B region corresponds to the region of high electron -density gradiant,

where the probing laser beam is deflected out of the telescope due to i

a large refraction in the plasma. After the cessation of the laser 3

pulse, the expanding plasma front becomes increasingly diffused and the E

shell (opaque region) flattens and expands parallel to the target sur- :

face, Figs.17 (a, b, and c) show similar interferograms obtained with -

a line focus on a Mg target, where the axial as well as side view of the
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Fig. 16(a) — Interferograms (with no background fringes) showing time evolution
of expanding plasma. The plasma is produced by irradiating a 0.25 mm A{-target
with a point focus and with a 2.5 ns laser pulse duration. The time sequence is
obtained with separate shots by varying the delay time between the main laser
pulse and the probing laser pulse.
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Fig. 16(l) — Interferograms (with no background fringes) showing time evolution
of expanding plasma. The plasma is produced by irraciating a 0.25 mm Af-target
i with a point focus and with a 2.5 ns laser pulse duration. The time sequence is

; obtained with separate shots by varying the delay time between the main laser
pulse and the probing laser pulse.
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elongated plasma are recorded. The interferograms taken along the

axial view have background fringes, allowing time- and space-resolved
electron density measurements to be made., The electron density of the
expanding cylindrical plasma is plotted as a function of distance away
from the target surface at various time delays in Fig., 18. Since the
plasma is considerably elongated along the line of sight compared with
its width, a vigorous Abel inversion of the experimental points is not
required for the present study. As can be seen, the electron density
gradient of the plasma front is fairly steep at the early stage of the
expansion, but the front becomes quickly diffused as time elapses, par-
ticularly after the end of the laser pulse. As mentioned earlier, the
maximum electron density measurable is limited to value of about 2.5 X 10
electrons/cm~ due to the steep electron density gradient at a distance
about 100 pm from the target. Note that there is nearly a two orders-of-
magniﬁ&de gifference in electron density at this location and the critical
(~1018 cm., ) surface. The lower limit of the measurable electron density
(~10"" cm”) on the other hand is determined by the minimum detectable
fringe shift (~ 1/4 fringe). In Figs. 19 through 21, the location of
extreme detectable edge of the plasma is plotted as a function of time

for three different Q-switched pulse 1elf§ths__.3 The electron density at
this position is roughly constant (~ 10 cm ). The following conclu-
sions can be derived from such experimental data:

19

1) The acceleration of the plasma takes place at very early times
(< 200 psec) and within a very short distance from the target (< 50 um).

2) The velocity of the iso-density front remains nearly constant
during the duration of the laser pulse (except in the c?se of the longest
pulse duration) and the measured velocity [(3.5 - 4) 19 cm/igc] is 3
apparently independent of the laser power density (107" - 10 watts/cm™ ),
the laser pulse length (1.5 - 5.5 ns), and the target material.

3) 1In the case of a very thin target (A4: 250 pm and 25 pm thick)
the iso-density front contracts rapidly towards the target as soon as the
laser pulse ceases.

4) 1In the case of the polyethylene target (~ 2.5 mm thick) the
velocity seems to remain constant (~ 3.5 X 107 cm/sec) until well after
the laser pulse.

5) The plasma produced by the line focus remains relatively stable
and free of macroscopic plasma instabilities during and well after the
duration of the laser pulse.

REFERENCES

1. D. T. Attwood and L. W. Coleman, Appl. Phys. Lett. 24, p. 408, 1974;
D. T. Attwood, L. W. Coleman, and D, W. Sweeney, Appl. Phys. Lett. 26,
p. 616, 1975. L
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Fig. 21 — Iso-electron density front of expanding plasma as a function of time, The 0.25
mm Af and polyethylene targets are irradiated by the 1.5 ns main laser pulse.
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I1I.D. PLANS AND ALTERNATIVES

While it is still premature to attempt to pinpoint either a single
most promising transition or the best experimental approach and condi-
tions for electron collisional pumping, a brief summary of current thinking
is perhaps in order at this point.

III.D.1. TRANSITIONS AND OPERATING REGIMES

The two schemes currently being modeled as described in Section
I11.A. above, namely 3p-3s and 3s-2p, are representative of typical
vacuum-UV and soft x-ray possibilities and possess the additional attrac-
tion of potential quasi-cw operation and extrapolation from existing
near-UV lasers. They appear to be appropriate test cases for modeling
"conventional" electron-collisional pumping at least. The results derived
to date are probably most reliable for the 3PT93 tg}nsition in the vacuum-
UV region at "moderate' plasma densities (~MO0"~ " cm ~), where resonance
trapping and collisional mixing effects can be minimized and, perhaps, an
enhanced electfon temperature (conpared to ior. ten, -ature) can be main-
tained for a vseful lasing period, yielding even high gain. At higher
densities, the analysis becomes more complex as such additional effects
are added and the full impact is not yet known. The most recent mode }ng -3
described above is at very high "critical absorption" densities (~ 10°" cm s
and it is possible that some intermediate value wiil prove to be most
promising.

III1.D.2. LASER/TARGET PRODUCED PLASMAS

Frou the extensive diagnostic experiments described in Section III.C.
above, it appears clear that small, cylindrical plasmas created by vapor-
ization of target material by a foigsed_gigh-power laser beam are best
defined at density greater than 10°° cm ~, a regime where further modeling
will be necessary to fully access the potential in a freely expanding
plasma of this sort., It is also clear now that [urther impulse heating
would have to be performed near a normal to the target surface plane
rather than transverse (axially) as iQSicaETd ig3Fig. 11, since signifi-
cant absorption only occurs in the 107 -10 cm density range very
close to the target surface in a high gradient region. It would be
extremely difficult to align and synchronize 2 narrow beam with a uniform
layer in such an orthogonal configuration. It is with these thoughts in

mind that the agilysig described in Section III.A. above are underway at
a density of 107" cm ",
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III.D.3. TRANSVRSE DISCHARGE DEVICE

Electrons have a much shorter absorption length than photonsl?nd -3

- are more attractive for plasma heating at moderate densities (~0~' cm ~).
E . A transverse excited traveling wave discharge device such as developed
at NRL for Hzlasing operates in this density region over lengths of 1
meter or more, and should be cousidered further for electron-pumped jon
laser development:. An encouraging factor here is a past observation
1 of CIV emission at low pressures, probably initiated by surface discharge
vaporization. [lhere was alsoBEVidence of net gain on the 2p»2s resonance
\ , lines (mear 1500 A) of this C”' species, It is therefore planned for the
next reporting period to further study ion production in this device,
e with one goal being the achievement of 3p-3s lasing. Initial studies will
1 concentrate on reproducing the C IV results with increased supporting
diagnostics, on ascertaining the axial distribution of emission, and on
comparing with other carbon-line emission. An understanding of the
mechanism for amplification on the C IV lines observed would be of im-
mense importance, both for the possibility of isoelectronic extrapola-

A tion of lasing to shorter wavelengths and for the very fundamental e

1 process of inverting a r2conance transition involving a lower ground
. . gtate of an ion.

I - III.D.4. SUMMARY

In summary, current high density modeling will determine the fi.ture
} direction of laser/target plasma experiments for electron-collisionil
pumping. Reactivation of the transverse discharge device at low pressure v
operation with improved diagnostics will ascertain the desirability of
proceeding with and expanding future efforts in direct discharge heating !
for this basic pumping scheme. '

| REFERENCE

! 1. R. W. Waynant, Appl. Phys. Letters 22, 410 (i973),

IV, RESONANT CHARGE TRANSFER PUMPING

Ion-atom collisions in which the resonant charge transfer process
predominates Ea¥e3been discussed in previous reports for this program
and elsewhere, >"’” and particularly promising ion-atom combinations have
been cited. The initial experiment to determine enhanced level popula- ;
tions of specific spectral lines is diagrammed in Fig. 22, The 6 Joule, 4
20 nsec laser pulse is point focused onto the carbon target to obtain i
the maximum laser beam energy density. Analysis of the laser plasma ﬁ
emission as it expands into a background gas is primarily done using :
spatially-resolved grazing-incidence spectra.
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IV.A. SOFT X-RAY SPECTRA

Enhanced level populations will be determined by comparing line
ratios obtained with a background gas to line ratios obtained in a
vacuum. In order to facilitate this determination, and as a check on the
reproducibility of the experiment, a plot of ph?togra hic density vs.
distance from target was generated for the CV n'P - 1S series Im vacuum.
These plots are shown in Fig. 23 (and can be converted to exposuve Vs,
distance). The curves will be adjusted as additional vacuum data be-
come available; however, their basic features are expected to remain
intact, At distances greater than 0.8 mm, the total line intensity
ratios scale approximately as expected, particularly for those lines
associated with traniitioni originating on levels with principal quantum
nurber n 2 3., Tne 2P » 1°S first resonance line appears to have an
enhanced emission which may be associated with a correspondingly higher
oscillator strength compared to the other 1lines of the series. In the
region below 0.8 mm a deviation from the normal intensity probably results
frow reabsorption caused by opacity effects. These curves are used to
establish the vacuum line-intensity ratios for comparison with the
background-gas line-ratios.

Grazing incidence spectra of the 1as§r plasma formed at the surface
of a carbon tuarget have now been obtained” with and without helium back-
grou?d gasy The analysis remains inconclusive at this point because the
CVnP 1S (n=3,4,5) lines are very weak in the region of interest
(see 1IV.B. below) and are below the linear range of the emulsion density-
exposure characteristic curve. Plans are now underway to move the target
closer to the entrance slit for better x-ray collection. Also, laser
reproducibility is being checked in anticipation of having to take more
shots per plate exposure.

IV.B. VISIBLE HELIUM SPECTRA

In addition to the grazing incidence spectrograph, both prism and
grating spectrograpiis were set up to observe the visible region of the
laser-plasma emission. These were stigmatic instruments whose main
purpose was to determine the ratio of neutral helium -to -He ign cog-
centration, especially around the plasma density region (£ 107" em 7)
where charge transfer is expecged to be observed. Extrapolation of
data from a similar experiment indicates this density region occurs
around 2 mm from the target surface. An excess of He ions in this
region would indicate a depletion of carbon ion-neutral helium charge
transfer reactions, In Fig. 24 portions of the visible spectra obtained
using a carbon target ar® shown with tentative line identifications. The
top spectrum was taken with a stigmatic prism spectrograph. Because of
the limited resolution of the prism instrument at longer wavelengths, a
portion of the spectrum was observed with a 0.75 m grating spectrograph.
This spectrograph produced the middle spectrum of the figure. In order
to isolate the HeII 686 L line from nearby carbon emission, the bottom
spectrum was taken through the grating instrument using a boron-nitride
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; i Fig. 24 — Spectra of the visible/near-UV emission from a laser-target plasma im-

3 ) 1 mersed in a %0 Torr He background gas. The top spectrum was taken with a

quartz prism spectrograph which observes 59 mms of the plasma, both tnrough |
the acrylic plexiglass chamber wall and also through a quartz window. The |

£ second and third spectra were taken using a normal incidence grating spectro- [
graph with a linear plate factor of 11 A/min. In the bottom spectrun) a boror. P
nitride target was used; the top two spectra were taken with carbon targets. 7
Emphasized here is the presence of two He™ ion lines (He II) at distances greater A
than 4 mm from the target surface. A
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target. Although preliminary observations indicate a weak He' (and strong
neutral helium) concentrati.n begiEhing several millimeters away from the
target, and a mininum amount of He' within 5 mm of the target, a conclusive
determination of the location .of Hetions will be obtained when the Hell
lines are completely identified and analyzed. This identificaticn pro-
cess is now in progress. Note also in Fig. 24 that many of the neutral
helium lines (at 4471 i, for instance) continue into the continuum sur-
rounding the target, indicating the strong presence of neutral helium
throughout the plasma region.

1V.C. PLASMA DIAGNOSTICS

Line identification of the carbon target spectrum, especially the
impurity line emission, is helpful in obtaining the plasma temperature
ir spatially resolved regions. This line analysis is continuing, and
determination of several persistent impurity lines in the grazing in-
cidence spectrum (which have been observed but not identified in other
experiments) have been made. These ines have now been identified with
392 transitions in a litbium-like Na impurity iom. They occur in the
region of the plasma near the target and indicate a plasma temperature

in that gegion of around 100 eV, consistent with the appearance of
strong C°  ion lines in the same area.

A knowledge of th: plasma density in the very dense, near-target
region would be extremely helpful in several respects. Information on
the density in this area can be extrapolated to greater distances by
relative line broadening measurements. Also, the space-resolved soft
x-ray spectira can yield valuable information on the critical density
layer for the electron-collisional pumping research described in Section
11T above, and possibly for the resonance-line absorption scheme to be
modeled soon. ‘ :

Two surprising f?atufes of the soft x-ray carbon spectra, besides
the relatively weak 2"P-»1 S CV resonance line in the Ligh density region,
are “he strong satellite lines fgr C IV and the presence of an intense
line at the wavelength for the 27pP-1"35 intercombination line, which is
not expected to be present at such high densities. A preliminary
association of this latter line with, instead, a plasma satellite line
yields a density very close to the critical plasma density expected for
laser absorption. This is a matter deserving further study, particularly
if the high-dersity collisional pumping modeling continues to prove
optimistic,

1V.D. TECHNIQUES

In the previous semiannual technical report a problem with target
debris clogging the spectrograph entrance slit, especially with back-
ground gas present, was outlined. At that time an apparatus to back
flush the slit after each shot was being designed. This unit is now
installed and has successfully eliminated the slit debris problem.
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i Because of some inherited surface damage to the laser rod, the maximun

: power of 500 MW could never be realized without further damaging the ruby
rod. 1In order to increase the power and simplify the laser damage situation,

E the ruby rod has been replaced with a neodymium glass rod (which requires

no antireflectance coatings). The Pockels cell crystal suffered from !

similar surface damage and is presently being replaced.

IV.E, ANALYSIS

! Stimulated by a recent discussion with Professor Isler from the
University of Florida following a conference presentation, the
g charge exchange cross section analysis was reexaamined. After a recheck
- of the Zwally-Koopman formulation presently used for calculating Landau-
4 Jener cross-sections and further communications with Professor Isler,
: calculations were also completed using the Landau-Zener type approach
preferred by Professor Isler. Both methods gield similaﬁ results and
[ predict a high cross section for the He + ¢t -+ me + ¢t resonance
i charge exchange reaction ¢ 'rrently under study. Again, it should be
f emphasized that the Landau-Zener theory, when applied to our situation,
: | is at best inexact because of the approximacions made in the derivation.
3 ‘ The theory should be used only as an indicator of the transition most
| likely to experience the resonance charge transfer effect. In this re-
s spect, the relatively simple experiment serves as a check on “-he applica-
bility of the theory.
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V. SUMMARY

As planned, we have concentrated during this repcrting period on
definitive measurements, at some cost in pump-source development, for an
interim assessment of the approaches pursued with the continued goal of
identifying a promising approach in FY-77 for runcentration of develop-
mental effort. The most significant advancemen.s during this reporting

] period for the various program areas are as follows:

2
L

Sl S T

NONLINEAR MIXING AND AMPLIFICATION

E 1. The emphasis during this reporting period hes been on optimiza-

; tion of the tunable visible emission prior to transfer to the
vacuum-UV region. The significant progress towards this end in
the various components involved is in understanding the limitations
X on efficiencies as reported in Section II. Adaptation of the

H, laser for integration with the frequency upconverted beam has
begun.

| ELECTRON-COLLISIONAL PUMPING EXPERIMENT

2, Extensive intexferometric studies have resulted in the first
| detailed density profiles from a laser-evaporated target plasma
on a 30 ps time scale. Both point and line focus configurations
| were studied. The results indicate a large density gradient
very close to the target surface for the high densities required
for absorption of a second pumping laser beam. Also, a deteriora-
. tion of cylindrica}ssymgstry at expansion distances required for
'3 densities below 10 cm ~ is to be expected. The present con-
clusion is that near-critical demsity absorption of a normal-
J incidence beam is the more desirable configuration, and modeling
is proceeding in this direction as summarized below.

3. Planning of tests at lower densities (consistent with confidence
in present modeling) were begun, based also upon promising ex-
perience with a gransverse discherge traveling-wave device at
low pressure operation. Definitive measurements on this device

are planned for the next reporting period in this portion of the
program,

RESONANT CHARGE TRANSFER EXPERIMENT

3 4. A mapping of CV and CVI spectral lines in the scft X-ray region
E . | as a function of distance from the target has indicated signifi-
: cant reabsorption of the first resonance line in the high-density
é region close to the surface. However, higher series members
appear to emit in reasonable intensity ratios and should be reliable
for relative comparisons with helium-background spectra, particu-
| 1ar1y1§urtb§r from the target where the desired densities
: (107" em 7) occur for this process.
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5, A very preliminary analysis of spectral features in the high-
densi§¥ reg}on indicate the possibility of a critical density
(~10"" cm ) layer, which would be in support of the electron
collisional pumping experiment described earlier. Space-
resolved visible-spectra have been obtained for He [ and He II
lines, from which the ratio of helium atoms to ions can be es-
timated as a function of distance from the surface. Present
results do not indicate a high degree of preionization which
would be detrimental to an efficient carbon-ion/neutral atom
interaction zone,

ANALYSIS AND MODELING

6. Development of a quite general numerical model has continued with
present emphﬁiis og electron-collisional pumping in the high-density
regime (~ 10 = cm ) appropriate for the laser/target plasma ex-
periment, Radiative transfer effects are currently being added,
which will allow convenient application to a new re.onance-
absorption pumping scheme of current interest because of its
inherent selectivity of the upper laser level.

In an attempt towards an increased understanding of the selec-
tivity of the resonance charge transfer scheme, discussions with
interested theoreticians have taken place and partial assistance
has been negotiated with an experienced N.R.L. theoretician for
the next reporting period. It is expected that such guidance
can be of significant assistance as the experimental parameters
are varled in search of resonance effects.

REVIEW OF X~RAY LASER FIELD

8. An accomplishment during this reporting period has been the
completion of a comprehensive review article on the x-ray laser
research fiel’, as of an October 1975 completion date. The
article has been accepted for publication in Proceedings of the
IEEE in 1976, and a preprint is included in the Appendix,

In brief, this reporting period has seen a definitive study of the
conditions to be encountered in the laser/target plasma approach, which
has precipitated a reevaluation of the assoclated analysis to high densities
and of the experiment to a normal-incidence pump-pulse mode., Additional
consideration of electron discharge pumping has resulted also from these
studies. The charge transfer experiment is now yielding definitive data.
The nonlinear mixing experiment is ready for conversion to the vacuum-UV
in the near future with optimum efficiency. It is anticipated that a

significant overall narrowing of options will continue towards our mid-
FY-77 goal.




Finally, reprints of publications and presentation abstracts are
included in the following Appendix, including the comprehensive review
article described above. These represent work completed during this
period and are included to provide further details on various portions
of the program,
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Abstract Submitted
for the 17th Division of Plasma Physics Meeting of che
American Physical Society
November 10-14, 1975

Physical Review Bulletin Subject Heading
Analytic Subject Index in which Paper should be
Number 35. Plasmas placed: 32. Diagnostics

Micro-Interferometric Study of Laser-Generated
Plasmas Using 30 psec Probing Pulses., J. F, REINTJES,
T. N. LEE, R, C. ECKARDT, R, C. ELTON, and R. A,
ANDREWS, Naval Research laboratory--We report on a micro-
interferometric study of plasmas generated by 2 ns
pulses from a Nd:glass Q-switched laser containing
energies of 1 J and focused to intensities of 1012 y/cm?
The plasmas are probed with a precisely-timed 30 psec
pulse from a mode-locked Nd:YAG laser, frequency
doubled to 0.53 ym. The use of mode-locked pulses al-
lows spatial resolution to 10 m at typical plasma ex-
pansion velocities of 107 cm/sec. Measurements of
plasma dimensions, electron densities and expansion
velocities for both line and point foci are presented as
a function of the time delay between the mode~-locked and
Q-switched pulses. Measurements of forward and back-
ward streaming plasmas generated from thin targets are
compared to determine effects of radiation pressure.on
plasma expansion.

Submitted by

‘}‘20~\\N* ‘\‘*‘L <, qm
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Abstract Submitted
. for the 17th Division of Plasma Physics Meeting of the

American Physical Society

& November 10-14, 1975

Physical Review Bulletin Subject Hevading
4 | Analytic Subject Index in which Paper should be
4 Number 35. Plasmas placed Plasma Focus
I Session Title:

8. Plasma Focus

Formation-Process of Minute Plasmas in a
Vacuum Spark. T. N. LEE, Naval Research laboratory--The
vacuum spark discharge produces extremely small
(10-50 ;m), high power density (1015 W/em?) plasmas,
each of which emits a x-ray pulse of a few nanoseconds.
[ These plasmas often form a bead-like (or clustered)
. s structure witb beads spaced as close as 50 um in dis-

:
3 | tancel and several nanoseconds in time. Simultaneous
measurement8 of the distance (Ad) and the time interval
b, (At) of two successive point plasma formations show a

l relation of Ad/At ~ 106 cm/sec, which corresponds to
the velocity of the anode plasma frontl, This is a

i strong indication that the bead-like feature is mot

i related to random break-ups of a pinched plasma column
due to a sausage type (m=o0) instability. According to
the experimental results obtained, the plasma con-
striction takes place in two s*eps, i.e., a relatively
uniform pinch of the plasma colimn to & diameter of 1 mm

1 or less is followed by a localized micro-pinch within

i a time interval of a few hundred nanoseconds. Multiple

micro-pinches are responsible for the observed clustered

i point plasma’structure.

3 lr, N. Lee, Annals of New York Acad. Sci. 251 112 (1975)
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Abstract Submitted
for the 17th Division of Plasma Physics Meeting of the
American Physical Society

November 10-14, 1975

Physical Review Bulletin Subject Heading
Analytic Subject Index in which Paper should be
Number 35. Plasmas placed 33, Scattering, Emission,

and Absorption of Radiation

Resonance Charge Transfer Effects Between
Impurity Ions and Neutral Atoms_ in Plasma Boundary
Regions, R, H. DIXON, J. L. DeROSA, R. A. ANDREWS, and
R. C. ELTON, Naval Research laboratory--High Temperature
plasma cooling and/or lowering of plasma heating rates
caused by processes involviug boundary layers impurities
are of concern for fusion devices, Resonance charge
transfer between impurity ions of charge z and neutral
atoms is of particular interest because of the large
cross-section (~10"1622 cmz) involved. An experiment is
described in which *Yie primary objective is to demon-
strate a significant effect of the resonance charge
transfer process on the populating of certain excited
states of ioms when interacting with particular neutral
atoms. Stripped ions of various typical impurity ele-
ments such as carbon and oxygen, and eventually heavier
"yall" materials, are generated by a focused laser beam
and allowed to expand into a neutral gas (such as hydro-
gen, deuterium or helium). The effect of the charge
transfer process is expected to be evidenced by enhanced
line emission in space-resolved grazing incidence
spectra. Preliminary results obtained using a laser of
500 MW peak power focused onto a carbon target surrounded
by helium at pressures ranging from 1 to 100 Torr will be
presented.

Submitted by
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Signature of APS Member

ROBERT H. DIXON

Code 5520

Naval Research Laboratory
Washington, D, C. 20375
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Physical Review
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Numbear 35, Plasmas
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Abstract Submitted
American Physical Society Topical Conference
On Diagnustice Of High Temperature Plasmas

January 7-9, 1976

t Index
placed: 32,

Bulletin Subject Heading
in which Paper should be

Diagnostics

Study of Expansion Characteristics of Laser
Produced Plasmas Using a Micro-Interferometry¥, J. F.
REINIJES, T. N. LEE, R. C. ECKARDT, R, C. ELTON, and R.
A. ANDREWS, Naval Pesearch Laboratory--High quality in-
terferograms of lauer produced plasmas with spatial res-
olution of 15 micrometers are obtained using a rel-
atively simple Jamin-type interferometer and a precisely-
timed 30 ps probing laser pulse from a mode-locked
Nd:YAG laser, frequency deubled to (5.53 tm, The spatial
resolution attainable with the present arrangement is
limited by the velocity of the expanding plasma and the
finite duration of the probing pulse, The plasmas are
produced by focusing a Nd:glass Q-switched laser pulse
(0.5 6w, 1011-1013 watts em-2) onto slab targets of
Al, Mg, and Clip. Time-dependent behaviors of electron
density distribution plasma dimension, and expansion
velocity for both point and line foci are made as a
function of time delay between the mode-locked and the
Q-switched laser pulses. The results thus obtained
with different durations of the heating (Q-switched)
pulse and with the various target materlal are compared.

*Work supported by DARPA Order No. 2694,

Submitted by

Signature of APS Member

JOHN F, REINTJES
Code 5520 2
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Submitted for 1976 Internatlonal Quantum Electronics Conf.

-x ABSTRACT
2 l AN ELECTRON-COLLISION PUMPED QUASI-CW SOFT X-RAY TASER USING HELTILIM-LIKE IONS
L. J. Palumbo and R, C, Elton
Naval Research Laboratory, Washington, D, C. 20375
i
T
‘ A steady-state model of a quasi~-c» soft x-ray laser on helium-like
b ions was usad to calculate gain vs. temperature, density, and element, Gains
{ greater than 10 cm-l are estimated for hot, dense, moderate~Z plasmas of
« .q- .
b l pellet fusion plasma characteristics.
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AN ELECTRON-COLLISION PUMPED QUASI-CW SOFT Y-RAY ILASER USING HELIUM-LIKE IONS

L. J. Palumbo and R, C. Elton

Naval Research Laboratory, Washingten, D, C. 20375

A steady-state analytical plasma mocel has been applied to a quasi-cw
electron-collisional pumping scheme for producing soft x—ray lasing on the
3s 1S - 2p 1P transition in helium-like ions. The estimates of pump power
requirements, gain coefficient, and optimum element indicate that lasing may
be obtained in the 20 - 70 R region with a gain of > 10 cm-1 in moderate-Z
plasmas under conditions existing in present and forthcoming pellet fusion
experiments. The 1sls 1S upper laser level is pumped by electron collisional

excitation from the 152 1S ground level, lasing takes place by transitions

into 1s2p lP, and rapid 1ls2p 1P-+ 152 1S decay prevents self termination,

i. e.,.quasi-cw operation is expected. The upper laser level is also depop-
ulated by electron-impact excitation intc the nearby 1s3p 1P term, which
imposes an upper limit on the electron density for a given element, A pop-
ulation inversion is maintained, even though the electror-impact excitation
rates from the ground state into both the 3s and 2p levels are comparable,
because rapid 2p = 1s decay prohibits zrcumulation in the 2p level while

the 3s level is not dipole coupled directly to the ground state.

The equations for the steady-state population densities, N3 and NZ’

of the upper and lower laser leveals are,

- M Y ¥ Ny Mo Xpp * Nylhyp + N X5p)

n U ’ N =
3 A32 + l\e(X32 + X34) 2 A21

where the subscripts 1 through 4 refer to the 182 1S, 1s2p 1P, 1s3s 1S, and

1s3p lP levels, respectively. The A'S8 are spontaneous radiative decay rates,

the X's are electron collisional excitation or deexcitation rate coefficients,
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and the N's are the population densities witthe being the electron density.

The deexcitation rate coefficient, X32, 1; computed from X23 by detailed bal-
ancing. Required energy level spacings, etc. were taken from published daca

and scaled appropriately with spectrum number. The ground state density, NI’
was obtained from Ne by assuming charge neutrality, 100 % abundance of

helium-like ions, and small fractional populations of excited levels.

Figure 1 shows some results of gain at two (high) electron densities.
A gair coefficient, @, of >10 cm"1 is desired because, even with very large
purp laser systems, it may be difficult to form a plasma of the required temp-
erature and density with a length of more than a few millimeters. These
curves are typical of those computed over a wide range of electron density
and temperature. The curves show an increase in gain with Ne, an optimum Z
at a given density, a rapid decrease in & for Z larger than th%ﬁ optimum, and
a Zmig cutoff below which the computed inversion ieﬁsity is negative. The

-2.5

gain scales analytically as ~(Z - 1) when collisional processes dominate

the 3s 1S level depopulation (low Z or closely spaced energy levels) and as
~(Z - 1)'8'5 when the prominent mode of depopulation is by spontaneous
laser-line emission. For a given Z, the highest gain is attained when the

electron temperature is approximately twice the 1s = 3s excitation energy,

AE This is a consequence of the fact that Ne X13, the rate for the

13°
dominant process populating the upper laser level, reaches a peak at kTe =2
2 AE13; for higher temperatures, this rate falls off slowly and the laser
pumping rate decreases., An ion temperature less than the electron temperature,

which mav occur in a transient laser plasma, would increase the gain in the

plotted curves by a factor of (Te/Ti)% due to a reduced Doppler width,

The production of « plasma with the density and temperature'required to

-2 -
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k
J produce reasonable gains on this transition would require a pump laser with a g
?f % - power density ~1017 w/cm2 over an area of largest dimension » 1 mm on a
,% I : cylindrical pellet-like target to avoid temperature decrease by thermal con-
) g ductivity, Such lasers and targets are currently being developed in the laser

fusion programs. Results from a micro-interferometric diagnostic experiment:1
using a Nd:YAG 30 psec probe laser synchronized with a Nd:glass 2 nsec plasma
producing laser to study the evolution of a high-density critical layer at

N, To 2tz will be described.

; 1J. F. Reintjes, T. N, Lee, R. C, Eckardt, R, C, Elton, and R, A, Andrews,
3 | Bull. Am. Phys. Soc., Vol. 20, p. 1336, Oct, 1975,
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i FIGURE 1. Cnlculated gain for 3s IS-* 2p lP lasin: in helium-1ike
& ions plotted vs. atomic number for two electron densi:ies." For cach ;.
density, electron temperatures were chosen which yielded the highest '

gain and their values in keV are indicated by numbers next to each curve,
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COMPENSATION OF SELF FHASE MODULATION BY CESIUM VAPOR¥
R, H, Lehmberg, J, Reintjes and R, C, Eckardt ¥
3 Naval Research Laboratory, Washington, D,C, 20375
(ac2) 757-2750
| 4
; ABSTRACT
t. We have ubserved a significant reduction of Nd:YAG
i laser-generatel self phase modulation by propagating the output
b ! pulses through a cesium vapor cell, The limitations of this
i technique are discussed, and a related pulse shaping experiment ;
i A
' | will be described, |
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TION OF SELT PHASEZ MODULATION BY CESIUM VAPOR, R, H. Lehmbert, et al

Oy

Receatly, we reported the observation of self defocusing of wode locked
1.C5 = pulses in cesiuz vapor, and attributed it primarily to the nearby two
photon resonznce with the 5s-7s levels,~ The corresponding negative value of
n, was measured at -1,4 X 10_:"’3 N, in reasonable agreement with the calculated
value of -2,52 X 10”*° N, Since the useful output pover of large Nd laser
syste=:z is urdiparily liaited by self focusing and self phase medulatfon (‘SP)I),
the existence of this negative 0, raises the possibility of increasing the
power by using Cs vapor for compensation. Here, we report the first observation
of partial coxpensation of the SPM generated in a NJ:YAG laser system.

The laser radiation consisted of single pulses o.f FWHM duration tp = 30 psec,
as measured by a 5 psec resolution str—eak camera, -The bandwidths were broadened
to k-5 cm © by SPM in the YAG amplifiers, and the integrated spectra had the
double-husped appearance (Fig. la, c) expected for a chirp of this magnitude, 2
The collivated beam, with a peak on-axis intensity I ~ 1,9 GW/cmZ, propagated
through a total path length 4 = 2C0 cm in Cs vapor, Its diameter was relatively
large (1 .c:x) in or'der. to avoid whole-beam self defocusing effects.! The integrated
spectra of the input and output pulses were recorded by directing a portion of tie
center oi each bean through a 1-m grating spectrograph onto an image converter
cazera operating in the streak mode adjusted for a 1 nsec resolution and 1C nsec/c=

sweep rate. A 12,5 nsec pulse separation allowed the input and output spectra

to be cocparaed on the saze filam (e,g. Fig. 1). The spectral resolution ig

i2 ez ~.

In Fig. le, the phase modulated spectrum of the incident pulse gives a
Daxizua chirp width of i‘)c ~L3 cm_:‘, which corresponds to a peak on~axis

phase shift B = 27¢ Avctp,/2.86 =8.5. 1In the output pulse, the double-hump
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COMPENSATION OF SELF PHASE MODULATION BY CESTUM VAPOR, R. H. Lehmberg, et al
(202) T67-2730

has disappeared, and Avc has been redncnd to 2.7 ém-l; hence; Bout °‘5,3,'

The phase reduction Bou - B= .3,2 is in reasonable agreement with the

t
value AB = annzIL/Xc‘“ 4,9 calculated froa n, = - 1.4 X 10 %° N measured
previously.l

The asymmetry in these spectra arises from asymmetry in the laser pulse
shape, Since the pulse changes shazpe within the lasér, the output intensity
variation - dI/dt does not correspond exactly to the instantaneous chirp
frequency, Moreover, some beam degradation due to small scale self focuéing
was evident in the more intense pulses, It is therefore unlikely that the
SPM can be completely cancelled by a ;ingle Cs cell at the output,'i,e,,-one
should compensate after each amplifier stage before self focusing and pulseshape
changes becoume appreciable.3

Additional experiments are in preparation todo the initial pulsechirping
with 032 rather than in the amplifiers, This will allow better control of
small scale self fccusing and will ensure that the pulseshape remains the
same in the chirping and compensating elements; hence, a nearly complete
phase compensation should be attainable. In a secons experiment, the negative
SPM due tr the cesium cell alone will bz used to study pulse squaring effects
in a grating pair,
REFERENCES
1, R, H, Lehmberg, J, Reintjes, and R, C, Eckardt, Appl. Phﬁs. Lett, 25,

374 (1974%); Phys. Rev, A (March 1975).
2, R, C, Eckardt, C, H,L Lee, and J. N, Bradford, Opto-electronics §,

67 (197H).
3, R, H. Lehmberg, J, Reintjes, and R, C, Eckardt, NRL Mewo Rpt. 3130

(Sept 1975) p. 25-30.
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THREE QUASI-CW APPROACHES TO SHORT WAVELENGTH LASERSH*

R. C. Elton
Naval Research Laboratory

Washington, D. C. 20375

ABSTRACT

Three approaches towards achieving extended-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 wave-

lengths, increased complexity, and demands. Extrapo-

lation of visible and near-UV tuned-cavity cw lasers

using higher density plasma media is first discussed for
the near-to-mid VUV region. PFurther extension to the
soft x-ray region 1is described, using preferential res-
onance charge transfer pumping. This and related in-
tense incoherent x-ray source development could ulti-
mately lead to successful quasi-cw Ka inversions, as

is discussed. Experiments underway to test the first

two schemes are described.

*Supported in part by the Defense Advanced Research
ProJects Agency, DARPA Order 269k




R.C. ELTON

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 K, 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 wvavelength. Hence, at
truly short wavelengths we are usually speaking of am-
plified spontaneous emission (ASE) devices, which alone
represent more of an amplifier than a tuned oscillator
producing highly coherent radiation. In fact, the de-
vices developed will probably prove most useful, at
least for the near term, as amplifiers for coherent VUV
radiation produced by frequency multiplication from the
IR and visible regions.

For an amplifying medium of length L, the ASE gain
is given by I/Io = exp (aL), where a is the gain coef-
ficient. The product oL is often written asl

szuz
al = — L By (1)
hr©Av

wvhere gu, 82 and Nu’ NZ refer to the statistical
weights and population densities of the upper and lover
laser states, respectively, AV refers to the line width
in frequency urits, and A refers to the wavelength of
the laser trsasition. With the transition probability
A p for spontaneous emission scaling as fk_z, and for
larger inversion (i.e., Nu>>N£)’ Eq. (1) cen be written

as a proportionality:
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SOFT X-RAY LASERS VIA ELECTRON~COLLISIONAL PUMPINGH*

R. A. Andrewvs
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 manner analogous to known ion lasers
which operate in the visible portion of the spectrum.
The dif.’erences being:1l) more highly ionized ions are
used to obtain shorter wavelength transitions, 2) the
punping electrons are at a higher temperature to popu-
lace the more energetic transitions, and 3) the life-~

times are shorter which implies higher pump intensity

per unit area (P/a « vh). In the case of shorter wave-

length transitions one can project known laser transi-
tions isoelectronically to higher 2 ions and hence
shorter wavelengths or investigate unique ionic electron
configurations that are not observed in neutral or

weakly ionized species. This technique works well for

¥This work was partially supported by the Defense Ad-
vanced Research Projects Agency, ARPA Order 269k,
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electronic configurations with relatively few electrons.
With many-electron 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 projJjected to higher 2.

A further problem with short wavelength lasers is that
the techniques available for generating signiflcant
amounts of energy with very short risetimes are limited.
Discharges are limited to abcut 10"7 sec. Mode-locked
lasers, however, can be used down ‘to the 10-ll sec
range with significant amounts of energy. Short wave-
iength requirements lead to many other problems for the
attainment of an inversion and net positive gain. Sev-
eral of these are discussed in this paper along with a
particular approach to the shor% wavelength laser prob-
lem.

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 techuiques. However, if one is seriously
considering highly ionized species then a laser pro-
duced 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 maximumn fractional population of a
particular laser ion species. Cooling is important since
the laser line is Doppler broadeired and Boltzmann popu-

lation of low lying levels may ruin a possible inversion.
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HIGH-DENSITY IONIZATION WITH AN INTENSE - I8

LINEAR FOCUS DISCHARGE }
Tong Nyong Lee - i
Optical Sciences Division 5

Naval Research Laboratory 4
Washington, D.C. 20375

INTRODUCTION

A low-pressure linear discharge (or vacuum spark) produces' one or more

. minute (or pzint) plasmas ess than 50 gm in size with the clectron kinetic tem-
perature as high as k7T, = 10 keV. Such point plasmas emit short bursts of
intense x-radiation witich consists of continuum as well as line radiation arising
from highly stripped 1igh-Z atoms. In the highly constricted plasma region, the
current density reaches a value of 10" amps-cm=2 However, the physical pro-
cesses involved in the: formation of such a plasma entity are not well understood.?™
The plasma dynamics involved in the discharge is complex and is hard to correlate v
with the onset of the x-ray bursts. -
In the present study, some of the experimental results obtained with the device
are described in oruer to improve the understanding of the phenomena. Meanu.2-

ments include plasma diagnostics made with fast photography, pinhole x-ray »
photography, and x-ray spectroscopy in the photon energy range of 6-25C keV. o
Although there are large differences in s~7.e operating parameters (mainly in i
} operating voliage), this low-pressure linear discharge device is believed to have L
some similaritics with the vacuum diodes that have been studied** intensively in

TR

£ recent years for the purpose of plasma heating as well as for ion acceleration. This
paper therefore may also be relevant to the basic problems involved in under-
standing vacuum diode operation.

The experimental device! used in the present study is a very simple apparatus
with a total capacitive storage energy of less than 3.6 kJ. A schematic diagram of
-fi" { the discharge device is shown in FIGURE 1. It consists of a pair of electrodes; a j

: cathode of 3 cm diameter and a 0.7-cm diameter bullet shaped anode, are sepa- &
rated by a gap of 0.6-1.0 cm. The two electrodes are isolated by a Pyrex® glass tube
i of 10 cm diameter, which also serves as a vacuum chamber. The positive electrode 5
is connected directly ic the high voltage terminal of a 28 uF capacitor charged to
16 kV, and the cathode is connected to the ground terminal through a pair of i
current-return copper straps placed outside the glass tube. The discharge: chamber
is evacuated to a pressure of 1078 torr, The discharge is ;iitiated by injecting a
pulsed laser beam (ruby laser of 100 MW, 20 ns) foct.sed onto the anode tip
through an axial hole in the cathode (grazing the cathode hole zdge). The laser |
beam serves as a fast-acting injection of vapor into the electrode gap by slizht -
evaporation of both electrode materials, and has no effect on the plasma heating.

f 112
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Quasi-stationary population inversion on Ko transitions

R. C. Elton

In a search lor an x-ray laser capable of operating in a quasi-cw mode, a suggesled K a-innershell scheme i»
examined using recenily calculated rates. This scheme involves the decay of a K-shell vacancy followed by
a more rapid (for certain alements) L-vacancy decay, which maintains the inversion. The preseni analysis
indicates 1hat 1he scheme is only marginally feasibla unless a depletion of resnnanl absorbers is accom-
plished through line shifts associaled with multiple ionization following K-vacancy produclion. The
pumping requirements for overcoming, photoionization locges in 1he beam and the associated gain condi.
lions are estimated for three elemerits, namaly silicon, calcium, and copper, and it is concluded ti.at phn-
1oionization pumping in a selective anergy band is required, with emission approaching 1he blackbody
level. A multiline haavy-ion plasma source is suggested.

I. iniroduciion and Background

For x-ray lasing, K«-typ# transitions would seem
to be a first choice, both because of the inherent
short wavelengths and the large transition probabili-
ties (which imply increased gain). However, with the
rapid K-vacancy decay rate is associated a short
(frmtosecond! for penetrating x rays) equilibration
period 7, during which lasing is completed for a sim-
ple self-terminating transient inversion scheme.?
With cuherence lengths ¢7 ~ 10~5 ¢cm, conventional
cavity operation becomes impractical (even if cavities
could be constructed to withstand x-ray laser intensi-
ties), anc 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-terminvating
laser approach is to somehow create a stationary (or
at least quasi-stationary) population inversion by eli-
minating final laser states, which are potential ab-
sorbers. more rapidly than they are created. For
Ku-innershell transitions, this translates to depleting
the den~ity of atoms (or ions) with a particular .-
shell vacancy more rapidly than they are created by
lasing transitions from K-vacancy atoms. (It is not
necessary that the L shell he filled, since isolate spec-
trul lines are praduced for 2ach of the series of possi-
tle L-vacaney contigurations as discussed below.) A
particular I.-vacancy state may be depleted by either
adding ar removing an electron to the L shell, but

The autnor is witk the U.S. Naval Research Laboratory, Wash-
ingtem, .0, 20475,
Received 11 November 1974,

again it must take place at a very rapid rate and pref-
erably without external stimulus. Stankevich? 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 elec-
trons, i.e., is classified as an innershell* transition
scheme. Although the description of the model
Stankevich used is sketchy, it is possible to recon-
struct® approximately his results, which were based
upon K-vacancy depletion rates from experimentally
obtained K-level widths® proportioned’ as 2:1 for
Ka) and Kay lines, and L-vacancy depletion rates es-
timated from the difference-between the K-level
widths and measured K-line widths® Some of these
numerical data are included in Table I, and the ratio
RL/Rg of L- and K -vacancy depletion rates is plotted
in Fig. 1 vs atcmic number Z. In equilibrium, NaRy
= N3R;, where N, and N3 are, respectively, the
upper and lower laser state densities,? populated
originally by pur ping from state 1. Therefore the
ordinate in Fig. 1 corresponds to the populatior den-
sity ratio, and inversion is achieved when No/Nj3 >
82/, where the statistical weight ratio go/gs it 1 for
the Kaao(KLy) line and 0.5 Tor the h o) (KLjy) line.
(Stan'2vich apparently assumed g,/g3 = 1 fo* both
lines ;. Thus, for the data available to Stankevich,
net quasi-stationary inversion appears possible for
the Z = 20-45 range.

il. Present Analyses

A. Total Rate Model with Recent Data

When a similar analysis is carried cut® with the
more recent calculations of Auger and radiative rates

Segtember 1975 / Vol. 14, No. 9 / APPLIED “PTICS 2243
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X-ray emission from laser-produced magnesium plasmas

1. N Lee and D J. Nagel

Maval Newarch Laboratory, Washingwn, D. C. 20375
{Roveined ¥ April 1975)

Charactenstics of x-ray emission produced by focusing a 0.5-GW laser to about 10" W/cm? on magnesium
nictal targets were measured. Approximately 0.01% of the incident laser energy of 10 J was emitted in a
Flasee (WMD) pulse of x rays with photon energy in the range 1.3-1.8 keV,

PAUS numbers: $2.25.P, 07.85,, 42.60.(, 84.60.R

INTRODUCTION

Reiiabie easy-to-maintain lasers with powers up to
about i GW are becoming increaslingly avallable. When
focused, such iasers produce power densltles in the
10*—10'*-W/cm? range. Plasmas produced from solld
targets irradiated with such power densltles typleally
have peak eiectron temperatures near 100 eV (~10° K),
Thus they are convenlent laboratory sources ~f vacuum
uitravlolat and soft x radiation. There are a cumber of
plasma iight sources, for example, 6-pinch machines,
which are capabie of producing plasmas hotter than
10° K. Such plasmas are large in voiume but the eiec-
tron denslty is smaller by many orders of magnitude
than the density of laser-proacced plasmas. In addition,
the low-denslty plasma machines use gases for heating
and, therefore, are limlted to elements which occir in
gase3 or can be made in convenient gaseous compounds.
Ad-antages of laser plaamas over discharge sources
{taclucing vacuum and sliding sparks) are as follows: (1)
spectra of all elements can be exclted, (i) the spectra
.73 relatlvely free of imp..rity lines, (1li) the number of
‘onizatlon stages contributing to a spectrum 1s smail and

somewhat controllable, and (iv) the slze of the radlating
plasma is small enough so that entrance slits may be
elimlnated for x-ray spectroscopy in some cases. Hence
laser plasmas are useful to generate data for interpreta-
tion of spectra from other sources. Thelr radiation is
also convenient for testing and calibration of spectro-
graphs and detectors.

The physlcs and diagnostics of high-temperature laser
plasmas are presently recelving intense study. Central
problems Include coupling of laser energy into the tar-
get plasma, and the dlvislon of that energy into thermal
conduction losses, plasma expanslon, and radiation.
Plasma temperatures and denslties are deslred as a
functlon of laser pulse, focusing, and target parameters.
In this regard, several studies at laser powers similar
to those in this work have already bee: made. In partlru-
lar, Stumpfel et al.® used a grazing-ircldence mono-
chromator to do time-dependent studies +f radiation
down to 35 A from Mg plasmas generated by a 0. 5-GW
laser. They found lonlzatlon siages through MgX and
suggested that He-like Mg XI ions should exist in plas-
mas produced by few-joule ~20-nrec laser pulses.
Recentiy, Peacock ¢! al.” made a spectroscoplc study
of the satellite lines near the resonance lines of He-like
Mg lons in plasmas produced using a Nd laser at about
1 GW. Donaldson et al.® did a comprehensive study of
lighter-atom plasmas which were generated with laser

_dowers up to 2 GW,

3784 Journal of Applied Physics, Vo!. 46, No. 9, September 1875

In thls work, * we investigated several characteristics
of the plasma x-ray emission produced by focusing a
0.5-GW (18-nsec FWHM) ruby laser beam (0.69 um)
onto Mg targets, namely, the x-ray yield as a function
of the lens-target distance, the tlme hlstorles and
correlation between laser and x-ray signals, the x-ray
converslon efficlency, x-ray pinhole photographs, and
the x-ray spectrum in the 7—10-A region. Nonuniformlty
of the laser power dlstribution 1s evidenced by postshot
mleroscopy of the targets. Comparlsons of the present
<esults with x-ray emlsslon produced by 1-nsec Nd
laser pulses (1.06 um) of slmllar energy are made.

EXPERIMENTAL ARRANGEMENT

The experimer’ .. arrangement ls shown schematically
in Fig. 1. A Korad K2 ruby laser system conslsting of
a @-switched osclllator produced pulses with energies
up to 10 J. The beam divergence was 8 mrad. A beam
splitter and an S-1 response photodiode were used to
monitor the laser pulse signal shape and the power. The
laser beam (3.5 cm in diameter) was focused by a 5-
cm-diam 20-cm focal length lens which was mounted on
a micrometer translatlon stage outside of a vacuum
window, Flat Mg targets, polished with abrasive paper,
were placed at 45° to the incident beam in a 3X10°? Torr
vacuum. A silicon p-i-n x-ray detector located at about
60° to the beam (15° from the target normal) and 10 cm
from the focus, and covered with a light-tight 25-pm
beryllium window, was used to monitor x-ray pulses,
Prior to emplacement of the spectrometer shown in
Fig. 1, an x-ray camera with a 25-um pinhole 2 cm
from the focus vlewed the plasma 90° to the beam and
45° to the target normal. It ylelded 23+ magnification.
The simple slitless x-ray spectrometer at 90° to the

FIG. 1, 8chematic diagram of oxperinv.ntal arrs ;gement,
Copyright © 1975 American institute of Physics

74




5.
r

Reprinted from APPLIED OPTICS, Vol. 14, page 2243, September 1975
Copyright 1975 by the Optical Society of America and reprinted by permnission of the copyright owner

Quasi-stationary population inversion on Ko transitions

R. C. Eiton

In a search for an x-ray laser capable of operating in a quasi-cw mode, a suggested K a-innershell scheme is
examined using recently calculated rates. This scheme involves the decay of a K-shell vacancy followed hy
a more rapid (for certain elements) L-vacancy decay, which maintains the inversion. The present analysis
indicates that the scheme is only marginally feasible unless a depletion of resonant absorbers is accom.
plished through line shifts associated with multiple ionization following K-vacancy production. The
pumping requirements for overcoming photoionization losse; in the heam and the associated gain condi-
tions are estimated for three elements, namely silicon, calcium, and copper, and it is concluded that pho-
toionization pumping in a selective energy band is required, with emission approaching the blackbody
level. A multiline heavy-ion plasma source is suggested.

). Introduction and Background

For x-ray lasing, Ka-typé transitions would seem
to be a first choice, both because of the inherent
short wavelengths and the large transition probabili-
ties (which imply increased gain). However, with the
rapid K-vacancy decay rate is associated 2 short
(femtosecond! for penetrating x rays) equilibration
period 7, during which lasing is completed for a sim-
ple self-terminating transient inversion scheme.2
With coherence lengths cr ~ 10~5 cm, conventional
cavity operation becomes impractical (even if cavities
could be constructed to withstand x-ray laser intensi-
ties), 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 create a stationary (or
at least quasi-stationary) population inversion by eli-
minating final laser states, which are potential ab-
sorbers, more rapidly than they are created. For
Ka-mnershell transitions, this translates to depleting
the density of atoms (or ions) with a particular L-
shell vacancy more rapidly than they are created hy
lasing transitions from K-vacancy atoms. (It is not
necessary that the L shell be filled, since isolate spec-
tral lines are produced for each of the series of possi-
ble 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, but

The author is with the U.S. Naval Research Laboratory, Wash-
ington, D.C. 20375.
Received 11 November 1974.

again it must take place at a very rapid rate and pref-
erably without external stimulus. Stankevichd 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. Tnis particular scheme depends
strongly on a sufficient density of outer-shell elec-
trons, i.e., is classified as an innershell® transition
scheme. Although the description of the model
Stankevich used is sketchy, it is rossibie to recon-
struct® approximately his results, which were based
upon K-vacancy depletion rates from experimentally
obtained K-level widths,¢ proportioned” as 2:1 for
Ka) and Kay lines, and L-vacancy depletion rates es-
timated from the differencebetween the K-level
widths and measured K-line widths.® Soine of these
numerical data are included in Table I, and the ratio
R1/Rk of L- and K-vacancy depletion rates is plotted
in Fig. 1 vs atomic number Z. T equilibrium, NoRg
= N3Ry, where No and N3 are, respectively, the
upper and lower laser state densities,? populated
originally by pumping from state 1. Therefore the
ordinate in Fig. 1 corresponds to the population den-
sity ratio, and inversion is achieved when N,/N3 >
g2/g3, where the statistical weight ratio go/gs is 1 for
the Kao(KLy) line and 0.5 for the Ka)(KLyy) line.
(Stankevich apparestly assumed ga/gs = 1 for both
lines.) Thus, for the data available to Stankevich,
net quasi-stationary inversion appears possible for
the Z = 20-45 range.

Il. Present Analyses

A. Total Rate Model with Recant Data
When a similar analysis is carried out® with the
more recent calculations of Auger and radiative -ates

September 1975 / Vol. 14, No. 9 / APPLIED OPTICS 2743
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Table l. Selected Atom:- Rates Used (In 16-2 atu=i)e.b

Z =122 30 38 47

Stankevii®
I. K-level width® (K rate)® 3.10 5,80 11.7 26.0
2. K-line widthss:*
Kay (K-L1) 5.71  10.1 18.6 35.6
Ka; (K-Lu) 790 12,0 19.0 36.0
3. I-level widths® (L ratc)b««
L 2.61 4.30 6.90 9.60
Ln 4.80 6.20 7.30 10.0
Present analysis
4. K ratct
X ray 0.89 3.41 10.2 24.45
Auger 2,63 3.1 4.00 4.42
Total 2.64 6.54 14.2 28.87
5. L rutel*d
L 0.885 2.95 3.92 6.36
Lu 0.886 2.87 5.27 9.50
6. Total (K-line width)
Ko (R-Lyn) 3.62 9.49 18.1 35,7

Kay (K-Ln)

w

.53 9.41 19.5 38.4

a1ata = 242 X 101 gec,
* Ratc (atu.") =~ (4.14 X 10-?) X width (eV).
* Row 2 less row 1.

4 Coster-Kronig added to Ly, subtracted from L, x-ray
rate included.

shown also in Table I, the prospect for quasi-station-
ary inversion appears considerahly more marginal.
K-shell rates have been calculated by McGuire8
Walters and Bhalla,® and Scofield!®i! (radiative
only) in the 1970-197 + period and are in close mutual
agreement for prese.at purposes. McGuire!2 in 1971
also calculated L-shell radiative, Auger, and Coster-
Kronig rates, from which are obtained total effective
L subshell vacancy depletion rates by increasing the
Ly rate and decreasing the Ly rate according to the
tabulated Coster-Kronig rates. It is interesting to
note (Table I) that the total line widths obtained
from these calculated rates agree reasonably well at
high Z wiih the widths published by Blokhin and Sa-
chenko® and used by Stankevich; however, the rela-
tive rates are different, and L depletion is not as
rapid as criginally supposed.® A Xay/Kas transition
rate ratio of 2:1 is again assumed., The result is a
maximum population density inversion of ahout 30%
in the Z = 30-35 i.zion, as shown also in Fig. 1.
Thus, even with the mest vecent data, quasi-station-
ary inversion using tots' decay rates remains a possi-
bility, but with a more 11 ited degree of inversion.

B. F .. .al Rate Model witr Lirg Shifting

It may only be necescary for the L-hole depletion
rate to exceed the radiative x-ray rate for K-vacancy
decay,'®!4 which for low-Z elemenis is much less
than the total rate used ahove. To better under-
stand this model, a total binding-energy level!® di-
agram for copper is shown in Fig. 2, with various sin-
gle and multiple shell vacancies designated by capital
letters (e.g., K, L, M, KL, LL, etc.) and vacancy tran-

2244 APPLIED OPTICS / Vol. 14, No. 8 / September 1975
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sitions 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 de-
crease in the L—~M2 Auger rate does not occur with

depletion cf M electrons). Also the diagram is rele- -

vant to other materials with some attention to the
relative importance of x-ray (X) and Auger (T') rates.
The L state and some of the LM? states shown are
potential reabsorbers of the K—L laser radiation.
The newer idea here is that laser absorption by mul-
tiple-L-vacancy states (e.g., LL) and certain LM?2
states may take place at a shifted wavelength (indi-
cated by A — 8 in Fig. 2) and therefore may not con-
tribute to resunance-absorption losses in the laser
beam. Indeed it has been recently shown both theo-
retically!® and experimentally!? that K-line shifts
due to multinle-L vacancies exceed the line widths,
If we then 1'mit laser rr.onance absorption to L
states and onl ' consider .-ray decay of the K vacan-
cy, a high degree of inversion is reached for both Koy
and Koy transitions and for Z as low as 13, a shown
in Fig. 3. In this figure, the low-Z cutoffs are due for
a2 to a lack of M electrons and for o, to a lack of 2d
M-shell electrons to fill 2pss (Lip) holes, (Data for
Mi1— L, | transitions, are not available.) The high
degree of inversion in the Z = 20 range makes this
model particularly attractive as far as pumping re-
quirements are concerned. It should be noted that
this line shift modification will not appreciably ex-
tend the high-Z, short-wavelength limit; however, it
could make measurements at longer wavelengths
(low-Z) considerably easier.

There are some potential problems associated with

7 : , . : : ,
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Fig. 1. Ratio of rates R /Rx for total transitions out of L- and
K-vucancy states, respectively, vs atomic number Z. This ratio is
equivalent to My/Nj in Eq. (2) for equilibrium conditions reached
after long tin.es in cw operation. Values exce.ding unity and one-
half indicate gain for the Kas and Ka, lines, respectively. The
model here assumes all K-vacancy decay transitions produce po-
tential absorbers for laser radiation. Present analysis is based on
recent data®!2; sn attempt to reproiuce the results of Stankevich?3
is shown dashed. Both K-+Ly and K—Lyy, a2 and a) lespective
transitions are shown.
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the rates for pumping, x-ray, {emission or absorption (dashed)}
and Auger transitions, respectively.

the shifted-line model, Double L vacancies will cas-
cade to M4 states as indicated in Fig. 2 at a rapid
rate, just as do single L vacancies, leading to de-
creased line shifts. The (sparse) data'® available on
line shifts with multiplz M vacancies indicate that an
emission-absorption line overlap fortunately is not
expected if only natural (x ray plus Auger) broaden-
ing is important and if M; and My vacancies are
present; an overlap for higher M-shell vacancies ap-
pears to be unavoidable. For light elements up
through Z = 20, only M;- and Mp-shell electrons
exist. (Auger loss of N electrons has a low probabili-
ty).!2 For Z larger than 20, further cascading may
transfer M1, My; vacancies to Mnj, M,,, My states
(by radiative and Cnster-Kronig transitions), where
the line shift is negligible. Rate data are available'
for including this effect, but the complexity is beyond
this analysis.

A further complication ip the line-shift scheme is
electron-ion recombination (r in Fig. 2). As Stank-
evich points out, recombination must proceed at a
sufficient rate to inhibit overdepletion of amplifying
atoms. This implicitly places an upper limit on the
plasma temperature. However, a recombination rate
exceeding the K- and L-vacancy depletion rates will
also produce LL-—L recombination transitions fol-
lowing 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 recoirbina-
tion rate is possible, permitting a gradual depletion.

of atom density through .snization (with an accom-
vanying increase in pump-power requirements) in
order to achieve some degree of stationary inversion
for a limited time (hence quasi-stationary inversion),
hopefully long enough to have multiple transverses in
a resonant cavity or to permit rersonable pump-pulse
risetimes. This will perhaps be a delicate balance to
achieve and clearly requires 2 rather sophisticated
nunterical model for further analysis. For example,
electror: collisional ionization, as well as photoioniza-
tion, of outer electrons should be inc!'ded (i in Fig.
2). Also, the adverse effect on gain due to line shifts
assuciated with multiple vacancy production accom-
panying radiative decay (radiative-Auger effect)
should be included.!"!® The basic information for
such ap analysis is generally available, and the
payoff, i.e., quasi-stationary population inversion, is
potentially high. Further advantages of the line
shift model will be indicated in the pump require-
ment estiinations that follow, particularly for low-Z
elements.

IIl. Pumping Requirements

A. General Requirements

Of next concern is the pumping encrgy required to
achieve significant net gain, since photoionizaticn of
outer electrons by the laser beam will add to the nor-
mal line-absorption losses. Also, Auger decay (domi-
nant for light elements) tends to deplete at a rapid
rate the K-vacancy upper-laser states created. Both
processes imply .large pumping powers {o maintain
inversion. These are problems common to all inner-
shell x-ray laser schemes (except alkalis without
Auger losses for n = £ 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 pumping

(5.2
1
|
|

Py #Py oy # (g Nyl

Fig. 3. Ratio of rates R /Rk-.,, for total transitions out of a L-
vacancy state and radiative decay out of a K-vacancy state vs
atomic number Z. This ratio is equivalent to No/N3 in Eq. (2) for
equilibrium conditions reached after long times in cw operation.
Values exceeding unity and one-half indicate gain for the Kaz and
Ka lines, respectively. The model used assumes only radiative
transitions produce absorbers, with Auger transitions generating
shifted ion lines. Both K—Lj and K—Lm, a2 and a, respective
transitions are shown.
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powers. (It should be remembered that, were it not
for the potential of quasi-stationary inversion, Ka-
innershell pumping would not be a serious candidate
for x-ray lasing because of these losses.)

The restriction: set by the requirement that net
stimulated emission exceed photoionization losses in
the medium are derived from ~2X the minimum
threshold condition, i.e.,

A N. 2xp
L 24
=TT [TN, (A)] 2 1on Mie (1)

where the left side is the net gain factor due to stimu-
lated emission? and the right side represents phe-
toionization losses on the original states of density
N\, with subscripts as defined above. The transition
probability A is different from the x-ray rate X that
is averaged over all terms. The parameter A is the
laser wavelength, Av is the line width in frequency
un'es, « is the solid absorption ccefficient,20 and pis
the: density of (solid) absorber. The factor xp/102 is
the Ko photoionization cross section. The bracketed
factor is the inversion density

AN = Ny = (g2/g3) N,

N, £oN. N,
=’V(—-) (l——u)ETN <_. ; 2)
! N &3N, : Nl) (

where T indicates the degree of inversion and is eval-
uated in steady state by assuming N3/N to be given
by the ratio of K- to I.-vacancy depletion rates shown
in Figs. 1and 3. In a more complete time dependent
model, T represents the stationary inversion
achieved following the transient 2pproach to equilib-
rium.?

For a first evaluation of Eq. (1), the product A24
may be approximated by 0.2 (cgs) and 27As by the
Auger rate, which does not vary rapidly with Z and is
about 200 atu”! or 8 X 10" sec~!. Thus. a firs: cut
yields a ra*io No/N, which is required to be greater
than 107! to 103 depending on the absorption cross
section « ind the degree of inversion (T) achieved. If
the line width exceeds the natural width assumed
(see belov), even more inve rsion will be required.

Some 1elaxation of this ~_Juirement on inversion
density could be r.chieved 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 M
shells or higher. However, ionization of electrons
from lower shells will decrease the L-vacancy deple-
tion rate and affect the degree of inversion achieved.
A proper balance could come from a detailed numer-
cal analysis.

A desired ratio Ny/N; =~ 1% may be considered to
be achieved by electron collisions in a plasma, parti-
cle (electron) beam bombardment of a target, or by
photon bombardment of a target. Only the latter
appears at all feasible,5 since excessive plasma densi-
ties (210% cm=2) are zequired for either icnization2!
or dielectronic capture®’ electron-collisicnal pumping
schemes; and a required electron bean: current of
~10" A/em? is gre tly in excess (~108X) of that cur-
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rently available in unfocused beams. Also, in both of
these cases the rate for ionization from outershells
exceeds that for the K innershell by orders of magni-
tude, so that efficient collisional innershell pumping
seems most unpromising.

B. Photon Beams

For photon pun.ping, preferential innershell jon-
ization can be achieved with a source tuned to emit
predominantly in the K -absorption region, so that
outershell photoionization is reduced.! The pump-
ing rate P is given by N,,o,’f,-c, where N, is the x-ray
photon density, and o{,‘,v is the K-shell photoioniza-
tion cross section. In this particular chse, it is possi-
ble to obtain this threshold value independent of ab-
solute cross section, since photoionization losses are
balanced against photoionization pumping. In equi-
librium, No/N; = P/T + X), and Eq. (1) becomes

Nch
A Yo pi e
o TN, TEw > 20,}/,)\,, 3)

where 2rAv = I' + X is assumed for natural line
broadening (see below for validation of this assump-
tion). With A24 ~ 0.2 agrin and of:/oki~ 8 near the
K-absorption edge,?® th. equired photon density is
N, 2 5r(I + X)2/2Tc em—3.

Calculations are carried out for three cases, namely
silicor:, calcium, and copper, using published values®-
12in Eq. (3) for the total decay rate I' + X (since
Ka; ond Kay 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 pos-
sible. The results are listed in Table 11, 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 N, de-
rived are converted to pump source radiances F by
multiplying by c(3hc/\), where the latter factor rep-
resents the approximate pumping photon energy,
Up to this point, the density of the laser medium has
not entered.

The gain aL achievable with a chosen length L
may be found from using the gain coefficient « given
by the right ide of Eq. (3), i.e.,

oL = ."N,o,l; (opl; o;:.)l. 3 1-',:;‘;. L/A. (@)
With :-f,(i (see Table II) calculated from Ref. 23 at a
pumping photon energy of 1.25 times the Ka photon
energy, and as:uming Ny = 1023 em~3, the gain is cal-
culated for a le :gth of 300 ym, which is 10X a reason-
able 30-um focal width (w). The results for the three
cases are listed in Table II. For all thsee cases, the
mean free path of a pumping x-ray photon, given by
(Nlo{,(,v)"‘, is much lese than the length, so that
transverse (or oblique traveling wave) pumpiny is re-
quired, 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 energy, the pump power P re-
quired is derived and listed. Also indicated is the
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Table Il, Ko Pumping Requirement.

1044 x
A I+ 4) 10-2N, 1073F 1004 PIW)E  kTp (Am)un
Atomn (.x.) (sec™1) T (em™3) (TW/em?)  (em?) ol 101E(J) (keV) (1°\)
1S 7.1 6.7 0.6 2 4.8 9 70 4 6.5 5
2Cn 3.4 11 0.8 4 21 4 30 9 0.7 4
2Cu 1.5 21 0.6 20 230 2 15 200 1.2 2
0.2) (60) (700) (600) (1.6) (1.5)

( ) Refers to no line-shift case.
« For 109, conversion cfficicncy.
b Using 19 of total blackbody spectrum.

cctresponding pump energy E required for a 10-psec
wide pulse, eg., for a laser-heated-target x-ray
source.

From Table !! we may conclude that, with the ad-
vantage gained from line shifting, high net gain (=70)
is available in silicon with a reasonable pump, e.g., 40
J in a 10-psec pulse. Since it is unlikely that the
vapor density can be maintained at 1023 cm~? (solid),
the high gain is a safety factor, i.e., with a medium
density as low as 7 X 102! ecm™3, a gain of aL = 5 is
still possible. or shorter wavelengths the pumping
energy increases t~ 1.g., 2 kJ for copper, which is still
within the realr: of reality.

The assumed conversion (from pumping source to
x-ray photons) efficiency of 10% is probably high,
since the pump source must be converted into a
somewhat narrow band of x-ray photons toward the
high energy side of the K-absorption edge; at lower
photon energies excessive outershell ionization will
occur. If indeed the conversion couid take place in
the medium itself or in the immediate area and/or if
a properly tuned pumping source is available, this ef-
ficiency might be realistic. An initially attractive
possibility is radiation resulting from radiative re-
combination of electrons into 1s orbitals of hydro-
genic and/or heliunilike ions of the lasing element in
a surrounding blanket of high density plasma. As
the inverse process of photoionization, the recombi-
nation spectral : ~argy discribution complements the
absorption process. i.e., there is preferential recombi
nation emission at energies above the K-absorptic1
edge. Taking the sil .on example,® the reconibina.
tion emission for a 1-ecm thick blanket can be calcu-
lated,? and it is iound that a charged particle density
of approximat:ly 102 c¢m=3 is required, which is
technically difficult to achieve.  Broadband
brems.¢vahlung emission is hundreds of times
lovsr.%!

'I'ois difficulty with insufficient recombination r»
diation at reasonsble plasma densities is associated
with low emisei~’.v, Blackbody radiation at & suffi-
ciently high temperature is often considered as a lim-
iting case (as for sodium in the VUV, for example?5).
Included in Table I are the blackbody temperatures
k'Tgg in kcV required to produce the required x ra-
diance with 1% utilization of the total blackbody
emission. Also listed are the peak waveleugths (from
Wien’s law) for these temperatures. Thc results are

very reasonable regarding both plasma temperature
and the matching of the peak of the emission 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 reasonahle
densities. A possibility is a multiline source created
in a heavy element, where the individual broadened
lines have blended emissions approaching the contin-
uous blackbody limit. This saturation is not unusual
for intense VUV lines, and, with a careful selection cf
material, some tuning should be possible. For exam-
ple, uranium has L and M atom and ion emission
lines near 1 A and 4 A, respectively, and some work
has already been performed on uraniuin discharges
for intense pseudocontinuum sources in the VUV re-
gion.

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 ion-
ization pumping with Auger processes contributing to
the free electron production, the effect on the line
width must be considered, since the gain varies in-
versely with line width.2 Enhanced broadening (over
the natural broadening assumed above) may exist
due to random Doppler shifts and to charged particle
interactions (Stark broadening). Both are consid-
ered here for radiation in the Ka spectral regions for
various elements. The results are not only relevant
to Ko innershell lines but to resonance lines of hel-
iumlike and hydrogenic ions; in fact, Stark broaden-
ing rates are taken for Ly-« lines for convenience and
availahility.

An estimate of the Doppler width A\p is obtained
from?!:;

AX/A = Avp/v = 1.7 x 10°°RT /)7, (5)

where kT;, the ion kinetic temperature, is in eV and
is the atomic mass number of the element.
Assuming as an approximation that k7T; = hv/4 (v the
Ka-laser frequency) in an equilibrium plasma and A
= X (Lyman-a), A\p can be evaluated as a function
of laser wavelength A. The result is plotted in Fig. 4.

Stark widths for Ko transitions may be estimat-
ed?6:27 with sufficient accuracy for present purposes,
from the lesser?6 of the widths given by formulas for
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Fig. 4. Estimates of line widths for Ka type transitions va wave-

length X [with nstural (AAy), Doppler (AAp), and Stark (As) ef-

fects included). The decrease in natural broadening with ioniza-

tion is indicated by circles for neon; and hydrogenic and helium-
like ionic species are included.

the quasi-static lincer Stark effect (Holtsmark theo-
ry) and for the electron impact broadening. The for-
mer is given approximately for Lyman-« transitions
by

AN, = 2”_2A2_i7_; 8
o Sme m.Zh

) (6

where Z; is the ion charge and Zp the average per-
turber charge of density Np. For a single-ion plasma
where Z, = Z; this becomes

~ ﬂ_’ﬂ_Nm
mc om ¢

(7

H

for the (lesser) electron-perturber limit. The elec-
tron impact broadening?” is found from

3'a? (1‘1‘ )&
A ® 7 mzZijv,’ D

where the factor n2(n? = 3) In(emax/emin) has been ap-
proximated numerically by n* for I.yman-a transi-
tions. Also, v, may be replaced by t".e mean thermal
velocity for the electrons at the plasma kinetic tem-
perature derived abuve, i.e., hv/s. The resulting
Lyman-a {2 = 2) Stark widths A}y are plotted in Fig.
4 as a function of wavelength for Jhree electron densi-
ty values. The magnitudes of these two Stark broad-
ening processes are approximately the same for pres-
ent conditions. Thers is, for some schemes, an ad-
vantage in increasing the electron temperature pref-
erentially over the ion temperature for increased
electron collisional pumping without additional Dop-
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pler broadening. This will have the effect of de-
creasing the (Lorentz) width through v, in Eq. (8).

From Fig. 4 a comparison is now possible between
plasma line widths (Doppler and Stark) for Ko tran-
gitions and natural widths AME=MN2Aw/27c¢) deter-
mined from Aw = I’ + 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 A), the reduction
in natural width with multiple ionization is indicat-
ed.Z® Also shown for general interest are the natural
widths AAy (Aw = A, the transition probability) for
helium-like and hydrogenic species, where the latter
is a straight line since Ly-« wavelengths were used,
ie, A« A"2and AAy « A24.

From Fig. 4 it is clear that Doppler broadening is
not significantly larger than innershell natural broad-
ening at a low degree of ionization. Also, Lyman-a
type (n = 2) Stark broadening even at solid densities
(~10% em™—3) is not dominant for wavelengths short-
er than 4 A, Therefore, line broadening alone does
not preclude a unified plasma approach to x-ray las-
ing on Ko transitions. The significant reduction in
line width shown and the avoidance of photoioniza-
tion losses offered by hydrogenic and heliumlike ions
could only be realized in a relatively tenuous, ex-
panded, low temperature plasma with frozen-in ions
of these types, where quari-cw operation according co
the present scheme is not possible.

V. Summary

Quasi-stationary population inversion appears to
be possible, even with the most recent calculations of
Auger rates, for eler.ents with Z less than 40, It ap-
pears that the line shift with multiple ionization will
help in maintaining inversion; however, the need for
a mnore complete numerical rate-equation analysis is
clearly indicated. Assuming quasi-cw operation is
feasible, the pump power requirements necessary to
overcome photoionization losses and at the same
time achieve useful gain do not appear to be com-
pletely unreasonable, particularly when blackbody
x-ray emission is considered as a pumping source. It
is suggested that partial blackbody radiation in the
selected wavelength band required for innershell
photoionization pumping be acquired with intense
multiline radiation from heavy atoms a::d ions.
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SPECTROSCOPY OF PLASMAS FOR SHORT WAVELIYGTH LASERS™

R, C. Elton and R. H. Dixon
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ABSTRACT

The achievement of significant amplified spontane~us emission
at short wavelengths requ.ies eithec very high demsit. @ or very
long lengths. The former approach appears more premisicy at
present for concentrating the large pumping power required, and
plasma media are anticipated under such conditions. Iost often
lasing times are short and extension with metastable states doas
not appear possible at the high density requived and with com-
pating dipole transitions. Focusad high power laser beams offer
the most promising source of concentrated pump cnergy at present.
An inversioa schema of high pump probability for short wave-
length lasing involving resonauce charze transfer of an electron
from a neutral atom to an ion has been identified, and an exper-
iment designaed to test this scheme is described. TInitial spaca-
resolved spectra ara presented, as is the distribution ¢f the
reasured photographic spactral line density with distance f£rom
the surface of a lasar heated cavbom target 2s obtained with a
space-resolved grazing-incidence spactrozraph. FEarly results
indicate optically thick resonauce lines extending Lo approx-
imately 0.8nmm from the target. Charge trausfer pumping is expected
at distances » 2 mm. No definitive data ave so far avasilable
with a mautral gas background.

INTRODUCTTON

Tt is the primary intention im this papar to present some

recent speactroscopic results from helium-like and hydrogenic

*Supborréﬁuig*pa:: hy the Defense Advance Research Project Agency,
DARYA Qeder 24975,

Tpaper presented at the 4th International Conference on Beam Foil
Spectroscopy, Gatlinburg, Tenn., September 1975 (proceedings to be
published).
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carbon ions obtained in a laser-produced plasma. The experiment is
being conducted to investigate a potentially promising approach to
achieving laser action at very short wavelengths, namely resonance
charge transfer of electrons from a neutral atom into excited
states of a highly-stripped ion. Although a number of articles
have recently been written on the subject of short wavelength
lasers and a comprehensive review article is in preparation¥ it is
appropriate to include some brief introductory remarks in this
paper to accent those areas of particular interest to beam foil
spectroscopists and other specialists at this conference.

At present the existence of undisputed vacuum ultraviolet

‘ lasing has been achieved for wavelengths as short as 1098 A with
power levels varying from 10 kW to 500 MW, mostly with molecular
transitions. Frequency multiplication of a coherent infrared
laser beam has been successfully extended to wavelengths as short
as 887 &. At shorter wavelengths small degrees of population in-
version have been reported for hydrogenic ion lines following

a8 recombination, but so far nc undisputed claims of measured net

p amplification are available.

The difficulties encountered in extending lasing to wavelengths
k- ! shorter than 1000 L and igto the x-ray region can easily be seen
i from simple scaling laws.“ The problems begin with a lack of
8 efficient resonanting cavities so that a measurable gain given by
i) l exp (wL) for an amplifying length L is only achieved for a positive
i gain coefficient o exceeding unity. For Doppler broadened spectral
| lines the linear gain coefficient op scales as

3 N Ny 8
i o = s Aul N EE = b - > ()
! v o L u gf'

e, P —— bt A st

b4

o

i where v represents the mean velocity of the lasant ion; N,, Ny, and
Ny, represent the population densities of thz initial state and

! , the upper and lower laser states, respectivcly; g, and gg are the

! appropriate statistical weights; Ay is the transition probability

| for the laser transition; and A is the wavelength of the lasing
transition. Positive values of ap are required for net gain.
Written in this form, it is obvious that the achievement of

? ] population inversion is possible as indicated in the last factor

(shown in braces) irregardless of the absolute value of the gain k.

coefficient; thus the early reports of evidence of population in- ?

version without measurable gain. A high gain coefficient at short 4

wavelengths therefore depends primarily on the first factor (in-

dicate in brackets) in Eq. (1). This factor may be written as

B\ lou| , (2)
alL he




where P/al. is the pump power density for a cross-sectional area a
and length L of laser volume, and he/h,, represents the pumping
erergy. When A, i8 assumed equal to 10 A and «p is set equal

to 5, absolute values for P/al, becomé approximately 10 W/em? for
a wavelength A = 100 R, and it is clear that this power density
scales as 2~%. The bracketed factor in Eq. (2) can also be
written as

[No Np rou] b (3) ,

where roy(}) 1is the rate coefficient for pumping from some initial
state o to upper state laser u, and N_ is the density of pumping

' particles or photons. The rate coefflcient Tou depends upon the |
particular pumping atomic process and varies with wavelength i
according to the particular cross section as well as the conditions
of the pumping source. Independent of the wayelength dependence
of rou,the density product Ny N varies as )~ for a fixed value
of on.. It is desirable to keep these densities low, both to avoid
additional collisional effects and also to permit higher gain
coefficients achievable at increased densities. Therefure, a
pumping process with a rate coefficient r,, bearing a strong in-

I y verse dependence on wavelength and a large absolute cross section
is most desirable. From this point of view, the most promising
process identified so far for pumping at short wavelengths is

| resonance charge transfer of an electron from a neutral atom to
an ion in a collisio%, where the cross section” is given approx-

: imately by 10-16 @, em? and the rate coefficient r,, is given

approximately by 10-6 ;-5/4, which is several orders of magnitude

larger than other known pumping processes.2 With this process a c

gain coefficient o = 5 is redicted at & density of 10 9 cm~3 and

a wavelength as short as 8 A. Further details of this scaling for

other processes is published elsewhere.*> X

i

In addition to considerations of the pulse power and the
lasant density requirements, the time available for lasing is also E
a serious consideration at short wavelengths; since for many ;
processes it is expected to be as short as the lifetime of the upper
laser state which scales as A~2 and varies from 1079 sec. at
1000 & to 10"1° sec. in the x-ray region. Thus, there is also a

1 search for cw or quasi-cw laser schemes with extended lasing times. 3
It is natural, particularly for participants at this conference, 3
i to think first of metastable states for this purpose. The above |
relations show that both the gain coefficient and the pump power :
i density are proportional to the product of a density and the E

| wpper to lower state transition probability. Thus, proportionally
- higher densities are required for the low prabability of metastable
states, for a given gain coefficient, and collisional effects begin
to dominate over radiative effects. (However, it is to be noted

1 l that the pump power density is independent of the lasant density or E
. the transition protability for a fixed gain coefficient,) Also it "
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has so far not been possible to identify a transition from a
metastable state that is not in direct competition with a dipole

' transition to the same lower state, which will rapidly destroy
population inversion and thereby negate any advantage of the long-
lived metastable state, Therefore, the only proposal

{ ’ published5 for the use of metastable states in short wavelength

ﬁ | lasing is for the storage of electrons in the 21S metastable

' state of helium-like ions for subsequent rapid transfer (pumping)
to the 2lp state, followed by lasing on the 2lp » 1S resonance

- transition.

} RESONANCE CHARGE TRANSFER EXPERIMENT

= The high pumping flux required in small volumes and(most
| often) the short pump pulse risetime required demand the use of
plasmas as a lasant and focused laser beams as 2 pumping source for
1& | | the shorter wavelength regions. A typical plasma approach is the
resonance charge transfer pump scheme, as originally proposed
b by Vinogradov and Sobel'man and illustrated schematicallg in
k l Fig. 1 for a particular ion atom combination, namely C * and
E helium, which has been shown by a simple Landau-Zener theory‘h6
‘ ) for exothermic reactions to have a large cross section for the
particular plasma temperatures expected in the presence of these
I ions, The n = 3 states of the helium-like ions formed are expected

} | C5* + He -—= €%+ He's Ak

8

l = S _\_-.._,_n.
: ~~ )~ 250 4
.
E,<0
{ -16 _2
] Orct —10 1
/ )
I Ss=—=—— l
- ! 5 - . Figo 1"""
- Schematic diagram of the exothermic resonance charge transfer re-
p action leading to population inversion between n=3 and n=2 jevels in
C* helium-like ions following collisions with helium atoms. EB
represents the binding energy.
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to be preferentially populated at a high rate from the 1s2 1s
ground state of neutral helium atoms in collisionms, with subse-
quent lasing between n=3 and n=2 states and rapid lower n=2

leser state depletion, with inversion obtained as long 3s the
jnitial ions art maintained at a sufficient density. An experi-
ment designed to test this scheme is sheowr schematically in

Fig. 2, where a laser beam is focused onto a carbon slab target
before the entrance slit of a grazing incidence spectrograph cap-
able of recordirg the resonance series of hydrogenic and helium-
like carbon lines in the soft x-ray spectral region. The slot
shown between the entrance slit and the grating in Fig. 2 provides
spatial resolution of the emission from the plasma: plume produced,
as indicated along the length of the spectral lines recorded.

The neutral-atom background, namely helium in the present case,

is not indicated in Fig. 2. The experiment is also shown in the
photograph in Fig. 3 where the lucite chamber holding the rotatable
disk carbon target is shown attached to the entrance of the
grazing incidence spectrograph. A ruby laser capable of delivering
6 J, 20 ns FWHM pulses to a 500 ym focal spot is shown mounted
above the spectrograph.

LASER BEAM

Fig. 2--

Schematic diagram of the resonance charge transfer experiment, in-
cluding the grazing incidence vacuum spectrograph. The orthogonal
glot showa provides spatial resolution along the direction of
plasma expansion from the target surface, as traced in Fig. 5.




Fig. 3
Photograph of the resonance charge transfer experiment showing
the lucite target chamber attached to the grazing incidence
spectrograph and the laser in current use.

The initial results that can be reported at present are for
expansion into vacuum, which provides a reference spectrum, as
shown in Fig. 4. This 18 a second order spectrum of hydrogenic
and helium-like resonance lines, with the true wavelength indicated
in } units and the distance from the target surface indicated in
millimeters. The weaker lines indicated in this spectrum have been
identified as other second order lines, known satellite lines,
or in a few cases impurity lines. Significant Stark broadening of
the spectral lines can be observed in the high electron density
region near the target surface, and is an indicator of the electron
density. At present, microdensitometer scans along the wavelength
axis at various distances from the target surface are being
compared with similar spectra obtained in the presence of helium
background gas, in a search for evidence of enhanced population of
specific levels as indicated by the resonance line emission from
these levels. While the data for such comparisons is at present
sparce and inconclusive, it is possible to report on the variation
of the photographic densities with distance from the target sur-
face for various spectral lines important to this experiment. The
results are plotted in Fig, 5 for a vacuum expansion, where an
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Fig. &4--
Spatially resolved CV and CVI grazing incidence spectrum using a
400 ym slot as shown in Fig. 2. No background gas was present,

instrumental resolution in distance of 1 mm is expected at the plasma.

INITIAL RESULTS

The preliminary results obtained comparing spectra with and
without the neutral helium atmosphere are to date inconclusive
and will not be discussed here. Under vacuum conditions, both
the line (Fig. 5) and the continuum emission are observed to
initially increase with distanc.: from the target surface. This
is consistent with a rising temperature and the formation during
the rising laser pulse of an expanding high density critical
absorption layer for the laser radiation. Association of the
increasing continuum emission with density through bremsstrahlung
and recombination processes is consistent with the increasing
Stark broadening7in the same region, as observed in the spectrum
of Fig. 4.

Compared in Fig. 5 are the photographic densities (with the
continuum background subtvacted) of the resonance series lines




.0 2.0
DISTANCE FROM TARGET [mm]

PHOTOGRAPHIC DENSITY

Fig. 5=~=
Photographic density versus distance from target from space-

resolved grazing incidence spe:trum for the C%+ (CV) resonance
series.

from the heliun-like C** ions in vacuum (CV reference spectrum).
While these densities have so far not been converted to exposures,
it is clear that at distances greater than 0.8 rm the total line
intensity ratios scale approximately as expected, particularly

for those lines associated with transitions originating on

levels with principal quantum number n 2 3. It is this "outer"
region (® 2 mm), where the density dzcreases’ to & 1018 cp-3
that is of interest to the present carbon-ion/helium-atom
resonance charge transfer experiment. The 21p- 1ls first resonance
line appears to have an enhanced emission which may be associated
with a considerably higher uscillator strength compared to the
other lines in the series, as evidenced from data available

for neutral helium?.

Close to the target surface, the relative line emissions are
more neirly equal, for some of the series members. This can
most likely be attributed to opacity effects10 in the higher
density region, with perhaps the emission of lines of varying
strength from separate layers. Near 0.5 mm the first series
member shows a distinct dip in emission which is also evi -~nt on




the second member of the series. This also is most likely
associated with increased opacity for these stronger merbers of the
series. Indeed, the first member may be suppressed in tne closest
regions by reabsorption in cooler outer layers of the plasma plume.
Again, it is fortunate that the resnnance charge transfer effects
sought will became most avident at greater distances where it
appearse that reabsorption is less severe a problem.
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ABSTRACT

e = .

"

We oulline a complete theory of the nonlincar susceptibility

of cesium around 1,061, and present the first measurements of the

S

negative nonlinecar refractive ‘index n, primarily responsible for the
self defocusiug that is observed., Yor linearly polarized light, our
measurcd value of n, is -(1.4 +0,2) X 10730 N esu, where N is the

| atomic denvity, This is in reasonable agreement with our calculated
i value of ~ 2,62 X 10 %° N, The main pprtinn of n, comes from a two-

photon resonance between the Gs and 7s levels, and an additional

negative term arises from induced population changes betwcen 6s and

TP T T T T e e BT e et T e

i} 6p. For circular polarization, n, ariscs mainly from the induced
population changes, giving the measured and calcula.ed values of
-(.26 2 0,03) X 107 N.and - 0,525 X 107°" N, wespectively, TIn

% our experiments, where the 35 psec pulses were shorter than the

T T T

65-6p inversc linewidth, the nonlinear susceptibility depends mainly

i
on the instantancous.inteosity; however, for longer pulses, one would o
obtain additional contributions proportional to time integrals over

the intensity, Since the useful output power from large Nd laser

B systems is limited by self focusing duc to ¢he laser glass, our
results suggest the possibility of increasing this power by using

Cs vapor for compensation,
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I. INTRODUCTION

In recent years, a number of authors have obsctved sclf-focusing,1r4
self—dcfocusing,5 and other related effects®’” due to a rcsonant
cnhancement of the cleclrenic nonlincar suscept.bility in atomic vapors. .
These cffects arise [rom optically induced population changes associated

EBNSFT :
with single pho;o; : o; two photon1 absorpticn,

Rccently, we reported the observation of self-~defocusing of mode
Jo:ked 1,06 1 pulses in ccsium vapor,” For linearly polarized light, we
strributed this primarily to a two photon resonant cnhanccuent of tlic third
order nonlinear susceptibility.u This conﬁribution leads to an intcnsity:
dependaut rcfracklvc index 6n(5)(t) ~ 0, I(t) ~ I(t)/(ubo-Qm), wﬁere n,
is the nonlinear refractive index, and ® and Wy, are, rcspectively, the
optical frequency and the ncar resonant atomic frequency. In cesium vapor
around A = 1,06 #, 2w lics slightly above the 6s-7s frequency;. hence,

n, < 0,and at prcssures of a few Torr, its magnitude is comparablc to that
of laser glass.lo Since the useful output power from large Nd lascr systems
is ordinarily limited by sclf focusing in the glass amplificrs, thc
existence’of a negative n, at 1.06 i raiscs the possihility of increasing
this power by using Cs vapor for compensation,

The nonlinear behavior of Cs is complicated somcwhat\by additional
self dcfocusing concributions arising primarily from pulsc induced
populaéion cganges in the 6s and 6p levels. For pulse@idthé £ slort in

comparison to the Gs-0Op dephasing time fIé, this cffect rcmains intensity

dependeﬁt,l’5 and for lincarly polarized light, its coutribution tb.n?

93




~A sl

is relatively small; however, as a resull of atomic collisional relaxation,

it can also contribute terms proportional to time integrated intensities,ll

and these “inertigl" terms can casily predominate “if tp >> Fié. The result
is thenvsimilar to thormal defocusing.12

In this paper, we outline a complete fheory of the third order non-
linear refractive index ﬁn(b)(t), and relate this to earlier theoretical
work, “t213718 IWe then describe the first measureménts of n, in Cs vapor at
1,064 b under conditions where the instantaneous terms are expected to
predominate, and comparc these results to the thecry,

Assuming only that tp is short in comparison Fo,the atqwic radiative
lifétimes, aﬁd that o and 2w lie outside the atomic line profiles, we show
that 6n(5)(t) can alvays be,éxpressed'as the. sum of instantaneous and
inertial cpntributioﬁs. The 1nerti§1 terms derived here include the effects of
excited state col%isional mixing (e.g,, among the 6p sublevels) in addition to
atomic phase relaxation, Specializing to a three level model applicable to Cs
around 1,06 K,% we thén_derive simple approgimate expressions for the two photon
and induced population terms described above, We show, in particular, that the
6s-Ts fwo photon term disappears if the light is circularly polarized,

The measurements of.n2 were carried out by observing the self defocusing
of linearly and circularly polarized mode-locked pulses in a ceéiumlcell. We
also measured the insertion loss of the cesium at different peak in.cnsities,
aﬁd found a broad minimum (< 5% absorption) centered around 5 GW/em®, The

40 N esu for linear polarization and

measured values of n, are = gLar 10, 2 Xl
-(0.26 £ 0,05) X 107°Y N esu for circular polarization, in reasonable agreement

with the calculated valves of -é.62 X 107"°N and -0.525 X 16759 N, respectively,




II, ITHEORY
1 . A, Basic Equations
The lowest order noulinear rvefractive properties of an isofropic

medium can be found from the polarization

-y -
Oy =8y H&ipo(/?\) (t) R
a,B
induced by the optical field

2 o = g K g
: E (t) = e, e M + 38 E(ou,e) o, (2)
B -~ -
® Here, N is tiie atomic density, pﬁu = erﬁa are the atomic dipole matrix
":-ﬁ elements be-twéen, states 'gcx) andl;s) . PC((Z) (t) are the corresponding third

: . : , . - *
order density matrix clements, E(w,t) = [b(-w,t)] is the slowly varying
optical field amplitude, and € is a unit vector defining the optical

polarization state. The demsity matrix elements are obtained by solving

the Boltzmann equations

"J, . (n)

. . ' . (n)
o (B) = -(i/h) [no..o(“’ (t)] - (@) [vm.o(“'”(t)J

i forn=1, 2, 5, subject to the condition P(O) = 1. Here,
i 3 oo
- Ay ST
n, 3 e axals o v s ) h(L)'uml(xHBl. )
a 2,8
2 i lo) 1s the ground state, hw . is the enerpy.difference between la ) and

. ROY il A .
|0 ), and {p  (b) R describes the atomic relaxation, ' If we write
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P ity PR (8 & GG P o
= (t) in terms of its slowly varying amplitudes o2/ (w, t) =[ o2/ (-w,t) ]
(N i () -iwt (5) e (VS B S .
t) = 30 w + 50 -0 + Hrd 3
pq@ (t) 3 e _( ,t) e % (-w,t) e jrd harmonic terms, (5)

then the nonlinecar contribution to the refractive index of an isotropic

medium is

500y = 2n v BT a8 (0 by e, b "6y
m G B b , T
a,B :
The following two siwmplifications are assumed to be valid throughout
the remainder of this paper:. (i) One can ignore all longitudinal relaxation
processes, cxcept for collisional mixing among the excited lévels, and (ii)
the atomic and Taser linewidths are negligible in comparison to the detuning

frequcncies |u& o ““d"uaﬁ - ?ml that arise in the expression for ﬁn(j)(t).

B

-Condition (i),‘which is genzrally necessafy to avoid nptical pumping eff‘ects,'“3

requires that the laser puiscwﬂdth tp be short in comparison to the radiative

lifetimes of the excited ftates, Condition (ii) is well satisfied for cesium

vapor around 1.06 p with N = 101® em™ and laser linewidths up to several

angstroms,

The resulting solgtioﬁ of Eqs (1)-(G), which is outlined in the

© appendix, yields the expression

0 () = n’(r) + Ba"(t) (7a)
= il .+ ke ¥ s
0, (E (t))' E"N:“;B %o Lag(0) qa'(.t).] } (7b)

4 ' . . . . .
In 6n°(t), the nonlinecar refractive index is

rig
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_ i o)) T (R0 (e, )t “e)
E 2 and the bracket ( } denotes an dverage over an optical cycle [i.e.,
| (Ee(t)> = é'e(w)-t)|2]. In 5n”' (t)!
3 { : P y RPN hd
# Sl e |2
: \'Cﬁ 3 hi(w 0lz‘-(u) 3 fi(w 331.0) (1
aB : aB
';.'_ is a linear susce{)tibility,, the quantities %(t) are solutions of the rate
E - ' equations
q (£) = = -y + + o
i 3468 = W g, (©) ?;‘ URORERCICY an
: subject to the initial conditions q('](-m) = 0, the driving terms are
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U
r is the homogenecous rclaxation rate of t), and W is ‘the g ~
o T mogenc ¢ ; pGO( )1 Bo B Ta

collisional mixing rate, which satisfies the conditions

e

e-hw B/kT
S T

W= T 2
3

where §,= 0 if o or 8 are zero, From Egs. (11), (12),(13b) and the initial

condition q}(-m) =0, we obtain the useful identity

Ty
a

'y instantanecous term 6n'(t) is dquivalen; to the results obtained from
the ugual third order perturbation theoryf“-éﬁilc bn” (t) arises from a
change in the total suscgptibility-as a result of incoherent popﬁlation'of
thg excited levels. .According to Eq. (A8 ), the total population change
Géi)(o,t) consists of an instantaneous (coherent) portion plus the inertial
(incoherent) portion q}(t) that arises from atowic rclaxation, - The coherent
contributions, which can hoe explained in terms of Grischkowsky's adiabatic

following model, ' ?“arc included in expression (). Butjlkfn, et.al, *thave

derived results similar to ours, but their interpretation is different.




In their formalism, our %J(t) would represent the total population change,
while the coherent pupuiation terms would be included adhoc by inserting
Stark shift terms in the off-diagonal density matrix cguations.

For short pulses (i.r., Euotp << 1), the inertial termg are'negligiblc,

and Eq. (7) reduces to

Gn(j)(t) °V5n'(t).= n, <E2)

At the opposite extreme, !gotp >> 1, and

51’1(:.) (t) o 5n” (t) e

The cxpression for én”(t) can be simplificd in the second case by noting that
collisioﬁal mixing .occurs only among the sublevels of each nl manifold.
Since the mixing rates %G'are usually comparable to ﬁuﬁ’l7 these sublevels

are completely thermaiized if I°' t >> 1,
: - o p




B. Three Level Model

The theory presented so far is applicable to all atomic vapors under
suitable conditions, For cesium vapor around 1,06 I, one can obtain a
useful and instructive approximation to this theory by examining the lower
lying cnergy 1cvcfs, shown in Fig. 1 Around 1.00 W, Gn(j) aﬁpcérs to be
determined mainly by the |Gs 5 = 0Y, |6p ) E_ll vand |7s ) = |2 ) levels
because of the neérby one and two photon resonances with 6p and 7s,
respectively (i.e., DAy < R +'w, and |ub0 - 2w << wQO)' To a
first'approximétion, we can therefore ignore 511 other levels and all non-
résonant~contributiohs Lo ﬁn(3)(t)i We will also ignore the L-S splitting
of the 6p level, and approximate 6p by the degenerate magnetic substates
|al), vy, fe) representing m = 1, 0, -1, réspccpively. This appears
to be reasonable at 1.06% n, where O w){2nc = 2149 cm ! and the L-§
splittiﬁg is only 5l cm ', The error that th's causes in tﬁe evaluation
of n, is small in comparison to that caused by the neglect of higher energy
states and nonrasonaut'contributions.

For linearly polnri:ud light, we choose & = ;; hence, the only non-
vanishing matrix clementg of interest are 2:;50 E g = ﬂ?b and
E'iéb = u21 =.ugl. Uéing the simplificationé'described'above, one can

approximate Eqs (7)-(10) by

s
h(u&

% anNps, -
Ty [a,(0) - q,(0)] TR SO

50 ey ~ 1y (87 (1)

(W)

where:

2 a0 0 S0 1

100

(18a)
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= Y Wt o 2 - i ny v
! (lw w)= (w, by 2w) n- (u)m )

and (.]o(t) and qb(t) are solutions of Eqs (11). The term q2(t) has not been
Included in (17) beeause it is fourth.order in E(t), and is tﬁerefore
negligible unless (U':U-Z:‘(i' is comparable to the atomic linewidth. Such terms
were dviseussed by Butylkin, et. al.l! and have .recgntly been observgd in
potassium vapor, * |

The negleet of L.-§ splitting allows one to oi):tain' simple expféssions
for 'qo(t) and 4, (t) with only two relaxation cons.tants. By symmetry
considerations, it follows that rao = F = Flo, T b "'We =W, and

thB = M for a i‘ﬁ equal to a, b or ¢, Equations (11) then reduce to

;\
. ot 3 ' g 1() =) '2
q, -(?/E)qu H ']21"'(10 3 (rm = "N) h‘-(m -w) (£%)

"where the identity q, 1 g, + 4% + a5, =a0 [Eq (lll-)'] has been used fo obtain
(19b).. Solviﬁg for qo(t) and qb(t), and substituting them into 17), we

obtain the result.
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As we indicated in the preceeding subsection, the integral terms arise from
incoherent redistribution of the 6s and 6p populations, and will bredominate
i >
if rlOtp > 1,
For pulsewidths comparable to or less than the atimic rcélaxation times

-1 -1 s (3)¢ .y
rlO and W ', the most important contribution to 6én [t) is the two photon
term n,, defined by Eqs (18), as we will show at the ond of this section. This

term is positive in most substances around 1,06 K, and is partially responsible

for the self focusing nbserved in materials such as laser glass,’® In Cs vapor

around 1,06 WK, however, oy is large and negative due to the strung resonant
enhancement by the two photon denominator (ubo-Ew)/Eﬂc = -261 cm-l.
The instantaneous portion of 6n(3)(t).tan be interpreted thsicélly

by rewriting expression (18b) iﬁ the form®

s
TRl L ) 1 1
e — -
2 h,(ubo-290(wlo-m) wlo-m F ubl-m
= .ane 2 :
Mo @ho. 1 ESln)

- 3% = ( ;
h (wlo-u» uio-w ubl-w

The first (and largest). pair of terms arise directly from the two photon
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followlng approximatlon that takes, account of the phase relaxation T’

()

"polarization" Uﬁg(vu», witich drives Ulb (W) and 0£?)(w), T~ second pair
arise from the coherent redistribution of the Gs and Sp populations, as
described by adiabatic following theory.l’5 We have recently shown that the
combined coherent and incolicrent population terms in a two level system (i.é.,
in the absence of unl ¢ud W) can be described by a generalized adiabatic
lO'
e i

For circularly polarized light, we choose &€ = T 275k *+ iy); hence,

3 A
y r 't 2 . - - 4
the o:ly non\aniehln *w1t11x elements of interest are r 'uaO ‘%UQ ”10
and T o T By = My, The magnitudes of ulo and Hsy Are equal to those in

the linearly polarized case, Using the same approximaticns -and nroceedure as

above, we again ohtain Fq (20), but the constants 0, and'CQ are now defined by

N, T oeny

& i)

Oay . 2Eo RW)n ;EWn21

The Ny, term does not appear in tﬁis’cése because the cor?ésroﬁding virtu&l
transition Gs = Gp = s requires zero net an"ular momentumn transfer from
the light to tho atom, whereas two photons of circularly polarized light
must transfgr AJ = té;?l (Two photon contributions do arise from the n®D

levels, but they have not been included in this simple approximation.)

From Eq (24) and definitions (18a,b%), we see that n, reduces to the expression

“derived by. Grischkowsky,l’sas oﬁe would expect in this case.

To evaluate Teyys Mg ahd gy, We used matrix elements obtained from
the toLal 6s” S% Gp” P; g and Gp® Pyga- 7525% line strengths calculated by
Heavens,?? and took “he energy of 6p to be 11547 em (the weighted average

of GpQP%.and 6p2Pg).' The magnitudes of the matrix elements are (in. atomic
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units) Iuihl = 9,106 and ihall = 2,92, piving the results Ny, - -2,56 % IU-%” N,
g, T 00095 N 0T N and oy = 0,256 % 1070 § esu for A = 1,004 w, The
resulting values of n, vbtained from Eqs (18) and (24) for linear and circular
polarization, respectively, are shown in column C of Table l.-in column D, we
show the values of n, calculated from the exacg expression [ Eq (8)], tak?ng
account of the contributions from non resonant térms and higher lying states
(up to 8s, 8p, and Gd), aud including the effects of L-S Splitting;.The
magnitudes of the matrix elgments-were again-calculatedlfrom Heavens' data,22

while the signs were taken from Table 1 of Miles and Harris,?®°

In the case of linear polarization, the gbod agreement Beqweén columns

C and D justifies our simple three level model, The small discrepency arises

primarily from the contribution of the Tp levels in the exact expression, For
circular polarization, the discrepenﬁy is significantly larger, and stems
primarily from the two phcton 6s-5d and 6s-6¢ contributions that were not

included in the threec level model.




III, EXPERIMENT

In order te measurc Ny, we studied the self-defocusing of mode locked
Nd.YAG pulses in a 100 ¢m long cesium vapor cell, . The measurements werc made at

several densities between N = 0,08 x 107 e and 0,32 x 10 7 cm-s‘with linearly

polarized pulses aud at 0,32 x 107 cm " ‘vith circular polarization, The-lensity
was controlled by adjusting the temperaturs of a cesium reservoir (260 505°¢C),
while the main crll was held at 460YC in order to minimize linecar absorption

from Cs dimers.® For N - 0.32 x 10'7 cm 3, the 6s-6p transverse relaxation time

Is is .approximately o pice,
The input radiation cousisted of single pulses of FWHM (intensity) duration
tp = 355 psec, as détermined by measurements with a 5 psec rcsolution streak

camera, Since Fia >2 tp‘at all Cs pressures, the instantaneous terms are

expected to predominate in Egs, (7) aﬁd (©'0); hence, expression (15) should be

a good apprdximution, at lecast for the lincarly polarized pulses, The input beam,

which was well collimated (radius of curvature po = 20 m), had ‘the form of an

Airy profile truncated at the first minimum; with a 1/e intensity ralius of
e = 0.58 mm, The pulsec nergy ;ntering the ce.l was measured with a calorimeter,
and was monitored with a calibrated photodiode, For the linear polarization case,
simultancous cnergy measurecuents Were madefat the output to determine the tragsmission
-of the cesium, which is plotted vs input pulse energy in Fig, 2,

The énergy profile at the output of rhe cell was recorded by imaging. the exit

window onto'a silicon photodiode array of 25.1 resolution, Figure 5a shows typical

oscilloscope traces of these output profiies for .the case N =..52 x 107 cm 2,
At low intensities, the beam profile was identical to that obtained with linear
propagation in an empty cell, At inte;me&iaté intensities, the beam size increased

b

but ite smooth characteristic shape was retained, At the highest intensities
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nsed, [urther increase in beam size was observed, accompanied by bcam distortion
~and the appearance of ring séructure near the axis, This behavior is similar -
‘ to that observed in thc sclf defocusing experiments of Grischko@sky and Armst:rong.5
i A1l of the data that was gsed in determining n, was taken ét the intermediate . z

i i intensitities (= G CW/cu®*) where the beam distortion and cesium insertion loss

k' ‘ l wore negligible,

In analyzing thé data, the output profile of the beam was calculated ffom
a solution of the wavc equation in the paraxial ray approximation, Using Eq. - (15),
along with a constunt shngc éssumption,lzand approximating -the shape o£ the input
beam with a Gaussian distribution, we obtain for the intensity-préfile at . the
k- end of the cell |

100 t) = [P(e)/ma2(t))  exp [~r®/a%(t)]. (26)

flere P(L) 1is the iﬁput beam power and a(t) is'a time dependent radius given

12 -

by
1 : a(6) = a2 {1 +2/p)? +[1 - B(E)/R] (hz/2ma)?), N A
where z is the length of the Cs cell, a, and P, 3re the input radius and beam

curvature, respectively, and Brl= lzc/32nzn2 <0, The energy profile was then

i obtained by numerically integrating expression (26) over the pulse duration, E
For .each ‘'data point, wucusured values of ao,'ps and P(t) werelused:and the value

of 62 was chogen to pive the best theoretical fit to the measured energy dis- 5

tribution of the half-miximum points. This procedure is justified by the -good o8
{ 4 overall agrecment between the calculated aund experimental profiles, as illustrated FH

by the examples shown in Tig. 35b,
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LV, RESULYS AND DISCUSS (ON

-+ ‘ The results of our Ny measurements for linearly and circularly polarized

e g

light are shown as.a function of density in Fig, 4, and are compared with the
FoS I -

i theory in Table 1, The first column of Table- 1 gives the experimental values of
l n2/N obtained using Fqs. (15), (26) and (27), as described above. Column B

5 gives adjusted experimental values which approximately account for the contribution

i of the integral terms in Eq. (20), as we will discuss below, Columns C and D

give the approximate and exact ealculated values of n2/N that were discusseéd

in See, III, and the last column gives the value obtained from the susceptibility
|

i | calculations of Miles and Harris, 28
In using Eq. (I5) to analyze the data, we have, in effect, treated the small :
3 integral terms of Gnc?)(t) Tiq. (20)] as instantaneous, and lumped them into an n'“

effective contribution to the measured value of n,, One can estimate the relative
i ] ) * R

s importance of these iutepral terms by averaging their contribution to 5n(3)(t)

; tver the incident intensity, and comparing this to a similar average of the

instantaneous portion; i,e,, we consider the quantity

~f

o @
7 E/ [OnO)(t) - ny <E2(c)>] ’.a’(t»dc// n2<E2(c))2¢c, ©8)

| using Eq. (@) and the exact values of Ny from column D, The corrected values of

Ny would thén be approsimately (1 + M) (imes the numbers shown in column. A,
Assuming that I‘;.!- * €0 psec,%%and that W ~ I"m, 1%e obtain N(linear) =~ 0,08
and T(circular) > 0.36 b numerical integration of Eq. (28), Integral terms thus

coniribute little in the case of linear polarization, but they result in a

significant correction for circular polarizatian, where']nzl is relatively small,

~




Theexper;mentalnnd theoretical values of n2,(cdlumn;B and ﬁ) are in
reasonable agrcement, considering that one is comparing ab-initio caiculations
“with absolute measurements, Since the oscillator ;trengths correspondidg to our
matrix elements are probabiy too large by a fac r of about 5%,22 the numbers in
columns C and D could be overestimated by as much as 10%; hence, the actual
discrepancy between theory and measurements is probably smaller than inqicéped in
Table 1, The remaining discrepancy uppears'to arise from systemmatic errors in
the valués sf the coﬁccutration N or the pulsﬁ power P(tj. N was obtained from

z‘and the measured temperatures of the bulb and cell, ‘As

vapof pressure t#bles
other authofs have noted,5 the accuracy of this proceeduré is 1imited, In
the ratio ne(linear)/nz(cigcular) the factor N cancels, and the agreement
Letween theory and measurcaments is within 8%. [i.e.,, the ratio is 5.4 from
column B, and 5,0 from column D.]

ALthqugh the cesium inscrtion loss was negligible for the pulses used in the
n., neasurements, its existence at higher and 1;wer intensities (Fig. 2) may have

a bearing on the possible applications of the negative n,, and requires some

further conment. . 'The attenuation at low intensities appears to arise from

cesium dimers, whose absorption band extends -from the vicinity of the D lincs to

about 1,12 p, ! Uslﬁg a cross section of approximately O 2 x 107 enP, "

'aqd concentra’tion28

5200 /T(°K)

Np = 5.5% x 1072°N%e : (29)

ve obtain the absorption coefficient Nyoj, 40,017 at T = 460YC and N = 0,52 x 107 em”
The small signal transmission for a 100 cw path - length is then approximately 184,

If N is actually smaller by alfacgor of about two, 'as we suggested above, then

the EransmisSion would be apProximately 657, -The iicrease in transmission with

intenéity up to about wi/en® is apparently due to either bleachinév%r hole




burning effects in the dimers, Evidence for this' is shown in Fig, 2, where one
pair of points corresponds to a double pulse with a 3 nscc separation, The
first pulse, whose encrgy density was 200 mJ/cme; wee virtually unatteﬂuated.

It apparently bleached out the dimers however, because the second pulse,
whose density was ¥0 mJ/cm (indicated by the cross) had significantly higher
transmission than other pulses of comparable magnitude,

One is tempted tuv ascribe the losses at high intensities to two photon

absorption or multi photcn ionization; however, the theoretlcal cross sections
for these processes do not ~support suoh cxplanations, The two photon cross: section

( )(l 06”) vhich is due primarily to the 55-75 contribution, is approximately
3.3 x 109 NI,’a where intensitv I is measured in W/cmg. For N = 0,32 X 10Y7 ¢

and incident intensity I = 3 X 1030 ”the maximum absorption éoefficiént is
: y »

NJ(‘)(l.OGu) >1078 onl, The three photon absorption is also nqgligible,.One can

estimate the four plhoton ionization cross section from calculations carried out by

Morton?? for A = 1 0590 M. Morton's results corrobpond to a cross sectlon

T T s g

0( )(l 059u) = 3 7 X.lU TAe 3; 23however this number is strongly enhanced by a

vearly exact resonance between 3w and the 6€ levels around 28%29,7 em *, The

detuning'is'only ~ 1 em *, whereas for 1 Oﬁhu it is 154 em !; hence, c<u)(1,u6hn)
™, 1302 o (4 )(l 059p) ™~ 2,1 X 2075%1° , giving a maximum absorption coefficient
of 1.8 X10™% en? for ¥ 0,32 X .LOJ‘7 cm a.l With beam spreading (and thus- lowering
_of the intensities and cvoss sections), the absorption over 100 cm is hegligible.
The flattening of the high power pulses, as shown in Fig, 3a, suggests that

dimev absorption could also be reSponstblc for the aLtonuatlon at thése as well’

as at the lower powers. To see this, we ussume. for the moment that the constant

e ST

: >

shape approximltJOn remains valid, even when the beam spreading is large, If this

were valid [and (L) >> P ] then Eq (@7) would reduce to a® (t) = (Az/2ma )’P(t)/? g

s

hence, the on-axis l"LLP51tY I(0) =~ (2u¢°/\z)ch/n would remain independent

of the total power P(t). However, becausc Lie flatening does occur and

e T R e S e T
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becomes more prominent as P(t) increases, it is evident that the intensity I(O,t)

can actually decrease as P(t) increases, The central pottion of the beam may

therefore become more susceptible to dimer absorption under these conditions,

In later publications, we will report on additiong]l defocusing measurements
using longer pnlses to obscrve the integral terms, and on investigations of the
higher power transmission under conditions where beam flattening is negligible
We will also report on both thgbretical and experimental studies of the application
of cesium vaﬁor for compensation of self focusing and self phase modulation in

high power laser systoms,
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APPENDIX

To obtain the solucion of Eqs (J), we use the harmonic expansions

of q;;)(t). as in Eq, (“X; i.e

A

)

P (8 '”'%ch) (w,t) e 1¥E 4 %c;;)(-w,t) ettt

* third harmonic terms,

90(32)‘(9) ”((q? (.e) + % cég) (2w,y) Py 3 G(ii)(-@v,t)ez'iwt,

My = (1) -iwe g (1), iwt
%a (E) = %OOB (w,t) e *%GGB (=w,£) ‘e,

+*
where the amplitudeslgig)(n’w,t) =[ cé:)(-n' t) ] vary in times on the order

of the pulsewidth L Substitutipg Eqs (Al) into (5)'[and dropping the time

label for brevityl, one obtains

Dl G
PRI ICHER LIRS

- 1&:(-«»)3*.'3';:) 2wy + 216(0_\)@--5::(:)‘(0),

é:iez) (2w + La, - 20 - 11“@) Gég)‘(Zw) = ie(w)'é-:c(‘;)(w)»

T © 1ty - i) @

= -gié‘.(-m)g%';c(\;) (v + %ie-(w)e‘—‘:cg{:)(-w). s #0,

@) I -y . (2,
0 2l +w oty Xy ol
ot [S S ﬂ?/a Ba J£7e]

= Re[1€(-w) é'::'-'ég’ (w)]




( PO e e 2o oE L) i = 0 L
'I | (w) i(ta w 11(]{3) UC(B'(w) (i/MHEwe “03(530 - 600), (A2e
l where
=), « 5 (n) _(n) 1 ] 3
; | e {n"w) (l/zh)) [u ¥ Oy (n'wy - Oy (n'w) u\ﬁ] ) (45)
k. ‘
¢ and I W W are the phase relaxation and collisional mixing rates
a3’ o’ Ra
l described in the text.
{ With the excoption of (A2d), all of the equations (A?) have the general |
form .
| 1
3 . I
i | o(e)y + (1 "Iy o(e)y =R(t , |a] >>T, (A% ;;
& i 3 f
k. | ;
with the formal solutlon for g(-®) = R (=) =0 90 |'
. i
.t -(i0 + Ty (t-t') if
o(t) = ) de’ @ R(t’) E
-l ‘t
mtl I
de!“t! I
E( W) m (A5)
dt
For example, (AZe) yields the result
= m+l
(1) -1 A" (w, t) ;
(0,6 = = (1/h) (8§, - 8 ) &3 ZF TG~ ¥ ] 2L a6y
B =0 o8 .ot
i |
Since () represents quantities such as c@‘aw’ aBi W or waBiEw, but l(l/R) "dR/dtl
1 is on the order of the laser 1inewidth, postulate (ii) leads to the condition
|(1/R( dR/dt| << () hence, it i{s necessary to retain only the lowest order terms
of (A5) and (AG).
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Equation (A2d) miy be rewritten by substituting (A3) and eupansion (A()

Retaining only the zerv and first derivative terms of (A6), and noting that

r =T one ohtains
iy 3’

G L )
= ©,c) L o L) —Z-wﬁa G270, t)
7o

" I3} P
= 3 (5, - & (T el SR LS Je(u, 08
T F L) T g E(-0, t)E(w, t)
b= £ ™0 T N0t T a i) i (ygmw irpa)

foged P e.

&y

: | &1if | u FIVﬁJ E(-w, t). —§££ﬁ~)] i, S
) =i ==

(%%( ! ﬂﬂ) (%1 w-i pa)

~ 20 Caebig) By [T (200 + Bade?(e)) ja),
3 et

where (E%(t)) - %1ﬁ(nnt),?, R@ is defined by Eq.

been used to justify the neglect of.fbo in.the'denominator of RB' Although

the zero derivative term is the largest ‘contribution to (46), it is evident

that the corresponding term.réo<E2(t)> in (A7b) may be comparable to or less

than the first derivative contribution %d(EQ(t))Ydt. This results from the

fact that the largest ‘portions of the zero derivative terms in (A7a) cancel

vhen they combine with their complex conjugates, If we define

the variable %J(t) by the telation

@) e = I :
AR GO ﬁ‘: (B8 By (E7(e)) + 9, (6),

then Eq. (A7b) lecads immediately to Eqs (11) and (12),

The near cancellation of the zero derivative terms occurs ouly in the

evaluation of Eq (A2d). 1In the solution of Eqs (A2a-c) and (A2e), one can

113
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b

therefore use postulate (ii) to owit all but the zeroth term of (AG), and to

ignore all IQC‘B factors, ‘The resulting solutions

F(-w, 1-v)'é*-_§$) (2w,t) + 2€(w, t)a-‘gc(é) ,t)

) L
a'?) (w,t) == - : (A9a)
an %ﬁiu)
@y, : £ (o, t)'é-_s’é;)(w, t)
cnﬁ (R (%@—2w' ) (AYb)
@) 5:(_'u,t)g*+.'gc(‘é) (w,t) + E(m,vt)'é'v_s:aﬁ(—w,t) 4 0
Gﬁﬁ o,t) = 20)(}3 - waB ’ (A9c)
E(w, )8 n (8 =6 )
(1) il oB* A0 o0
LA (w,t) h(uaﬁ-w)' 1 (A9d)

along with the instantancous portion of (AB), are equivalent to those obtained

3 16

from ordinary perturbation thet’:»’ry.l Combining these vesults with expression

(A3), one obtains Eqs (7) - (10) after some tedious but straightforward algebra,
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TABLE 1
'%% X 10°" (esu)

] i <
| EXPERIMENTAL 'HEORETICAL MILES & HARRIS

|
| (4) (B) © (@) (E)

t -1,5 + 0,00 i -1,k 20,2 -2,70 -2,62 -0.66

| C -0,35 & 0.0l l -0,26 * 0,03 -0.335 -0.525
| i f

| : (A) Experimental values obtained from analysis of data that ignores the integral

terms of Equation (20).

7 (B) Experimental values including an adjustment to approximately account for- the
integral terms,

(C) Theoretical calculation using the near-resonant three level approximation
[Eqs. (18) and (24)J.

(D) Theoretical calculation.including antiresonant terms, higher excited states,
and L-S splitting [ Eq. (8)].

(E) Tircoretical calculation .of Ref, 23,
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FIGURE CAPTIONS

FIGURE 1 "Energy level diagram of Cs, showing the three levels |6s) 5310),
|Gpy = |}) and |7s)5 IE). primarily reéponsible for self
! defocusing at 1.06&@. The dotted lines show the position of the
2 l  laser fundamental at 1,064 and its two-photon level at 532y,
l

FIGURE 2 Cesium ;ransmission vs pulse flux (and peak intensity) for

| limearly polarized Tight and atomic density 0.32 X 10 em

FIGURE 3 Spatial profiles of the pulse at the cxit window of the Cs cell,

i a, Oscilloscope traces of photodiode array measuremcnt at low,

intermediate, and high intensity.
b. Comparison between theoretical profiles (solid lines) and

measurced profiles (dotted lines) at intermediate pulse

encrgics,

4 FIGURE k Effective nonlinear refractive index né vs atomic density N for

linecarly and circularly polarized light at 1.0Glu,
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A SINGLE MODE Nd:YAG Q-SWITCHED OSCILLATOR WITH SHORT BUILDUP TIME*.

R. C. Ecksrdt and J. F, Reintjes

Navel Research Laboratory

Washington, D, C, 20375

ABSTRACT

A singlae longitudinal ¢nd transverse moda
Nd:YAG lasar (s dsscribed. The unique faatura.of
this laser is “ha rapid build up time of the out-
put pulsa whicl appesrs 125 nsec eftar application
of either an optical or electronic trigger pulss,
vith a jitter of + 10 nsec. The output is further
shuttered to a rectaugular pulse of from 1 to
10 nsec duration. Single mode operation is ob-
tained with a two alement resonant reflector and
a birefringant Lyot filter of calcite, To furthar
aid in frequency selaction, the cavity Q is not
completely spoilad to allow buildup of quasi-
monochromatic rediation befora the cavity is
svitchad to high Q. Problems of frequency salec-
tion and cavity stability are discussed.

Single mode operetion of high power Q-switched

lasars is usually obteined with long buildup times
and many cavity transits which allow small dif-
ferances in reflectivity of the cavity mirrors to
yield e single dominant mode, Seturable absorbers
ace normally used for Q-switching in these lasers
because they provide the required buildup time
during tte relatively slow bleaching process (1,2),
Sstursble absorbers, howsver, have the dis-
advantage of being passive devices and cannot be
extarnally triggered. Jitter in the eppearance of
tha output pulsa in such lasars are typically of
the ordar of + 10 usec.

In cany epplicetions howaver a more rapid
buildup tims, coupled with the ability to synchro-
nize the output pulse to other optical signals,
is desirable, In such cases Pockels cell Q-
svitching can give the needed time reference for
synchronization, but the rapid buildup tima does
not in generel allow sufficient wavelsngth
discrimiration for single fraquency operation,
Here we discuss e Pockels cell Q-switchad Nd:YAG
laser operated under conditions which simu-
ltaneously allow rapid pulse buildup and oscilla-
tion on a single lengitudinal mode, Q-switching is
triggerad eithar alectrically or optically. The
single moda output pulse eppears 125 nsec after

applicetion of tha triggar pulse with a j’:tar of
+ 10 nsec,

In our epplication, the Q-switched pulsa is
synchronized witb tha pesk of a mode-locked pulse
train generated in a saparate lacar (3), In this
tvo laser system (Fig, 1.) the Q-switched leser
is triggered on the leading adge of the mode-locked
pulse trsin, and tha 125 nsac delay places tha Q-
switchad pulsa coincident with tha peak of the
mode-locked pulsa train. Laser triggered spark
gaps are tha usad to drive Pockels cells that
shutter out a single mods-locked pulsa end a
rectangular sagment of tha Q-switched pulsa of 1
to 10 nsec duration. The two pulses ere syn-
chronized with a jittar of + .1 nsec. Single
mode operetion of the Q-switched oscillator is
required to allow maximum amplificetion while
avoiding damaga due to excessive instantaneous
intensities and to provide a well definad pulse for
lasar matter interaction studias, .

The single node Q-switchsd oscillator is shovm
schematically in Fig. 2. A 3 inch long, 1/4 inch
diameter, Brewster-Brawstar Nd:YAG laser rod is
pumpad with a licear flashlamp in a single ellipse
pump cavity, Ths fleshlamp radiation has 125 psec
full width at half maximum, S$ingle pass gains of
16 db can be obtained in tha lasar rod et the full
pump unergy of 30 J. The resonant cavity is
formed by & 4.7 n radius-of-curvature 997 ra-
flectivity mirror and a two elemert rasonent re-
flector, A circular aperture of ,25 cm diameter
provides transversa mode selection. A calcita
polarizing prisn and a KO*P Pockels call sre used
for Q-switching. The same prism is also used with
a celcite slab to form a Lyot filtar.

Frequency salection is provided by the
resonant reflector which providas discriminstion
agsinst oscilletion on adjscent cevity modes end
the Lyot filter which discriminatas against more
widely spaced modes. The rasonant reflector con-
sists of e flat 45% dialectric mirror and a 5 cm
thick fused silica flat with ends parallel to
3 seconds of src. The mirror is placad 10.8 cnm
from the nearast surfece of tha flet, Fine ad-
justment of this spacing i{s provided by a trans-
lation stege driven by a differential screw
micrometer with a rasolution of 1/8 wavelangth.
The resonant reflector elements and 997 mirror
are aligned interferometrically with e collimated
He-Ne laser (Fig. 2.). The calcita slab i{s 2.1 cm




thiek and is arvanged to operate as 3 high order
rezardation pluts with its optic axis oriented
perpendicular to the direction of prcpegation and
at an angle of 45° to the polarization vector
trensnitted by tha polarizing prism.

For propagation perpsndicular to the optic
axis, the nunber of vaves of retardetion is
NsL(ny-ng) /A where L is the length of the crystal,
n, the ordinary index, ne the axtraordinary index,
and } is ths wavelength in frae spaca. With the
calcite crystal placed between parallel polarizers,
only integer orders of retardation will be com-
pletely transmitted. 1n our laser oscillator,
light passes through the calcite twice before it
again passes through the nolarizing prism; there-
fore we have an effactive crystal length of 2L.
The filter transmission for this configuratiom is
given by

T = ¢:os2 {Z:tL (no - ne),lk} b

For a crystel lsngth of 2,1 cm transmission peake
are spaced by 1.66X107" p (Fig. 3.)., One of the
transmission maxima of ths Lyot filter is tuned
to the peek of ths Nd:YAG fluorascence with small
rotations about an axis parallel to the optic axis
by finding the minimum threshold for free running
laser oscillatioms. At the spectral positiom of
the edjecent maxima the single pass gain in the
laser rod is reduced to approximately .9 of its
peak value.

The calcite birefringent filter offers adven-
teges over a thin parallel rescnant reflector
element. The modulation of the Lyot filter is
complete with transmission going to zero at each
mininum. Also.the position of tha transmission
peaks can be tuned by a small rotation ebout. the
optic axis or about an axis perpeadicular to both
the optic axis and the direction propagation. The
change in the order of retardation for a double
pass through the crystel is given by

o i
2ne 2n°

where % is the angle of rotation. And the inter-
action of the Lyot filter is independent of spac-
ing, but with a resonant reflector it i{s necessary
to hold spacing constant to interferowetric
tolerances.

A simple two element resonant raflector 1s
required for further frequency selection, The
adjacent longitudinal cavity modes for this laser
are spaced by A = 6,57 X 10-7¢. This spacing is
much too fine to be resolved by the transmission
bands of the Lyot filtar., The reflectivity of the
two element resonant reflector is given by

l—C.C.-i

2
; ‘.'L r2t1 exp(if) -|.

K

Here r) and t, are the complex amplitude re-
flection and transmission coefficients for a di-

_electric sla% (&) in this case the fused silica

flet. The amplitude reflection coefficient for the
mirror is ry, and 9 = 4xf/\ where L is the specing
of the mirror end flat.

The combination of 5 em fused silica flat end
457 mirror heve peak xaflectivity of 674 (Fig. 4.).
Reflectivity at the sdjacent longitudinal modes is
reduced to .91 of this value. The next 67% re-
flection psak is spaced by 1.64 X 10-5;. Moving
this distance from the peak of the Lyot filter re-
duces its trensmission to .91 of that peak value.
In operation of the laser it is nacessery to tune
e reflection peak of the resonant reflector to
coincide with both the maximum transmission of the
Lyot filter and the peak of the rod fluorcscence.
This is done by transleting the mirror until sat-
isfactory lassr operation is obtained.

To .obtain further frequency slection the cavity
Q is not completely spoiled to allow the buildup
of low levsl quasi-monochromatic oscillations be-
fore Q-switching. A buildup time of 125 nsec in
a cavity of optical length 86.2 cm only allows
22 round trip transits. Reduction in round trip
gain for secondary modes to .9 times that of ths
dominant mode is not eufficient to provide singls
mode operetion when these modes of oscillation
buildup from the same initial intensity levels.
Under thet condition the intensity of the
secondary modes would only be reduced to .922-.10
of the intsnsity of the dominant mode. To obtain
a low level buildup the Yockels cell is operated
at a voltage 500 V less thai the 3500 V quarter
wave voltage, Fleshlamp energy is increased 2
or 3 J above the threshold for relaxation
oscillations with constant unswitched Pockeis cell
voltage (Fig. 5.). Below this pumping enargy
buildup time is increased and the laser output
shows spiking. Above this energy the jitter in
buildup tims {ncreases. The spiking character in
the output is elso obsexved when the Pockels
cell voltage is increased.

Laser output was monitored with e 5 psec
resolution stresk cacera and a .5 nsec risetime
photodiode oscilloscope combipation. With proper
adjustment of the resonant reflector, single mode
laser operation was obtained (Fig. 6.). Single
mode operation would lest for typically 10 shots
before readjustment of the resonant reflector was
required. Single transverse mode operation was
obtainsd routinely. Transverse intensity dis-
tribut ion was —onitored with a 512 element silicon
shotnliods arrey (Fig. 7.}. Gaussian like dis-
tributions of .19 co FWHM were observed at a
distance of 240 co from the output mirror.

It is necessary that the resonant cavity be
held stable to interferometric tolerances to main-
tain the frequency selection characteristics, The
laser was enclosed in a box open at the ends to
shield from air currents in the laboratory room.
Even though the laser was assercbled on a large
stesl beam moeited on meeslve o hegsle padakrals it
was necessery to —ove a water coolir across the
room to avoid vibration coupling. Repetition rate
had to be slowed to one shot in 15 seconds to
allow the lassr rod to stabilize. The laser is




still susceptible to chenges in temperstura and air
presyure,. Thermal expansion cerficientl for
coumon a1loys ara typically 20X10°6 (c®)-1. 1o
hold tha length of a lm bsnch constant to 1/4 u
raquires temparaturs stebility of ,0013°C . Using
formules given in the AIP Handbook (5) it is

found that 1/4 u stability in cavity opticel length
raquiras eir pressure constant to 0.7 mm Hg and
air temparetura constent to 0. 3°C . A sealed
tempsratura controlled anclosura with conatent ges
density would be rsquired to obtein longsr tarm
stability of the singla mode performanca.

The shor: buildup time and single mode char-
actar of this lasar have proved useful in lasar
matter intsraction studias, For axample inter-
ferometric studiss of the time evolution of lasar
creatad plasmas can bs made quite easily with
the dual lesar system describad ebove. In such
e situation, a plasma is generated from a
suiteble targat with a 2,5 nsac sagment of the
Q-switched pulse amplified to an anergy of 1J.
The plasma is probed from the side with e single
plcosecond pulse from the mode locked laser
which has been frequency doublad to .53 u. A
typical intarferogrem obtained from e 1 mil thick
AL target is shown in Fig, 8, with tha picosecond
pulse probing the plasma 3 nsec efter the start
of the Q-switchad pulse,
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I. INTRODUCT ION

Paving been dormant for the first ten years of laser research, the

development of short wavelength lasers emitting in the vacuum tegion1

at wavelengths shorter than 2000 X has advanced rapidly during the last

five years. A number of new devices useful as both nscillators and amplifiers

I have been developed and are finding early application as diagnostic probes for
materials studies. In addition, techniques: have been developed for qtilizing
non- Linear optical properties of materials to generate laser harmonic frequencies
and to mix and add together several lower laser frequencies to produce tun-

able, coherent emission in the spectral region below 2000 &. These

advan-es have produced the momentum for reseaxrch to develop still shorter
l wavelength x-ray lasers,
} Perhaps the most important forerunner of the direct amplifying, self-
! contained lasers to be developed was the molecular nitrogen discharge laser
‘ of Heaxrd [1]. This laser, which emits at 3371 & from molecular
electronic levels, spurred the development of the fast pumping technology
required for shorter wavelength lasers, as well as pointing out the utility
| of molecular electronic levels for ultraviolet (uv) lasers. This laser has
! been developed considerably by Leonard [2], . Gerry [3], , Shipman, [4], and
i numerous others, It is now one of the most importsnt lasera. in the near
; uv and is used extensively as an exciter for @ye lasers. French reports

claim 50 MW peak power from such N, lasers [5]. In addition, there has

lAt wavelengths shorter than 2000 A, oxygen and nitrogen in the atmosphere
absorb radiation strongly and vacuum (or helium-purged) paths must be pro-
vic:d to propagate the radiation.
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been success in pumping N, with electron beams [6], [7].

Earlier development of nitrogen lasers led directly to the realization
of the first vacuum ultraviolet (vuv) laser from molecular hydrogen. The
concept of a hydrogen laser was advanced by Bazhulin, Knyazev and Petrash (81
in 1965, but the actual realization of the laser avaited application by Shipman [4]
of fast pulsed technology to the nitrogen laser. Using the flat plate Blumlein
discharge system, both Hodgson [9] and Waynant et. al (10], [11] produced
lasing on the Lyman band (812: - XIZ;) of hydrogen. Further work produced
laser emission from the isotopic molecules, D, and HY, and also from para-ll2
(12], [13]. Hodgson also was able to produce stimulated emission on the fourth
positive band of CO (AIH - X12+) giving lines in the 1800 - 2000 ! region [14].2

Continued development of the Shipman technmology enabled Waynant to
generate lasing on the 1160 X spectral region on the Werner band tramsitioms
(Clﬂu - XIZZ) from H2 [15]. Hodgson and Dreyfus switched to a high current
electron beam to generate lasing in N, [6], in the HZ Lyman band [16] and
also the Werner band of H, [17]. Considerable theoretical [18]-[22] and
experimental [23], [24] work has been drne on the H, laser. In recent reviews
of the H, laser [25], [26], advances and limitations are detailed for both
atmospheric pressure afld repetitively discharged operation.

The Soviet scientists were also responsible for another theoretical
prediction of a somewhat different vacuum ultraviolet laser, In 1968

Molchanov, Poluektov and Popov proposed that sylid crystals of the rare

20ne line reported in hydrogen experiments at 1600.44 % [9], [13] has not been observed
by other investigators and may be an impurity line.
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gases could be made to lase [27] . Basov and co-workers conducted a number 3
of experimeﬁts using the liquid form of the rare gases, principally xenon,
[28]-[33] and report characteristics consistent with stimulated emission.
Koehler and associates [34]-[35] used high current electron beams and high !
pressure gaseous Xenon to form excited xenon molecules (Xe"i) called excimers. 3
Lasing was observed at ~ 1720 X from these excimers., Extensive theoretical :
studies [36]-[43] and considerable experimental work [44]-[53] has been devoted to ; 4-
xenon, as reviewed by Rhodes [54]. Other excimers, e.g., Kr; and Ar:', have been '
made to lase in the 1260 - 1460 X region [34] ,[35],_[39], [55]1-[57]. These lasers
appear to have a large potential for both high power and high efficiency.

A, Material ' Limitations

1) Optical Characteristics: Besides the difficulties of achiieving high

gain at short wavelengths (which will be: explained in Section II), a major

impediment for vacuum-uv and x-ray lasers has been a lack of suitable materials
for both high transmission windows and efficient reflectors for resomantors,

both of traditional high priority in laser research. The field of optics in

the vacuum ultraviolet has been surveyed and reviewed recently quite excellently

by Hunter [58] and alsc previously by Tousey [59] and Samson [60]. Figure 1

from [58] shows the temperature dependence of the short wavelength transmission

limit of various vacuum ultraviolet window materials. The cutoff wavelength /
of all materials drops with temperature, but no material has a cutoff below - ;
1000 £ (Li7). Below 1060 R the only possibility of building a Falbry-Perot
mirroreci cavity requires that a hole for output coupling be cut in the mirvor,

To do this would require sophisticated differential vacuum pumping and gas
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For :ieflection, no material is better than aluminum for wavelengths
longer than 1000 L. 1In order to use this high reflectance the oxide film
which normally develops on its surface must be prevented, This is done by
overcoating with magnesium fluoride or lithium fluoride films of precisely
controlled thickness. Since the overcoating material cuts off at short wave-
lengths, the reflectance of aluminum cannot be used below 1000 k. Below
1000 & no material has very high reflectance. Platinum is usually used, but
in some wavelength regions such materials as iridium, osmium, rhenium and
tungsten may have higher reflectance. The reflectance of these materials is
given by Hunter as a function of wavelength [58]..

Already difficulties have been found in using resonators with the rare
gas molecular lasers. Aluminum coatings are rapidly damaged [45], [61] when used
as resonators for high power xenon lasers and presently limit the output
intensity to about 1 Mw/cmz. Intensity inside the resonmator is several
times higher. The primary reason for this limitation is the power absorbed
in the aluminum, The same interband levels responsible for absorption in
aluminum are present in other prospective reflector materials, Multilayer
dielectric mirrors are a possible choice, but they are difficult to make, wﬁuld

"likely still have considerable absorption, and would not be available below
1000 £.

2) Crystal Resonators:

a) Bragg Reflection: Below 1000 Lk resomant cavities with high

reflectance are difficult to build for the reasons given above, but at very
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short wavelengths of about 10} or less it becomes possible to use Bragg re-
flection from the crystal planes of solids. Several papers have presented
possible x-ray resonators' which would be suitable - theoretically at least -
for an x-ray laser. The puckered ring design of Bond, Duguay, and Rentzepis
[62] is shown in Fig, 2. This design allows the resonator to be tuned to
the laser transition. The osses at each crystal reflection are less than 5%,
but these losses multiply as crystal elements are added and so does the dif-
ficulty of alignment. Single crystals with alignments carefully fabricated
might be used as resonators. Such resonators, as proposed by Deslattes [631,
are shown in Fig. 3. Cotterill [64] proposes a resonator built using pairs
of parallel crystal planes as shown in Fig. 4. In this design the polarization
losses are less than the puckered ring, but alignment is likely to be possible
only 1f they are cut from a single crystal. Kolpakov, et al, [65] consider
the proposed resonators and add the idea of using a Borrmann crystal to insert
and extract energy from the cavity. They also suggest that active substances,
presumably capable of stimulated emission, might be incorporated in the
Borrmann crystal.

In spite of the theoretical work done already on x-ray resonators, they
Tremain an extremely difficult problem. To align and use them in an X-ray
laser will certainly be prohibitively difficult in the early stages of laser

development.

b) Distributed Feedback: Some of the problems of alignment at-

tributed to the previously mentioned resonators may be eliminated if a distributed

feedback method, already successful with dye lasers and semiconductor lasers [66]-
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[(71] in the infrared and visible, can be extended to the x-ray region. In these
devices the feedback mechanism is distributed through the lasing medium.
Feedback is provided by Bragg scattering from a periodic variation of the re-
fractive irndex of the gain medium or of the gain itself. KXogelnik and Shank
[66] solve for the threshold conditions and give results for the case of large
gain factors. Chinn and Kelley also analyze distributed feedback lasers [72].
Several distributed feedback lasers have been built using dyes [66]-[68]
and later the principle was transferred to semiconductor lasers [701,[71].
Because of the extremely difficult problem of x-ray resonators, distributed
feedback has been suggested as an alternative [73]-[75]. Fisher [73] gives
numerous crystals that have the proper lattice spacing to satisfy the re-
quirements for distributed feedback for oxygen Ko emission. In addjition,
the statement is made that standing waves may arise to avoid highly absorbing
atoms present in the crystal, This is an interesting possibility which
further suggests that traveling-waves might experience alternating sites of
attenuation and amplification, contradicting the thought that traveling-wave
excitation (See SectionIV.) would be necessary in order to overcome the short
gain lengths dictated by the short excited-state lifetime of x-ray transitionms.
The pumping requirements vemain difficult to meet even if distributed feedback
can be employed. In addition, the large power densities required for pumping
X-ray lasers may cause expansion, distortion, or even destruction of the
periodic structure. Careful integration of pumping techniques an& resonant
structu;e design will be necessary to achieve a workable short wavelength

laser employing distributed feedback.
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B. Amplified Spontareous Emission d

I The now-traditional idea of a laser consisting of an active medium pumped

I | in some manner to produce an inverted population between two states, and

1 ingerted between mirrors which form an optical resonant cavity, was formulated
: by Schawlow and Townes [76] and reinforced by early successful lasers. The

- discovery [77] of intense emission from systems without optical cavities

(of immense importance for lasers operated in the "vacuum" region) at first

[ led to considerable semantic confusion which developed in conjunction with the
term '"superradiance" coined by Dicke [78], [79] in a hypothesis ccurcerning
the addition of the spontanecus emission from quantum radiators excited in a .

: coherent fashion. This confusion was partially side-stepped by substitution .

| of the term'superfluorescercé' which more nearly associated the enhanced emission

l with directed fluorescence. Fortunately, these semantic difficulties were

i 5 cleared up by Allen and Peters [80) who‘ went on to present a series of papers

[81]-[85] to clarify and make respectable the high gain mirrorless systems which

they appropriately termed amplified spontanecus emission (ASE) systems. Since
ASE systems will be of major importance in vacuum ultraviolet and x-ray lasers,
it is appropriate to 'treat them in:some.detail.

1) Threshold: By following the arguments of Peters and Allen [81], :
using nomenclature [86] to be used extensively in Section.II and in the three-level
3 nodel in Fig. 5; a threshold condition can be derived starting with basic principles, ‘

Consider a pumped ensemble of excited radiators of length,L, cross sectional i

, area,, a, and inversion density, AN = [N2 - (g2/g,) N3], for statistical weights .
: b
b I gy and 84° A quantity of photons n of frequency v passing through the cross L
b ! 5 )
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sectional area will induce rwAN/a atoms per unit volume per second to emit at
that location. The resonance induced emission cross section is denoted by

¢. But on/a = Bp(v), where

B = e L
8xhy 0]

is the Einstein coefficient, and
(2)

is the radiation density. MHere AvD is the width of the Doppler broadened
transition and Ty = (R23 + R2n)-1 is the natural lifetime of state 2.

Solving for o we obtain

2
c

3)

c:

8""2’3"1372

The equation for the rate of change of the number of photons, én, due

to stimulated emission in the volume,La, in time, 6t, is given by

If the threshold condition for ASE is defined as the condition when a

S et
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spontanéously emitted photon at one end of the column (x=0) just induccs ancther

photon at the other end (x = L), then nét = 1 and én = 1 in equation (%).




This yields the relition for the critical inversicn density to reach
threshold [equivalent to unity gain coefficient o; see also equation (N1
81(Avn'r

n = — (5)
c L )\Zlﬁ

L [ Pl

where ¢ is the branching ratio, i.e. R23” \R2n+R23) : 72/723.. Alternatively, for
a given inversion deniity equation (5) will give the critical length Lc required
to reach threshold,

8rAv_T
D 2 1 (6)

o1 m%

Allen and Peters verify their theoretical rasults by comparison with
a series of experiments which they carry out and with the data of others.
In a later paper [82] they comnect their theory with the semi-classical laser
theory of Stenholm and Lamb [87]. The relationship between the critical
length Lc’ for ASE and the minimum length, L’I." of active discharge at which
mirrored laser action takes place is L’I.‘ch = 0.716!‘, where 6£ is the fractional
loss per pass in the laser resonator. To test this experimentally the 3.39 im
transition in He-Ne was used, since it would operate both as a laser and a
source of ASE [82]. A 125 cm long He-Ne dischrcge tube wr. placed between
3m radius of curvature concave mirrors with mean reflectance, R = 0.98, The
gas was. uniformly excited and it was posisible to vary the length by removing
or adding rf electrodes. Figure 6 shows the resulting variation of output

intensity with length for both modes of operation, and particularly
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3 i demonstrates the threshold for ASE.

B | 2) Intensity and Saturation: The success of this approach served to

! spur further investigation by Allen and Peters [82] who solved rate equations
) for the populations of two levels (from a reservoir level), and the photon

: tranlsport. Care was taken to include only the radiation that fell into the
position-dependent solid angle. The solutions of the rate equations were

used for predicting the intensity as a function of length for a comstant

inversion density and to fit the 3371 & data of Leonard [ 2] for N2 as a test

i case.

‘ 3) Beam Divergence and Spatial Coherence: The general impression of

‘ ASE beam divergence is that it is controlled by the geometry of the gain
region and would be simply d/L or possiblyk'd/(L-Lc).. Peters and Allen

4 L point out [84], [85] that each contribution must, however, be weighted by the

o | amount of amplifiéation path through which it passes. When numerical methods
are used to weight each element geometrically, the theory fits the divergence data

very well. The results show quite convineingly that the simple d/L ratio is

it s Attt

not correct and that the "ASE-geometric theory" of Allen and Peters is necessary.

On the question of spatial coherence, Allen and Peters offer the experi-
§ | mental measurements of fringe visibility versus length. The measurements

i were made using the 6140 } pulsed neon laser line and show that the coherence

increases with gain length,

4) Spectral Distribution: The spectral distribution (line;width) in

¥ ASE sysfems has been somewhat confusing. Early predictions produced a dependency

b that goes as Av/Ay_ = ll(aL)% i.e., enhanced narrowing at high gain, Allen
D 4
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and Peters have developed a theory in which the linewidth is a rather complicated
i function of length [84], They contrast their results with those of Yariv and

lLeite [88] for He-Ne and N, lasers as shown in Fig. 7. The theory predicts F

: 2
a sharp dip in Av just above L, followed by additional broadening as length is g
increased. The minimum shown is due to competition between narrowing associated

b with increasing gain and broadening accompanying an increased range of fre-

quencies. The existence of such a sharp minimum could be used as an indicator

{ of stimulated emission., As yet no definitive measurements have been made to
! resolve the details of the theoretical predictions of Allen and Peters.
It is also important to realize that there are limits to the application
of the present ASE theory to likely x-ray and vacuum ultraviolet lasers. These

devices miy be pulsed systems employing traveling-wave excitation. Also, the

nonlinear mixing with harmonic frequencies may introduce new problems.[89], As &
yet the theory of ASL has not been extended to cover these cases, In addition, 8

\ coupling of ASE amplifiers with a coherent beam produced, for example, by
!
l further information may be obtained from more formal and rigorous theoretical

!
‘ techniques such as the semi-classical laser theory of Lamb [90]. It appears %
that this work is in progress by Lamb [91] and by Hopf [92]. F
i
3 m i
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IT. BASIC PHYSICS PROBLEMS

Besfdes the materials problems described above, the basic physical
considerations pertinent to all the general schemes and the specific models

tend to demand the very most that the current state-of-the-art can attain in

pump power. To produce gain, high inversion densities are called-for and,

for most models, very rapidly-rising pump pulses are required to achieve
inversion and gain prior to equilibration. These problems will be analyzed

in this section in a rather general and scalable fashion, with several examples
from recently suggested schemes.

A. Wavelength Dependence of Gain

Continuing from Eqs. (3)-(6), the net gain achieved in. a single pass through a
medium of length,L,is given by exp(elL), with the small-signai gain coefficient,
o,defined by3

AAy,

o = O‘AN23 = Bty 14 AN23, )

where the subscripts again refer to the three state system shown in Fig.'5 with
pumping from energy state 1 to 2 and lasing from 2 to 3, at rates R12’ R23,

etc., using nomenclature consistent with reference [86], These "states" are

not restricted to ome atom or ion, i.e., transition 1 to 2 could be by ionization
or recombination, for example,, providing replenishment of state 1 is present

as indicated by Rm The parameters A, Ay, and A23 are the wavelength [93], line-

1
width in freauency units, and transition probability, respectively. The

3A numerical factor of 1/4:(2 is sometimes used instead of 1/8x; the factor-
of-n/2 difference is small.
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factor E varies from unity for a Lorentzian line profiie to (:ran)ii for a
Gaussian-shaped Doppler broadened line, The net inversion densityl‘, AN23, is
again [N2 - (82/83)N3]’ with 8y and gq the respective statistical weights, and
is approximated by N2 when a large inversion is achieved. The preduct

A

23 = 0.67(33/g2) f32 numerically [95], where f32 is the absorption oscillator
strength. This relation removes the explicit wavelength dependence in
equation (7), since f32 is nearly constant along isoelectronic sequences (and
appraa ches unity for intense lines). However, the wavelength enters implicitly
in the inversion density (SectionII,B) and also in the expression chosen for
the line width Av=(y/1)AA or = (c/7\2) AN,

Estimations of the line width,AA as a function of wavelength are sum-

marized in Fig. 8, reproduced from [96] where the appropriate equations and

detailed references are given., A Lyman-v model is used. The Doppler width,

MD’ is dependent upon the particle tl.ermal velocity and is associated with'a kinetic

temperature of AT = hc/4\ (plasma model)., The natural \vidth,MN, includes

both radiative and Auger decay. A reduction associated with Auger decay for
outer-electron stripping is indicated for neon ions. The limits ' for' .-

1- and 2-electron ions are shown, although these limits are nirobably not
reaiistically reached compared to v .« Doppler broadening present when such ions
are created at high temperatures. The importance of Stark broadening [97]

due to charged particles increases rapidly with density for a specific wave-
length, as fndicated. 1In addition to producing a decline in gjain at high
densities, the onset of significant Stark broadéning is aasociat.ed with an
approaci'\ of collisional (statistical) equilibrium without population ‘lnversiom,

as discussed in Sect’on ILB, Fortunately, significant gain can be anticipated

4There is one suggestion for lasing without population inversion [94], based

on Doppler recoil line shifts.
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at densities below the Stark regions with the choice of efficient pumping
schemes. However, it is diffiewlt to conceive of reducing the linewidth
significantly below the Doppler valus, AvD ~ v/\, where v is the mean particle
velocity.

The inversion density, AN23 < N‘z, in (7) must be maintained against a
depopulation rate for level 2 at least as great as A,q, i.e., N, < NI(R12/A23),
where R12 is the pumping rate, and again A23 «< k-z. Thus, from these general
arguments it can be seen that the gain factor depends on a number of parameters,
but scales approximately as k3. This will be restated from tha pump require-
ment viewpcint in the following section, where it is seen that pump power density

4

scales more strongly with wavelength, approximately as A .

B. Pumping Requirements

From the arguments of the previous section, the high-inversion gain
formula for Doppler broadened lines may be approximated for non-cavity operation

by

s v 0.67 £,(g,/8y) N, T, (8)
lmz \';1

vhere Av is replaced by (51/)1) with \71 the mean velocity for the amplifying
particles and 'nz ~ R12/A23, the maximum (RZn = 0) degree of pumping for level
2. Recalling that the inversion factor (l-géN3/g3N2) in the gain formula was
assumed to be unity, it is worth uoting that high inversion ratios N2/N3 are
possible and obsexvable [98], [99] independent of the absolute values of

density, N., degree of pumping T|2, and gain. 1In fact, preliminary experiments

1’
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towards development of population inversion are sometimes better performed

under optically thin conditions at lower densities,

e et e A S

On the other hand, the significant gain ultimately sought at short wave-

l lengths must be accompanied by high densities,Nl,and/or large fractional

pumping, Tl. This is conveniently illustrated with equation (8) for the case of

4 ‘ a laser-produced plasma medium, chosen since at present lasers offer the highest
‘ available concentration of pump power. Taking oL=5 as desirable (unity at

| "threshold" for ASES), L=1 cm,6 ;1 = 107 cm/sec and f32(33/g2) ~ 0.5 for a

strong line,
18
A Nl nz 2 10 &)

results for A in X and N1 in cm-3. Thus a 1% inversion at 1} requires a

. density of N1 2 1020 cm-s. This argument involves a rather arbitrary value
for the degree of inversion and does not indicate specific pump requirements to
i 3 achieve a high inversion density,ANés,at a particular wavelength. By replacing
N, T, by N1R12/A23 in the gain' formula and defining Pyp = MR, and Py = plz(hc/lp)

as the volumetric pump rate and pump power, respectively, oy, may be rewritten as

| o < vIZ 2 g, (10)
2 -
4x v,

51-: with r the reflectivity, where reflecting cavities exist.

Corresponds to sustained inversion for 30 ps, or self-terminating lasing at

2 2 300 A. Shorter wavelengths require rerduced lengths or traveling-wave
] ; . synchronized pumping.
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and for the pump wavelength )‘p ~ )/10,

These relations demonstrate the strong )\-3 and )\-4 wavelength dependence of
the volumetric pumping parameters for a fixed gain coefficient, o flug.

with aD=5 and \-r=107 cm/sec again, minimum values of P1a and P12 are calculated

and tabulated in Table I for several wavelengths. Note that a closely related

parameter of importance is the pump irradiance,P.. L (W/cmz), which 1s fixed

12

by the gain product, oL, and equivalent to P,, in Table I for a laser-produced

12
plasma length L=1 cm,

TABLE 1

Volumetric Pumping Requirements

AR

P1a [cm-s-sec-ll

-3
Py [W-cm '}

1) Wavelength Scaling: The volumetric reaction rate, P1o2 can be expressed
as Np (opvp) where the subscript p denotes the pumping particle (or photon),
Op’ the reaction cross section, and (cpvp), the rate coefficient, averaged

statistically over the distribution of velocities, vp. Estimates of the




s

magnitude of reaction rates for some rather general pumping schemes scaled with

wavelength are listed in Table II (collisional jonization is omitted, as it

favors cuter electron removal).

TABLE 1II

Pumping Rate Coefficient Magnitudes Scaled®

PROCESS o v) (cm3 sec-l) ~
pP
-12
Photoionization {96], [10] 10 A
Electron Collisional Excitation [103]
Plasma 10"13 \3/2
Beams 10“13 A
Dielectronic Capture [102] 1013 )\3/2
Collisional Recombination’S [103] 10713 3374
Resonance Charge Transfer
Plasma® {100] 1076 27374
Ion Beams® [104] TOR AT

aWavelengt:h A in }.ngsttom units

bElectrcn density Ne = Np = ;021 'cm“3
CMust exceed radiative recombination [103] for which (o v ) ~ 107! X-%;
i.e., A » 15k, PP
435 =10 em/sec, o, = 10716 zz, z the net ion charge
€3 = 108 cm/sec, Up = 10-16 .".2 , z the net ion charge
147
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The rates shown are derived from relations in the indicated references. For
photoionization, a peak cross section <=cZ-2 was assumed (Z the nuclear charge),
multiplied by ¢, and divided by 100 for ~ 1% absorption in the pumping band.
For dielectronic capture, an autoionization (Auger) rate of 1014 .‘.zec"1 was
used in the detailed balancing formulism. In addition, various approximations
were necessary in relating the rate coefficients solely to wavelength, with
the emphasis on short wavelengths and a plasma medium. Specifically, the laser
wavelength was taken as A = 1216/z2 in dngstrom units from Lyman-o scaling,
where z is the ion charge. The ionization potential was assumed to be 1.3
times the excitation energy, with the latter taken to be 3 times the plasma
electron temperature and also related to wavelength directly by he/A.

Returning to Table II, it is first noted that most rate coefficients
tend to scale downward with shorter wavelength, which is detrimental for
achieving high gain; only the resonance charge transfer process scales in
an advantageous manner. A geometric-mean particle density,(Nle)% can be
derived for each of these schemes, using equation (10) and assuming a=5 cm-1
and \-11=107 cm/sec for plasmas, 108 cm/sec for ion beams, and c for relativistic-
electron and photon beams. This parameter, plotted in Fig. 9 is particularly
meaningful for plasma pumping schemes, and the reliability of the corder of
magnitude estimates in Table II is improved by the 0.5 power. From Fig. 9
it is seen that the density requirements are comparable between pumping schemes
in the vacuum-uv (A > 100 L) within an order-of-magnitude. Electron-collisional
excitation is somewhat favored and the magnitude at 1000 )3 agrees with the H2

discharge laser conditiomns [ 11]; thus the interest in extending proven electron
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collisionally excited ultraviolet ion laser transitions into the vacuum-iiv
| l i region [105]. The resonance charge transfer process with its anticipated
] ’ (Section III) large cross section appears most favorable for extrapolation to
the x-ray region. It requires reasonable densities and gives a wide latitude

| for increasing the gain coefficient and reducing high density absorption.

R - R T
L T e

i Collisional recombination excitition prucesses limit laser wavelengthsto

> 15 X for Ne = 1021 cm-3. This particular limit is found by requiring the

‘: [ collisional recombination rate coeffic:‘.em:('~-'10-13 K5/4) to exceed the rate

coefficient for radiative recombination into lower states (~ 10-11 A-%)
| (See Table II). This wavelength limit also happens to correspond to the

assumed density of 1021 cm-3, which is an upper limit for present laser-

] produced plasmas.
3 n | Also indicated in Fig. 9 is the region in which plasma Stark-effect
. line broadening becomes important., Since Stark widths scale approximately

as charged particle density in plasmas, the gain factor in the Stark region

s
£

will tend to scale with N1 instead of Nle' Approaching the region of Stark
-é | broadening importance also implies increased collisional effects on the lasing
levels, Indeed, a check of several promising schemes indicates that the
dominance of Stark broadening is correlated with an approach to collisional
equilibrium with non-inverted statistical population distributions [106].
Thus, densities significantly exceeding the '"Stark line" in Fig. 9 would not
i be particularly advantageous for achieving high gain, and the higher-density

4 approacﬁes depicted (e.g., collisional recombination) are the most limited.

2) Pump Power Limitations: The estimates plotted in Fig. 9 are continued

e camee
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(except for collisional recombination) to shork wavelengths and to densities

exceeding those expected from present laser-produced plasmas (~ 1021 cm'-3

[1c7), [108]), in anticipation of eventual inertial compression as planned for
laser-pellet fusion. Such compression would also aid in meeting the volumetric
pump power requirements indicated above. The dashed portions of the lines in

Fig. 9 indicate those regions where present technology cannot meet the density

requirements. If, for example, even 10 percent of the power from a 1 TW

laser could be utilized for pumping in a volume of 10'-3 cm3 (1 cm length,

14 3

400 ym diameter), the power density of 107 W/cm™ would place a lower limit

of about ~13 & on the achievable wavelength.
Vacuum spark discharges are known to produce very hot, dense plasmas
in small regions [L09]. Such discharges may radiate as much as 1015 w/cm3
of x-rays in a 100 ¢m spharical plasma [110] where a gain factor of
«=500 cm"1 is required due to the small dimension. Significant amplification
according to Fig. 9 would only occur at wavelengths longer than 700 1, and

with the high densities (~ 1021 cm-s) typical for such a device, collisional

domination without inversion is likely at such long wavelengths. Thus, this

relatively simple and convenient source may be more useful for determining
promising population inversion methods at low gain, short wavelength, and under
optically thin conditions, for application to extended laser-heated plasmas
of similar environment.

Electron beams of power comparable to lasers exist at present; however,
the focusing volume achievable so far would be approximately 300 times larger [111)

(for a cylindrical geometry) so that a short wavelength limit of ~ 50 R is
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expected for this mode of pumping with present technology, as indicated in
1 - Fig. 9.

2) Additional Considerations:

a) Reduced Gain Factor: High density limitations can be reduced

with a lower gain coefficient, o, providing the net gain determined by exp(olL) 6
: for a specified degree of amplification is maintained through a correspondingly 3
| : increased length,L,and eventually traveling-wave pumping for short wavelength
i and self~terminating transitions.6 (An exception to this reduced density option
is the collisinal recombination scheme where the high electron densities are
also required to overcome c‘ompetitive radiative recombination into lower
levels.) Here the pump irradiance,NlPlzL,remains the same and must be distributed

over a larger volume, which could present a technical prcblem for laser pumping

schemes. However, other extended pumping sources have been suggested, such

l as traveling-wave transverse electron beams (Section IV) and swept ion beams, i

e

| For example, by the scaling in Fig. 9, as well as from (10), o=0.1 can be

i

achieved at a wavelength of 300 ! with (Nle)s“ ~ 1016 cm-a obtained in a near-

i solid target of density Nl = 1022 cm-'3 ard Np = 1010 cm-s. The latter may be

e

R e A

obtained from a swept 25 keV, 20 mA iom

beam focused to a 0.2 c¢m radius in a resonance charge transfer reacticn (see

T
£

Section ITLB), Equation (11) restricts the volume for a beam of this power

.

such that a maximum depth of the order of 10 um must be maintained. While

beam currents in the hundreds of mA are suggested [112], state-of-the-art

.lngstrom region,

l ion-beam techmnology appears to limit this approach to the hundreds-of~
|
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b) Competitive Decay from State 2: So far it has been assumed that

the upper laser state (designated 2 in Fig. 5) decays only through the laser
transition to state 3, i.e., alternate decay rates R2n are much less than A23.
With this assumption, the pump requirements are independent of line strength
(i.e., weak lines are accompanied by an increased pump-state density) and a
number of other, often weak, transitions appear to be attractive candidates
for lasing at short wavelengths., With R2n included, the degree of pumping,
nz,in (7) becomes R12/(A23+R2n) and the volumetric pumping parameters,p12

and P.,,as well as the mean density,(Nle)%,scale up by the ratio

12
(A23+R2n)/A23, where the line strength again enters through A;; for R2n large.
One class of schemes for which R2n can be important is when alternate
spontaneous decay occurs in an isolated atom or ion. An example is an inner-
shell lasing transition (Section ITI) for which autoionization (Auger) decay
is also possible, and highly probable for low-Z elements. Another example
would be second-order double electron transitions, where one electron
decays in a radiative transition and another changes state so that a shifted
line occurs, with reduced reabsorption. In this case R2n represents the
"normal" decay mode with a rate much higher (typically ~ 100 times) than A23.
Another class of schemes applies when R2n is a collisional-depopulation rzte.
Again, collisional depopulation is expected to be generally important in the
high density "Stark region' indicated in Fig. 9, where R2n represents transitions
between states 2 and 3. Collisional depopulation to other bound states, with

rapid decay, or to other ionic species through ionization or recombination

can also be important starting at lower densities, particularly for weak
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lines and those originating on metastable upper states (see below). Obviously,
each case must be treated independently, and knowledge of rates for many
important collisional transitions is either very limited or non-existent.

C. Duration of the Inversion

1) Transient to CW Extremes: Using the nomenclature in Fig. 5, a

population inversion can be maintajined between energy states 2 and 3 as long

as the rate R, of depletion of state 3 to some other state m exceeds the

3m

23' at which it 1is filled, with adequate m- 1 replenishment of thé initial

state 1. However, if R

rate R

3

ceases in an equilibration interval, These extremes and the intermediates

= O (e.g., with 3 a ground state), population inversion

have been deduced analytically {86 ] for this three-state model for a pump

= Sl X
pulse with both a shert risetime t <<, ['rz = (Ryg + R,) 7, the lifetime

of state 2], as well as for a linear-ramp rising pump pulse, {i.e., R12 = illzt.

With the inversion density in (7) written with a separate factor T.(t), i.e.,
Alp3 N N TR p/(Rog + Rog) =N Ryp T T (&

the time dependence of the inversion density is calculated and the results
are shown in Fig. 10 versus t:/'r2 for the fast rising pumy pulse case., Positive

T implies gain, negative values imply net loss. The parameter GEg2R23/g3(R2n+R23)

is a modified statistical weight ratio. For R, small, and 8,83» G = 1 and the

2n

inversion time, ty = Tags 1.e., inversicn ceases in about the radiative lifetime

. of the upper laser level, as expected. A selection of g, > g, states could

extend this time somewhat and also raise the degree of inversion. However,
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decreasing G by increasing Rzn does not extend the Inversion time appreciably,
| since T, decreases proportionally. An equivalert parameter T('l'?_/t) for the
linear-ramp pumping case yields similar results. These R3m = () examples re-

i i present the self-terminating mcde of pre-equilibrium population inversion.

A Included in Fig. 10 is the G=0 limit which is also equivalent to the
case when Ry becomes very large, i.e., the continuous inversion cw-mode.

9 | Here the time dependent factor,T(t), becomes unity and the inversion density

! is given by N1R1272, the coronal-equilibrium value., With high inversion,

A approaches N, and AN23/N1 ~ R gives the fracticnal pumping for

No3 2 1272 51

the laser medium (Section TI.B). This cw-mode obviously is the most desirable

situation., An intermediate mode of operation is for R3mT2 to be finite with

&

values greater or less than unity corresponding to sustained or terminated
gain, respectively., The time dependent factor for the fast ri'sing pump
pulse case is plotted for G = 1 in Fig.ll and {llustrates the approaches to ;
partial equilibrium inversion densities for the intermediate R3mT2 cases.,
Such curves can be used to determine the approximate inversion demsities 5
(see Section IN.C, for example).
The detailed analytical formulas leading to these graphs can be found
in reference [86 ]. They are necessarily approximate, but of general usetulness
for preliminary analyses. Numerical modeling. for specific pump modes and atomic
models is essentiai, particularly for the quasi-cw schemes where the replenish-
ment rates could not be included in the analytical model. Such ifequirements

X for repienish:nent can include both the internal pumping parti-le (e.g., an energetic

plasma electrons or a photen) as well as the amplifying particle. As,

an example of the latter, the Ko quasi-cw scheme discussed in Section III.C
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generates additional ionization and a sufficicent recombination rate is required

I to sustain the inversion density.

2) Metastabls States: The use of metastable states as upper laser

states with extenled lifetime Ty has been suggested as a means of rzducing the

| pump pulse risetime requirements for rapidly terminated population inversions [113],[114].

ik

This is particularly important for lasing at wavelengths shorter than ~ 30 A,
where sub-picosecond risetimes are required. Since both the pump power density

and the gain coefficient scale as the product of density and transition

iy,

probability, the pump power required remains the same for fixed gain whether
% | the laser transition is an allowed dipole or forbidden transition. (However, the densities
3 increase for the longer-lived upper laser states.) Unfortunately, it is
i ‘ difficult to find a metastable upper state that terminates in such a high

[ energy transition on a lower state that does not also accumulate population by

l ‘ a dipole-allowed transition at a higher rate. For example, the well-known
3 | n=2 triplet levels of helium-like (and beryllium-like) ions decay to the
ground state in relatively slow intercombination transitions {115] but population
inversion would require filling of the triplet levels preferentially over the
singlet levels. Such a selection is not known to exist, certainly not by
excitation from the lower ground state [116}, Required selectivity would have
to evolve from a capture process of aome sort.

In the event that such preferential population should be discovered, as

has been suggested [117] for a recombination radiative trapping scheme, the

. next most important concern is the competing depopulation (by, for example,

electron collisions at the increased densities) from level 2 2t a rate R2n
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as designated in Fig. 5. This effect is discussed in Section II. 3.b where it is

I pointed out that the pumping requirements increase as Rzn/A23 for R2“§>A23.

4 For the intercombination transition examples discussed above, collisional
ionization [103] as well as spin-exchange transitions occur at a high rate l118]
23 with Z for "forbidden" lines

may not dominate at very short wavelengths;

3 ! even at moderate densities, A rapid rise in A
| can be expected [115], so that Ron
v i however the associated short lifetime; Tys would negate the advantage of the
3 metastable state. Sparse collisional data exist for a thorough evaluation

here, but again the first problem is to identify a realistic laser transition. ]
! l A somewhat different approachk makes use of metastable states for the i

accumulation of electrons in a majority of the lasant ions (at a relatively

,T l low density) and the subsequent transfer of the electrons to a nearby dipole~- &

coupled state by absorption of laser emission [114], [119]-[121]. Singly- r
ff ionized lithium is a popular example, with 218 bopulation (followed by %
3 !
i 1 1

278+ 27P transfer) to be provided either by charge transfer collisions oi by
photoionization of a 1s electron from neutral liti:ium atoms. Recently the

*
population and storage by charge transfer has been demonstrated for (Sr+) ions

formed by a Mg+ + Sr reaction [122]. This approach obviously overlaps other

areas included in this review, but the novelty lies in the use of metastable

*

states for the accumulation of electrons in an excited state adjacent to the

s

- upper laser level.

e e Y e =

D. Beam Propagation Losses in the Lasant

4 The only losc mechanism expected to be significant in the lasant medium

]

is that due to photoionization. Compton scattering as well as inverse

H
i bremsstrahlung effects have been considered [123] and shown to be negligible.
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Photoionization becomes a consideration whenever there are ealectrons bound
with less energy than that of the laser photons. Then the density, No,of

atoms or ions with such bound electrons multiplied by the photoionization
cross section,cpifgives the photoionization zoefficient api, iYrell
o ~10-20 N_for a rather typical value [96 ] of o , ~ 10-20 cm2 and N

pi o pi o

in units of c:m"3 Gin is strongly frequency dependent and varies approximately
as v ~ for laser frequencies, v, above the absorption édges). Thus, it is for

innershell transitions at high densities that propagation losses are

significant and the gain must be adjusted to overcome such losses [96 ],

E. Summary of Laser Physics at Short Wavelengths

The achievement of significant gain at short wavelengths is limited
to about 10 4 at present by the available power density and, for self
terminating schemes, by the ability to concentrate pover into a short-rise-
time pumping pulse. The density limits indicated in Fig. 9 are dictated by the
=5 condition based upon a short-length laser-heated plasma model, since this
is at present the highest power density source availeble. These "limits"
can thus be scaled down with extended lengths L, keeping oL constant, with the
exception of the collisional recombination scheme which depends on high density
to achieve an inversion irregardless of absolute gain. Pumping requirements
are not affected by the strength of the lasing line unless alterﬁate spontaneous
or colliaion-induced depopulation of the upper laser state occurs at a rate

exceeding that for spontaneous radiative decay. This represents an additional
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limitation for schemes involving weak lines, high lying states, and for most

innershell transitions. Significant gain with beam pumping appears to be

presently limited to the 100's of & region by state-of-the-art technology.

Metastable states appear promising mainly as slowly filled electron-storage
states for rapid transfer-pumping to nearby dipole coupled upper laser states.
Assuming continued advancement in pump source technology, the forseeable wave-
length 1limit for non-nuclear transitions occurs near 0.1 X with the Lyman-o

line for a hydrogenic Z=1u0 ion.
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III. POSSIBLE DIRECT LASER APPROACHES

e

5
r

! A number of approaches have been proposed and/or attempted for
|
b i achieving sufficient population inversion for lasing in the vacuum ultra- -
] 1 : ) violet and x-ray spectral regions., The more attractive and understandable
! l approache; o :

@ treated in some detail in the follow ‘.., 45 are some experimental

! observations suggesting short wavelength gain which so far defy reasonable theoretical

explanation,

A. Electron Collisional Excitation ‘ 1

1) Electron Collisions with Molecules: Molecular lasers occupy an i W

I important place among the types of lasers which have been developed to date.

They span the spectrum from the millimeter wave region to the vacuum ultra- -
o violet, They posseés characteristics which qualify them for high power cw

‘ machining in industry, for pumping dye lasers, for powerful weapons, and for ¥
:] ‘ ! v attempting to create thermonuclear fusion. Since the electronic transitions in
| molecules have been used to generate almost all the vacuum ultraviolet lasers

developed Bo far, they must be consider:d of major importance for the

l vacuum-uv region. Since , both the review of Rhodes [ 54] of ultraviolet :

laser physics and the review by Wood [124] of high-pressure pulsed molecular
lasers cover portions of this topiec very well, only the fundamental processes will
be discussed here from the viewpoint.of acquainting the reader unfamiliar with the &
topic, and for allowing discussions of future lasers to be meaningful, w
l Figure 12 sliows simplified potential energy diagrams for a) .N2, b) H2,
and c) x.e:. Each of these molecules represents a somewhat different type

r of laser transition, but nitrogen and hydrogen have the most in common.
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These two molecules have stable ground states, and at room temperature only
the ground vibrational level is filled. Electron collisions fill the upper
states in arcordance with Franck-Condon factors and with the energy spectrum
of the electrons. In nitrogen, several triplet levels are heavily populated
and lasing 1s produced on the transition C3Hu - B3Hg in the near uv and on the
transition Baﬂg-* A3ﬁ+u in the infrared. 1In both cases the laser emission
quickly terminates due to the long lifetime of the lower laser level., This
level fills rapidly, destroying the inverted population needed for lasing.
Also, these triplet levels cannot make transitions back to the ground electromnic
level, In hydrogen, singlet states are populated by electron impact and
transitiona back to the ground electronic state are possible. Lasing results
on the Blﬁ:-9 XIEZ and Clﬂu - Xlzz transitions producing vacuum ultraviolet
emission from a number of vibrationa!-rotational lines. Several studies of
possible triplet state lasing have been carried out also [123]-[128].

The energy level diagram for Xe; is considerably different from the
other molecules because th: ground state is unstable, The molecule exists
only in an excited state. When it gives up its excited energy and returns to
the ground state, the two atoms rapidly dissocfate. This 1s wuxcellent for lasers
because the lower laser level cannot fill and terminate the inversion. As
long as the molecules exist some inversion demsity exists. Production of the
excited rare gas molecules is a far more complicated process involving several
steps. The molecules are most efficlently produced by excitatign or ionization
of higﬁ pressure gas volumes., At the high pressures required, the most suitable
excitation source is the electron beam. Electron beams have been employed as

excitation devices for almost all the rare gas lasers that have been produced

(as discussed in Section 1), but it seems possible that some less sophisticated
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method may emerge eventually,

The primary high energy electrons, the seccndary electrons and the return

current electrons participate in the excitation process which could go as [54 ],

(1291, [130]

e +Xe->e + Xe* ; Xet* + Xe + Xe - Xe; + Xe, (13)

or as

e +Xese +e +Xe' ; Xet +Xe+Xe o Xe;+)(e, (14)
followed by
- * #*
Xez 42 2Xe*+Xe; Xe +Xe+ Xe - Xe2 + Xe . (15)

Here the asterisk and the plus superscripts refer to excited and ionized species,
respectjvely. Typical operating conditions are from 300 keV - 2 MeV wvoltages
and at pressures of 100 - 500 psia. Numerous other molecules have the same
characteristic of existing only in the excited state {131], [132].

Certainly additional vacuum-ultraviolet lasers can'be produced using
molecular transitions. The bound-free excimer transitions are especially
attractive because the dissociative lower laser level and the high pressures
at which the system operstes hold out the possibility of high power, high
efficiency and possibly even cw operation. The possibility exists of obtaining
laser emission in the 600 - 800 & region from Nez and Hez. In addition,

neutral molecules do exist which have sufficiently spaced electronic energy
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levels to produ‘e lasing below 1000 A. For example there exist in nitrogen
singlet states which couple to high vibrational levels of the ground state.
If these s*ates can be excited, emission in the 900 - 980 X region appears

possible.

2) Electron Collisions with Ions: Lasing in the visible and near ultra-

violet spectral regions on electron collisionally-excited transitions in
singly and multiply ionized atoms is well known [54], even though the exact
mechanism for population is some:imes debated i~ particular cases. A
favorite lasing tiansition involves two n = 3 levels in light ions where excitation
1s most easily understood to be from the n = 2 ground state, with direct ionization
into n = 3 excited states from the previous ion species considered a possibility,
Electrically-excited ion lasers of the discharge variety operate in the cw
mode, where excitation presumably takes place in a non-dipole transition followed
by lasing on a dipole transition and rapid final state depletion in a second
dipole transition.

The success of such ion lasers operated with resonant cavities,
particularly the recently developed z-pinch plasma type [133], [134], has
encouraged the consideration [105], [135] of extrapolation of such transitions into
the vacuum ultraviolet region following isoelectronic sequences . (i.e., ions
with the same number of bound electrons). For example, a successful lasing
transition in a six-electron carbon-like N+ ion might also be expected to
prove successful at shorter wavelengths with six-electron ions of higher-2

materials. A ma jor obstacle in such an extrapolation arises due to the lack

of efficient cavities in the vacuum ultraviolet region, so that increases in
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the required gain coefficient by factors of approximately 100 or more are
required. Nevertheless, a simple three-level model was formulated for carbon-
like ions which supposed electron-collisional excitation of a 2p valence electron
into a 3p level followed by lasing from 3p to 3s and finally rapid depletion

of the lower laser level 3s to the initial 2p level, in a quasi-cw scheme [105},

(The terminology quasi-cw is used to indicated that stationary inversion is

expected, but most probably is limited to the interval during which proper excitation

conditions can be met in a particular plasma, as indeed was found for example
in the z-pinch visible ion laser.) The basic model is illustrated in the
energy level diagram shown in Fig. 13. A gain coefficient of either 1 or

5 cm-1 for short, noncavity, ASE operation can be expected with sufficient

2p to 3p collisional excitation at high density and/or high temperatures. A
high density limit is approached, however, as the electron collisional de-
population rate from the upper 3p laser level to the 3d and 3s levels becomes
comparable to the spontaneous decay rate for the laser trangition, and this
produces values for the upper density limit indicated for various atoms as

shown in Fig, 14, A later more complete numerical analysis [136] indicated that
electron densities could exceed this 1limit by as much as a factor-of-ten before
population inversion was destroyed by collisional equilibrium; however the losses
increase with increasing density above those values shown in Fig. 14, It

is to be noted in Fig. 14 that electron temperatures ten times higher than the
equilibrium temperatures assumed for the ions are used. This was required

in ordef to attain eufficient gain to reduce the gain length to a length of
~ 1 cm which is considered reasonable for short wavelength lasers such as

pumped in laser-produced plasmas., Such hiéh electron temperatures only

exist [137] for short times, hence the "quasi" nature of this amplifigation.
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Numerical modeling [136], [138] on the 02+

ion has yielied gain coefficients
consistent with operation of lasers with this species in the near ultraviolet
region in cavities, and has also shown that the required temperature differential
can be maintained for reasonable times at the low associated densities.
However, such modeling only assumes that a certain amount of energy is deposited
in the plasmas in a very short time to heat the electrons and that relaxation
proceeds from that initial condition. In a practical experiment, the enhanced
electron heating in a plasma will probably have to be obtained by a direct
electrical process rather than by laser energy depcsition, [139], since the absorption
length for the laser radiation in plasmas at such low density is unreasonably
long. For example, proper operation of a 1 m long traveling-wave discharge
which has been shown to produced C3+ ions [140]7 would seem to be a possibility
at gain coefficients » 0.01 cm-]'. Gain lengths s 100 cm are possible without
enhanced electron heating as shown in Fig. 15.°
As noticed from Figs. 14 and 15, 3p - 3s transitions are limited as far
as reaching short wavelengths. Transitions involving n = 4 states are even
less desirable, both because of the more rapid collisional coupling between n = 4 levals
and the associated lower density limits and longer lasing wsvelengths. For shorter wawlengths
it is more interesting to consider lasing on m = 3 to n = 2 transitions where,

for example, again quagi-cw inversion can be expected in helium-like tvrs-

electron ions with electron collisional pumping from the lls ground state to

the 318 state, followed by lasing between 318 and 21P and rapid lower state

depletion from 21P to 1ls. The rituation is not dissimilar to the 3p = 3s

scheme in that collisional coupling between n=3 levels enter at some density.

3
7The mechanism for 2p-2s population inversion im C i is not well understood;
perhaps a dynamic mechanism as suggested by Norton and Wooding [141] for similar
ions is applicable.
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However, final collisional destruction of the population inversion between the
a=3 and n=2 ievels occurs at a much higher density, so that high gains can be

1. | expected at shorter wavelengths. An initial analysis by Palumbo [136] again

indicates that electron temperatures exceeding ion temperatures are required to
accomplish the necessary pumping over the large 1ls - 3s energy gap in helium-like
! ifons. In this case it is reasonable to consider as a lasant the critical .
absorption layer in a plasma produced by a A = 1 um laser at an electron density of
h! 1021 cm~3. Assuming a density of this magnitude, electron kinetic temperature,
kTe, varying from 1 to 5 keV, and an ion kinetic temperature of kT1=kT;/2 (priorx

E to complete equipartition of energy), gain coefficients have been calculated

for helium-1like ions of various elements and are plotted versus Z in Fig. 16 [136].

The computations show a peak gain coefficient of less than 7 cm"1 and an optimum

; ‘ atomlc number Z in the range 11 to 15 for these temperatures and densities. The
; : ion temperature, Ti’ affects the calculated results only through Doppler p’»
"- I [t broadening of the lasing line; and a higher '1‘e/'1‘1 ratio results in increased .
| o according to Ti-%. Higher electron temperatures have lit;tle effect on ¢, because ‘
" kTa becomes comparable to the pump energy anc exponential factors are less ?
) effective., Electron temperatures >1 keV at present are main.ly produced in "'

condensed spark plasmas [109]), [110] of dimensions on the order of 0.01 cm
or lass, rerulting in low values of the product oL. Such high electron
temperatures in laser-produced plasmas will probably depend upon compression
in pellet experiments.

Prior to direct amplification experiments, it may be possibie to measure 3
population inversions at low net gain, as outlined in Section II.B. This is true for
either the 3p=3s or the 3s- 2p schemes described above. For example, in the latter

l 1 1 1

|
|
case a relative intensity measurement of the 375+ 2"P and the 21P—> 1°S lines would [,’

yield the relative upper and lower lauer state populations using known oscillator
strengths, The wavelength difference (approximately a factor-of~10) could be {

] spanned with corresponding 31P -~ 218 and 31P - 118 ‘

. 166




1ines in a branching ratio approach, since both originate on the same level.
: ' Typical popul.tion deviations from "normal" may be only a factor-of-two {1361,
so that available overall experimental precision must be carefully assessed.
Another experiment also involving the pumping of helium-like 06+ ions
k' in a laser-produced plasmas has been proposed [142], where electron-collisional
pumping from the 113 ground state to the 31P state would be followed by lasing

from 31P - 218. This would be a self-terminating (pre-equilibrium) schene and

also requires that electron collisional population o’ the lower laser 2°s
level from the ground state occur at a lower rate than the upper 31P level

population. Indeed, at very high electron energies it is expected that the B

118 - 31P electvon collisional excitation rate exceed the non-dipole

118 - ZIS rate. In this experiment it is proposed that a transient non~thermal

electron energy distribution be obtained, featuring a8 very strong high energy

component to provide the preferential 31P excitation at a sufficiently large
9 113 - 31P excitation rate, in a situatio: somewhat similar to that above

! where high electron temperatures were discussed. An experiment to test this

T AT N T AT T

i { scheme using a plasma produced by a focused high power laser beam is underway.

e

B B. Electron Attachment

1) Collisional Recombinatici: = Population of upper laser states in ioms

by the capture of .free electrons appears to be an efficient pumping process
compared to direct excitation, although sufficient enmergy to produce and maintain
the necessary density of free electrons in a plasma must still bé attained, Free- B
electroﬁ capture with the release of radiant energy (radiative recombination) i
proceeds preferentially into tightly-bound states which is not desirable for |

achieving a population inversion. At high densities, however, three-body
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(collisfonal) recombination can become significant, wherein the excess capture-
i energy i{s carried away by an additional electr.u, In contrast to radiative

recombination, collisional recombination strongly favors capture intc states %

B with lover binding energy, i.e., potentfal upper laser states, Such capture |’
. | is followed by cascading, for which radiative rates are highest for the low
lying states; thls supports prpulation inversion, '-
There are a number of published suggestions for short wavelength lasers .
based upon this idea [133], [143]-[154], starting with the 1365 paper b;}
Gudzen'o and Shelepin [143]., Most are for hydrogen or hydrogenic ions with
3- 2 lasing transitions, although some have suggested inversion with the

ground state, i,e,, 2= 1 Lyman-¢ lasing. There have been both semi-quantitative,

| analytical and, more recently, numerfcal treatments of the concept, some

B

15K predicting very high gain coefficients for optimum ccnwitions.
| A rather basic requirement of such collisional recombination schemes
| ! is a high éumping rate, achievaﬁle at high densities, prior to re.aching a
} non-inverted state of equilibrium, This has led to an increasing recognition
of the demand for extremely rapid cooling following the creation of the stripped
ions, In fact, most of the high gains predicted numerically assume a very low
temperature compared to that necessary to create the fons in an equilibrium
plasma, Free expansion of, for exawple, a laser-produced target plasma has 1
been proposed, but this alone may not provide a sufficient rate of cooling,
and a density decrease accompanies the expansion. In one propos;:d éxperiment
2 [145] v:.tth lasing on the Lyman-¢ line of neutral hydrogen at 1216 L, cold b

electrons would be produced by multiphoton fonization followed by recombination
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and lasing in times shorter than the collisional heating times for the electronms.
Thris approach seems limited to neutral hydrogen, but is still interesting for
the vacuum-yv region. Mogst propossls involve transient phenomena, although

there is one proposal [149] for a stationary inve:sion between n=3 » n=2 in an

expanding arc-heated plasma. No gain fsctors are given for the relstively
low densities involved here and raliation trapping, which adds to the population
rate for the lower state in particulsr, is neglected,

A fundamental difficulty in ony modeling of the recombination lsser is
the lack of reliable collisicnal rste coefficient data, Collisions are
of vital importance in the punping process, in the redistribution of population
between bound and free states, snd in the electron cooling/heating processes.
While most excitation (and de-excitation) rates are known or csn be calculated,
collisional ionization rates, psrticularly from excited states, ave relatively
difficult to obtsin theoreiically and experimental dsta are non-existent,
Since the critical three-body collisional-recombination pumping process is
the inverse of collisional ionization from excited states, it 1s usually deduced
by detailed balancing arguments, which adds further importance to the collisional
lonization rate. Therefore, at this point it seems appropriate fo emphasize
the obtainment of such fundamental and critica’ data, perhaps either through theory
or byeleciron besm experiments on excited atoms or ions resonantly-pumped

with tuned lasers,for examples. Deduction of such vital rates fram high

density experiments does not seem possible due to the complicated dynsmics

sssoclated with most of such plasmas génerated at present,
In spite of the complexities snd uncertainties associsted with this

scheme, some direct observations [98 ], [ 99 ], indicate a marginal degree of




population inversion existing in expinding laser produced plasmas. at densities

5 ‘ I too lov for demonstrable gain. The uncertainties are admittedly large at present g
but the results are encouraging, since population inversion is indeed the pre- L

.x ! ! requisite for eventual useful gain devices.,
! It may be recalled from Section I that this approach has some basic ﬂ

short wavelength limitations due to the eventual dominance of radiative recom-

bination into lower states and to densities approaching the solid level. The

R OO R

actual limits again, vary with formulzs chosen,but this certainly appears tc
i be most promising as a vacuum-uv and perhaps soft x-ray laser scheme,

! | 2) Dielectronic Captuie: As the name implies, dielectronic capture is

.
4
{

an interaction involving a double transition, It occurs when a free electron

]
!
l interacts with an ion and is first "captured" into an excited state with the
! associated excitation of a bound electron. Thus, a metastable complex is formed,
l i and the associated excitation has been suggested as an x-ray laser pumping

i k mechanism. Since the free electron can have a kinetic energy less than the 1

RO

threshold value for collisional excitation of the bound electron (by the
amount of its final binding energy), the process is sometimes considered as

a sub-threshold resonance in the overall scattering process. The captured

N MG T R

4 electron may exist in quasi-discrete levels prior to stabilization. Following
capture, stab_ilization can occur through several possible channels, one of
which is autoionization (a radiationless "Auger" transition) which is the

inverse process and effectively gesults in an elastic scatteringA reronance.

K e R e R T

Relaxation of both electrons into stable bo nd states can also occur in an

overall rearrangerant collision with radiative recombination. In additionm,
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a radiative-Auger stabilization mode is possible causing the release of both the
captured electron and a photon of variable energy due to an overall re-
arrangement collision with bremsstrahlung type emission [155]. It is the
recombination mode that would be nost attractive for achieving population
inversion, and this can only 5e expected to dominate over autoionization
for high Z (® 40) elements (see, e.g., [156]).

Nevertheless, assuming that all captured electrons produce candidate
ions for amplification, a pumping rate coefficient (’crv)diel can be estimated
from the capture rate. This rate, vwhich is easily obtained from detailed balancing
arguments for free electron captuse into a specific state, is [102], [157]

3 4
OV gy = __2‘2:;2)3 7 Ef exp [-E AT).  (16)

Here g and g are the statistical weights of the initial and final bound
gtates, respectively, AEif is the absolute energy difference between these

2 sec-l) is the (inverse) autoionization rate, This can

states, and I'(& 101
be summed over the few (&< 10) bound states expected at the high densities
involved in short-wavelength laser media., Numerically the rate is at best
comparable to direct electron collisional excitation, which is not unexpected
[158]. This conclusion is supported by the observation of somewhat weaker
satellite lines tlo helium-like resonance lines observed in a number of laboratory
plasmas and associated with dielectronic recombination (1571,

It might be remarked that the large relative importance [1521, [159] of

this process to overall reccmbination rates in stellar atmospheres at low
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densities, as well »2 *he associate large population of high-lying states
[160], comes about because of the multitude of very high discrete quantum

states present and does not carry over to donsities found in laboratory

plasmas [160], [161]. Therefore dielectronic recombination appears at best

to be a supplement to direct electron collisional excitation, under the
conditions where the lasing ion is formed by recombination from a higher
ionic species.

3) At:om-Idn Resonance Charge Transfer: As pointed out in Section II,

a pumping procecs which has a large cross section for preferential population
of specific excited states in ions is most desirable for achieving population
inversion at short wavelengths, The resonance charge transfer collisional
interaction

z+ (z-1)+

T G (*) + A" +aE (7

between a neutral atom A and an ion, Iz+, of net charge, &, with a cross section
of approximately 10"16 22 cmz, is a very promising candidate [100], since this
cross section is several orders-of-magnitude higher than other excited-state
populaiion cross sections. The energy defect here is designated AE and the
final ion excited state quantum number is shown as n*,

Resonance charge transfer occurs spontaneously only in an exothermic
reaction, where classical level crossings are expected at some distance of
separation,Rx, according to the simple classical Landgu-Zener theory [162]. 1In this

theory, .cross .section peaks occur for a relative particle velocity

v 1 and increase with.an increasing exothermic energy.efect, AEexo’ as shown
re
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in Fig. 17. (Sti;nulated resonance charge transfer with an endothermic reaction
o9 has also been recently considered, where the stimulation energy would be
supplied by a focused laser beam [104] [163].) Thus, this process is level-selective
} by its near-resonance nature. The resonance is associated with a near-coincidence
g between the binding energies of the initial atom's electronic state and the
final ion's electronic state into which th.s electron is transferred. For initial ions
of light elements, the coincidence may occur for low-lying (e.g., n=3 or 4)
states (Fig. 18) resulting in direct pumping of a populatior inversic: with
L ‘ ‘a lower (n >'2) state [164]. For heavier ions, possibly leading to shorter
. ! I wavelength lasing, near-coincid.nce occurs with higher-lying final-ion states,
{ and population inversi -n through cascading is expected; this is similar to the

‘ collisional recombination scher~s (Section III.B) except for the much higher

‘- ' cross section (~ 104 times) with this process. This latter approach was
: I i originally proposed by Vinogradov and Sobel'man [100] for an expanding z=10 -

plasma ion source exreriment.

Assuming that ions expand with thermal velocities determined fram -

- -'l
| kT = x(z 1)+/l+ where x(z L) is the ionization potential of the preceding

1 l ion state, direct upper laser level population in light elements (IFig. 18y
) 4

should be possible according to the theoretical curves shown in Fig. 17,
i including the mcan velocity es :imates indicated for stripped and hydrogenic
] ‘ initial-ionic specie~ [164]. An inversion of these data for various charge

| states is plotted in Fiz. 19 wnich yields the cycimum energy defects, AEex

(o}
For bacligromd atoms or hydrogen, helium and neon, the principle quantum

num’ ers,n¥, of the final excited states which are expected to be preferentially
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populated are indicated,

The classical theory behind chese estimates is rather inewsct but illuminating,

As recently emphasized by Presnykov and Ulantzev [165], improved theory is

.‘., i available giving a typical peak cross section of o s = naiz2(IH/IA), where

‘ I‘H and IA are the ionization potentials of hydrogen and the atomic gas,

’ respectively. These calculated cross sections are in agreement with measure-

| ments obtained from crossed beam experiments for low degrees of ionization. o
iy They point cut that both double-electron transfer, when two ejuivalent outer-

o l shell electrons exist (e.g., helium atoms) and also inncrshell elrctron transfer
are possible, at reduced cross sections, In addition, they suggest that ion-

ion resonance charge transfer might be possible when a large differemce in

: ' net charge exists between the interacting particles, although no quantitative
4 l results are derived.
|- Experiments with 1aser-produced plasmas expanding into neutral atom
i i gasecus atmospheres are underway at the U. S. Naval Research laboratory, with :
| apacé-resolved grazing incidence spectroscopy of resonance lines used in am
! initial search for anomalous populations in C5+ and C6+ ion excited states

{106], [166]. »Absorptic. of the laser radiatiom by the neutral atmosphere is minimized

by the lower density possible with the large cross section, by confined regions, ;

ﬁ and by the high photon energy of the laser line relative to the neutral atom
absorption edge energy.

Presnyakov and Shevel'ko [167] have pointed out the adventage for Lyman- '.’_'.
o inveréion of the large proton-cesium resonance charge trensfer cross
section at low energies. (The general difficulty with inverting & ground state .

; is again to be recognized [100],) Two experiments have recently been proposed
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for investigating this scheme [120], [168], using a rapidly advancing plasma

from a plasma gun or a duoplasmatron injected into a neutral cerium atmosphere. Cavity

operation at Lyman-o at a reduced gein coefficient has been suggested [120],
[167], and extension to helium (584 & amplification) without a cavity is
proposed for both experiments. Also, electron storing in 215 states of helium has
been considered [120], [121].

A second maximum in the cross section distribution is expected to occur
at high (10's of keV) particle encrgies [162], and one proposal it to use a
high energy ion source in a travelirg-wave mode to invert ionized helium. No
experiments are planned unless ion beam sources of greatly increase’ current
become available (see Section IV).

C, Photoabsorption

1) Immershell Photoionization: The terminology "inmershell transitions'

is meant here to designate those transitions that occur as the result of a
vacancy being created in a closed shell (all n-orbitals filled) of an atom or

ion for whi:h at least one electron exists in a shell of larger principle quantum
oumber. The vacancy can be created by, for example, collisions of electrons,
ijons or photons. Subsecuent stabilization can occur by numerous: channels
including radiative, Auger, and radiative-Auger double elertron transitions.
Shake-off and shake-up transitions are also well k:dwn to occur during the
vacancy-production phase, Activity in this area has beer well summarized in

the four volume proceedings of the 1972 Interuational Conference on Inner

Shell Ionization Phenmomena [169], which includes some papers on X-ray laser

as future applications.
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Innershell transitions for lasing are inherently more complicated than
the so-called "optical" transitions of valence electrons simply because of the
multitude of possible decay channels, particularly the radiationless Auger
channel which cannot contribute directly to lasing but does consume pumping
energy. In addition, the pumping source energy must be concentrated in a re-
stricted energy band in order to preferentially remove the innershell electrons
when outershell electrons exist., The initial attractiveness of innershell
transitions is somewhat traditiomal for x-ray generation and does appear to
offer short wavelengths in a low temperature medium, if indeed Doppler
broadening were to be the dominant mechanism. However, as shown in Section I,
natural broadening with Auger decay included is comparable to Dopplex broadening
even at the elevated temperatures where one and two-electron ions are created
with optical transitions in the traditionally'K region. Thus, there would not
appear to be any clear advantage to innershell transitions for short wave-
length self-terminating lasers, although there have been a number of published
suggestions with different pumping schemes. Innershell pumping by collisions
of plasux :lectrons has been proposed only once .in & brief

note [170] without apparent regard ro the effect on outer electrons of the

broad energy distribution of free vlectrons. Selective innershell pumping by collisionsof

lon beams with atoms (forming quasimolecules) has been suggested [112], (171];
however, the beam current required is formidable (Section II), particularly
when all possible states and decay channels are considered. Greater
corsideration seems to have been given to photoionization pumping schemes [96],

(1131, [372-(1%] both because of the ability to concentrate the pump energy
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and the likelihood of being able to tune the pump source to a spectral region
| of preferential innershell photoionization.
] In the simplest self-terminating schemes an innershell hole is created
! by photon impact and lasing occurs on a radiative transition. Population inversion 4
terminates in a time approximately equal to the 1ifetime of the vacancy state
(see Section IT). Both Ko transitions with many outer electrons and transitions

to firs: full-shell vacancies in alkalis (e.g., L-shell, sodium) have been £

studied. In the ‘btter only one outershell electron exists and Auger effects

are not present; however the wavelengths are typically 30 times lﬁngr;r than for

w
-

Ko transitions. A variation on the photcionized-sodium scheme which has recently
been proposed by McGuire [177] involves the production of K-shell vacancies

in Na+ ions followed by K-LL vacancy Auger transitions producing Na3+ ions

-

with electrons in various (n=2) L-subshells. Lasing is predicted in the
400 } region on 2p - 28 transitions instead of 3s = 2p in the neutral sodium s

pumped scheme, Pumping by x-rays from laser-produced plasmas hus been proposed

T .u.ﬁjzm.;-r;ﬂ-r P e N

l [178]. . In this proposal the laser plasmas are arranged to produce o

a traveling wave pumping configuration on the material to be pumped. Both

sodium schemes require that photolonization losses in the medium be overcome. f
The principle difference is whether an n=2 vacancy 1s produced directly by L-
electron photolonization or indirectly by X-electron pliotoionization followed

by an Auger decay. The selective pumping spectrum required will fall into

3 obviously different energy range;. This could be a deciding factor in designing 1
X an experiment, and it is pointzd out [177] that it is easier to produce a
k. filtered hard x-ray spectrum for K-shell pumping.
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¥ ! I It is interesting that one of the major objections to photon-pumped
Ko lasexrs, namely the Auger decay channels that consume pumping energy, could

conceivably be utilized to alleviate a more formidable problem common to most

short wavelength lasers, i.e., the extremely fast pump pulse risetime (see

l Section II). It was first suggested by Stankevich [173] in 1970 that L-shell
é I vacancies created by Ko transitions could be filled by Auger transitions

! at a higher rate than that at which they are created, so that a population
inversion could be gustained for as long as the particular species exiéts.

éu l Hence, a quasi-cw laser is conceivable along with resonance cavity operation.
o Stankevich's analysis was based upon some very rough appioximations for

the relevant rates. . When' re-analyzed [96 ] in 1974 with new calculations

i i published in the interim, the net gain coefficient on his simple model re-

I mained positive but became small, However, Stankevich also ignored the

5 fact that the further-stripped ions created by Auger transitions possess shifted
l Ko absorption lines and, therefore,decreased laser beam reabsorption. The

B i requirement for sustained inversion then becomes one of exceeding only the

t} K-L radiative xate, which is considerably less than the K-LL Auger xate for
light elements [179]. When the analysis [96] is extended to this situation, the
ratio of rates and hence the approximate ratio of population densities becomes
significent for elements in the range of Z=20 as shown in Fig. 20. Indeed,

a gain coefficient of 70 is predicted in a 30 um by 300 i mediium of silicon

atoms at a wavelength of 7.1 ! &and with a currently realistic photon pumping

e

source of &4 TW power. However, actually making and maintaining a medium having

the rather ideelized conditions assumed is another matter. For example,
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a high density of a specific atomic or ionic species must be maintained

against continuing ionization with delicately balanced recombination into

the proper states. This approach should be pursued further with both numerical
modeling and experimenty, the first experimental efforts probably being directed
towards developing suitable pump sources with sufficient power concentrated in
the required spectral region. Such a source may be a laser-produced plasma, an
exploded wire, or even a more simple heavy-element spark discharge.

2) Photoexcitation: Absorption of discrete emission such as from

a discrete spectral line leadinrg to excitation to a specific upper laser

level is an intriquing possibiliiv for selective pumping by photons. Generally
two species are requiredawith overlapping intense lines. Considerations so

far [180], [181] have centered around :li2 intense resonance lines of hydr)y -ic
and helium-like ions which can become'opacity broadened" for the desired frequency
overlap, A typical example is abstorption of the C5+ Lyman- line at 33,74 &

by a C4+ ion in a 118-41P transition; with the 41P level becoming overpopulated
relative to lower 318 and 218 levels and possible lasing in the 700 X and 200 X
regions, respectively. Considerable thought 'must go into a practical experi-
ment for efficient coupling of the pumping line emission to the absorber.

In this respect the practical problems are not unlike those encountered in
photoionization-pumping experiments., A coaxial design utilizing an expanding
cylindrical plasma from a specially tailored laser-irradiated target may prove

most efficient. Obviously, many combinations of ions and elements may be

considered as long as cverlapping intense lines are present.

8Single species pumping of isotope shifted lines has been proposed (182].
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D. Jon-Atom Collisions

! Another method of producing inner shell inversions for lasers is based
! on the promotion of elfctrons to higher levels during the collision of atoms
; or ions with other atoﬁa. These promotions of the inner shell electrons occur
R l i when violent inelastic atomic collisions take place with deep interpenetration
, of electron shells. During the collision the innershell electr ns are forced
] ‘ into energy levels in accord with molecular orbital theory. Aicer the collision
| the atoms are left in narrow, discrete gtates with several electrons siﬁultaneously

highly excited [183].

i McCorkle [112] and McCorkle and Joyce [171] have proposed that the

above method of excitation might be suitable for the production of gain by
I stimulated emission in the x-ray region. They propose the bombardment of

‘ thin foils with an ion beam in such a manner that the excited atoms or ions
‘ . emerge from the other side of the foil where amplification can take place.

They propose to use lcag gain-lengths, in spite of the short excited-state life-

‘; | “ times, by deflectivn of the ion beam in the manner described by Louisell et.

al. [104] to produce traveling-wave excitation.

Difficulties with this approach lie in the large ion currents required
and in the extremely short time before Auger decay. Recent developments in
-:f ion beam technology [184] may assist in the first problem. Auger lifetimes of
.p < 10-14 sec severely limit the cross sectional width of excited plasma and
9 : | force close tolerances on traveling-wave deflection and focuaing; 1f the
: - planarity of the wave varies by only 10-3 cm, then the traveling-wave will
not be of uniformly-correct velocity for amplification, In addition, dif-

fraction losses fram such regions of gain may be extremely high, Coherence
»

brightening and laser lethargy effects for this approach have also been conéidered
(185].
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. E. Nuclear Transitions

The vse of nuclear transitions to produce lasing in the x-ray and y-ray
spectral region was considered as early as 1961 in laser history [186]1-[189].
| The conclusions at that time were that the difficulties were so great that
no practical experiments could be started. The recent success in the
}: vacuum uv  and the antin~ipated success in the x-ray region has inspired a

l new look at the more penetrating gamma-ray lasers, Much of the revived interest

in gamma-ray lasers has originated in the Soviet Union and emerged at the

1973 Vavilov Conference on Nonlinear Optics. Soviet sciemntists R. V. Khokhlov
I. [190], V. S. Letokhov [191]-[192], and V. I. Goldanskii [193] have contributed
significant new ideas or proposals on the gamma-ray laser. In England Byrcne,
Peters and Allen [194] have considered the gamma-ray laser and in the U S.A.,
Baldwin at Rensselaer Polytechnic Institute [195], [196], Wood and Chapline
(1971 . at the Lawrence Livermore Laboratory and a group at the Naval

| Research laboratory [198] have examined the problem. No one claims that

‘ development of the gamma-ray laser will be easy, but some aspects of the problem

. appear no more difficult than those for hard x-ray lasers. Some of the
: fundamental problems of gamma-ray lasers and some of the rather elaborate
}. schemes for producing them will be discussed below.
f From Eq. (6), the threshold inversion density, AN, for mirrorless systems
s varies as
E ) AN 2 5‘-‘%—‘-’-3 . (18)
3 ALY
o
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For practical systems, of course, the inversion‘density must be much higher,
as Wood and Chapline point out, but this equation illustrates the basic
problem of gamma~-ray lasers. An attraction of gamma-ray lasers is the avail-
ability of long-lived excited nuclear states (measured in years versus femto-
seconds). These metastable lifetimes would enable the population inversion
to be assembled slowly using low power level pumping sources, Such long life-
times, however, greatly increase the inversion density required for lasing.
To use these long-lived transitions, the linewidth, Av, must be reduced to
the point where AN 1s below the density of solid material. This implies
that Ay cannot exceed 1'-1 by more than a few orders-of-magnitude. Recoil-
less Mossbauer transitions are a starting point for narrow linewidth. These
transitions may be narrowed even further by growing more perfect crystals,

by placing the crystals in a uniform temperature, uniform field environment,
or by using special radio-frequency field téchniques to narrow the resonance
lines [199].

It should be clear that rescnators would not be practical for a gamma-
ray laser. No material is known to be reflective at these wavelengths and
the high energy flux expected from the laser would destroy most; materials

' placed in the beam. Therefore, gamma-ray lasers will be ASE devices of
length as great as practical and with diameter d << L to avoid radial
amplification losses, but large enough to avoid diffraction losses. Absorption
losses must be taken into account within the laser material. These losses
may vary considerably depending upon the orientation of the crystal axes with

Tespect to the direction of laser propagation. The gain coefficient per unit length,

o, must exceed the absorption coefficient per unit.length, i, in crder to have a useful laser.
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In addition, the gain equation nmust be multiplied by the fraction £, of excited
nuclei that undergo reco:l-less transitions, by the branching ratio, B, for the
isomeric transition, and by (1 + x)"1 where x i3 ine internal conversion
coefficient (in this process excitation energy is lost to the nucleus in a

radiationless manner); The gain coefficient condition becoues

g

o = AN 27 TCvT 1+ x =3 "? (1%)

where Aqf is now the full linewié:h. Khokhlov [190] estimates that the
absorption coefficient, u, is no greater than 1 em” ! and that it is pcssible

to obtain gain coefficients of

o = (10° - 10 /7ty cnl (20

Transitions in which the TAvT product is near unity have been observed for short

lifetime transitions (10"7 - 10"9 sec), but when longer-lived transitions are

considered there are little data available. One measucement of Ag107, which

has a 44 sec lifetime, showed a TAVT of 106.
Obviously more work is meeded to investigate the linewidth of long-

lived transitions. It may be that narrower bandwidth transitiomns exist for

some long-lived isomers. If not, then techniques for reducing the linewidth

must be developed if long-lived transitions are to be used for gamma-ray lasers.

The alternative to reducing the linewidth of long-lived transitionms

is to accept the breadth of short-lived transitions and to try to overcome
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.'E | this factor by increased pumping intensity. 1In doing this one finds that

f } inversion densities greater than that of solids are required and that the
pumping power required to achieve the required inversion densities (1024 cm-3)
is overwhelmingly high, To reach such inversion densities, it has bean

proposed that laser compression techniques similar to those proposed for pellet

gitesky i )

i

fusion might be used. One concept consists of a cylindrical thread of
beryllium as the gamma-ray laser host material,. Added to the beryllium

thread is a small amount of parent ,-otopic material [193]. The Mossbauver effect

will be preserved in the impurity material., Surrounding the beryllium host with
its impurity iz a concentric cylinder of fissile material which will be driven
to criticality by a series of laser beams aiwmed at the cylinder from all
sides and timed to produce a wave of excitation moving at the velocity of light
down the length of the cylinder. The laser beam compresses the firsile raterial
| » causing a miniaturized explosion and the release of many pumping neutrons.
] These neutrons pass through the beryllium exciting the impurity nuclei: quite
rapidly and providing a gain medium for those gamna-ray photons that are
emitted in the axial direction of the cylinder {195].

1f pumping a gamma~ray laser is difficult when lifetimes are short,
# i | and if ;inewidths are too great when isomer lifetimes are long, perhaps a
“ compromise is to use intermediate lifetimes and assemble the laser as fast
as possible., One idea ({192 ) proposes that pumped nuclear material be quickly
vaporized with a laser beam and that the excited nuclei be separated isotopically,
' | ionized ;nd electrostatically deposited on a host substrate. The rapidly

assembled laser would emit as soon as sufficient excited nuclei reached the
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substrate. This approach is quite complicated, and considerable research would
be required to attempt it. It would be neﬁessary to study the isotope sep-
aration process in detail as well as the excitation-vaporization process, but
it appears that this technique might work where others do not.

The question of coherent emission of Fermions (neutrons, protons, alpha
particles) has come up in some discussictms [200]. Byrne, Peters and Alien [194]
have given further consideration to alpha particle emission. Their
conclusions are that alpha particle capture and emission processes are 1ncoherént
witl no phuse relationship. An alpha particle with MeV energy has a wave-
lengt!. of ~ 10“12 cm. The frequency spread associated with the Doppler motion
is ~ 1U16 Hz at room temperature for a heavy element (A ~ 240), The resulting
cross s«ction for stimulated emission is 10-35 - 10“57 cm2 for lifetimes in
the range of 10"6 to 1016 sec, Absorption cross sections are many orders of
magnitude larger and seem to preélude the possibility of stimulated alpha
particles,

fn the other hand, L. A. Rivlin, the Soviet scientist who filed an
early patent disclosure on the gamma-ray laser, has proposed that antimatter
might serve as an amplifying medium [201]. In discussing some aspects of
the problem he chose to consider positrons. Positrous, of course, are quickly
annihilated bv the close precence of an electron with the resulting emission
of two photons. The minimum energy for the created photon is 0.51 MeV which
results in a wavelength of 0.024 A. Rivlin's idea 1is to inject 8 pulse of
positroﬂs into an elactron-rich target and observe the emission upon annihilation

of the positrons. He calculates that he needs a positron density of 1018 cm“3
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in a time of 10-10 sec. While this may be feasible technologically, it appears
that the question of coherence will arise, since it would not appear that

any one anuihilation should irfluence any othec. In other words it appears

to be an incoherent process which would not amplify in spite of the negative
temperature (or inverted population) which may be produced.

F. Stimulated Compton Scattering

The idea of using stimulated Compton scattering to produce short wave-
length lasers has been considered by uumerous authors [202]-{205]. The
attraction of such a laser is that photons injected into a relativistic electron
beam can be scatterad back at much higher energies. Hence it may be possible
to build a laser based on stimulated Compton scattering and reach well into
the x-ray region. In addition, the output wavelength would be tunable over wide
frequency ranges by varying the acceleration voltage of the electron beam.

Paitell, et al. [204] have outlined the problem of stimulated Compton
scattering. For a colinear geometry with the electron beam and photon beam

of frequency,v., pointed toward one another, the frequeacy of the back-

1’

scattered wave, Vs is given by

v, = by @/E) 21)

where E is the electron energy and Eo is the electron rest mass (0.5 MeV),
For 5 MeV electrons the emitted frequency is 400 times the input sigral
frequency. Therefore,1000 1 input photons would emerge as 2.5 L hard X~ray

photons. Both linear and synchronous accelerators are capable of producing
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electrons with more than 1 GeV of energy so that even shorter wavelengths can
be reached.
’ Of course, there are important questions which must be answered such
as the net power out of such a laser, given state-of-the-art input intensities
of electron beams and lasers. Pantel: has determined that the net power scattered

{
| into a single mode, for an electron velocity v, is
|

22 2

c ro(l + v/c) d Né
4hv1v2 dE

where o is the classical electron radius (2.8 x 10-13 cm), I1 and I, are

the intensities of incident and stimulating radiation, E is the electron energy

and Ne is the electron density., The gain coefficient in cm-1 can be determined

using the expression

Ehv 9

AAN N, (23)
0 (AE)2 12 sivilke

o= 0,7r

where AZ is the wavelength of the emitted signal, Nv is the photon density
in the incident beam, and AE is the linewidth of the energy scatter of the
electrons., Calculations by Molchanov [205i fcr a neodymium laser beam at
1.06 tm with a photon density Nv of 1.8 x 1022 cm-3, an electron voltage
of 2 MeV, a E/AE of 105, and N, of 2 x 1013 cm"3 (current density of

| 10° A/cmz) indicate a gain of 2.2 em ) at a wavelength of about 220 A.

This is a relatively large gain and it is in the soft x-ray region. §'.orter

wavelengths could be generated by increasing the electron enexgy. If similar
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E/AE and Ne could be produced at 20 MeV, wavelengths of 2.2 ! would be produced
but the gain would dwp due to the i§ dependence. Hence the ability to go to
short wavelengths by increasing the electron energy must be accorpanied by the
ability to produce greater electron or photon densities to generate significant
gain,

G. Unresolved Experiments

a) Gain Experiments at Univ., of Paris, Orsay: A group at the University

of Paris at Orsay led by Jaeglé have recently reported [206] a measured net

gain of 17 percent and a gein coefficient of 10 cm'-1 in the dense portion of

an expanding laser-produced »luninum plasma. The spectral line on which this

galn was observed arises frr.- 2p54d 3P1 - 2p6 1So intercombination transition

in the \13+ neon-like fon. :w. identical plasmas are created by splitting a

single laser beam and the transeission of the second plasma to radiation

(in a region assumed to be uniforz) from the first is used to ascertain

absorption and the reported gain. This last paper follows approximately

four years of effort with progress documented in the references listed in [206].

Other supporting evidences given are the narrowness of this particular line

and a significantly shorter duration of the emission from tire-resolved

spectral measurements, Net gain on other lines in this particular ion or

in other ions has nc: been reported, No explanation for how the population

inversion is achieved is offered in this paper, although it was previously

suggested that a series of autoionizing transitions may be responsible [2)7].
An.attempt to reproduce this experiment has been made by Valero { 23]

in & similar experiment but with a somewhat more powerful ruby laser. Valero

reports results in essential agreement with Jaeglé, et . al., but concludes
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from a comparison of relative imtensities of Al3+ lines from varivus series
members as well as lines from more highly stripped Al ions that the anomalies
observed are due to high absorption of the "allowed" lines which have large
absorption oscillator strengths, rather than net gain on the single line.
Valero also disputes evidence [207] of autoionizing transitions and presents
evidence of lines from different fons as an alternative explanation of some
of the observed structure.

McGuire [177) has also challenged the Jaegle, et al., results and
suggests that the 4d 3P upper level may be overpopulated in the second plasma
by Auger transitions, following innershell vacancies created by x-radiation
from the first plasma (See Section IILC), Most recently, Silfvast, et al.,
[209] have criticized the conclusions of the Orsay eroup and the two plasma
technique of gain measurement in general., They also explain the reported
results with an opacity model.

h) Experiments at Texas Tech, Uriversity: In recent articles, Das Gupta

at Texas Tech. Universit:r has presented a number of observations which coulu
possibly imply an association with coherent x-ray emission [210], [211].

These experimental observations include a non-linear increase in intensity

with excitation current, and a narrowing of x-ray lines from a micro-focus

x-ray tube [210]. However, any interpretation of these results as an indication
of lasing would appear to contradict the basic requirements for x-ray lasers

as presently understood. More recent experiments using a Van de Graff accelerator
with cylindrical bore targets yielded non-divergent discrete x-ray emission

[211]. Das Gupta's t.iel of parametric coupling between photons and electronms,
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suggested as an explanation, has been scrutinizec very carefully by two groups |212],
(213], who conclude that Das Gupta's observations can be explained on the

basis of instrumental effects. In vepeated esperiments [213], [214],

the discrete frequencies reporte’ by Das Gupta are not

observed. It appears that there is little reason for x-ray laser enthusiasm

in the results reported by Dav Gupta unless a more substantial understanding

and support of these results is offered.

c¢) CuSO, Experiment at University of Utah: The existence of coherent

hard x-rays from a laser-heated gelatin doped with CuSOa wasg reported by Kepros, |
et al.at the University of Utah in 1972 [215]. The report generated a flurry
of interest and activity, The main evidence on which the conclusion was drawn
was the observation of clustered small (~ 100 ym) spots on x-ray films placed
at distances of 30 to 110 cm along the axis of the 10 mm by 0.1 mm portion of
the gelatin that was irradiated. Ionization chamber (electrometer) results
indicated a preferred axial emission of up to 105 photons per burst. These
findings, which supported the film data, were reported in private conversations
[216], [217] and added to the Interest in the effect. No wavelengths were
measured, but the association with Xx-ray emission was inferred by the apparent
transmission through aluminum and paper shielding surrounding the film,

An attempt to reproduce the results at the U. S. Naval Research Laboratory,
where a similar laser was availsble, indicated at first that indeed such sgots
with some degree of localization could be present in coincidence on multiple
£ilms on about 10 percent of the shots [218). However, in continued experi-

ments with the use of "active" x-ray detectors (capable of counting photons)
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did not produce any x-rays, and thus disassociated the film anomalies with x-ray
emission [219]. No other source of x-rays associated with the laser or the
experiment was found. A more recent report [220] from the University of

Sofia also describes the observation of 90-130 i film spots with up to 90
percent reproducibility; however no attempt at auxiliary x-ray detection

1s reported. Other attemg*~ [221] at corroborating the x-ray emission reported
by the Utah group proved negative, including one so-far-unpublished study [222]
by an independent team assembled by the University of Utah using the original
apparatus. The original researchers have not extended their

measurements and the electrometer results have never been published.

Following a visit to the University of Utah during which he exposed a number
of multiple~film £ilm packs to the "x-ray laser', Boster reported [223] the
presence of a number of small features on the films and associated these
with a triboelectric effect caused by improper handling of the films, 1.e.,
independent of the laser/gelatin experiment, Boster's explanation is not encirely
eatisfactory, because the effects have not been duplicated at the U.S. Naval q i
Research Laboratory or elsewhere [224] even when Boster's prescription for ~l
"mishandling'' was followed exactly.

Developirg a theoretical mechanism toexplain population inversion in this experiment L
proved extremely difficult from the beginningand requirea complete absorption and
concentration of the available laser energy (by sare unknown mechanism) into a filament of

about 1 ym diameter, (Indeed, the amount of absorption was found [219] to be

U WSOV S

~ 30% and, furthermore, indepecndent of the presence of CuSO, in the gelatin,)

| Kepros [225] recently attempted to explain his original results with a partially-
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stripped model and higher peak powers. Billman and Mark [217] offered a non-
lasing explanation for the presence of any collimated x-rays that may have
been observed at the University of Utah. Their explanation is based upon a
model of a transmitting and collimating channel created in the gelatin by the
incident laser beam.

To summarize this experiment, it must be concluded that, whatever may have
been the cause of the observed film effects, the absence of any further evidence
of x-ray emission with the most sensitive detectors available preclude.
further credibility to the original claim of coherent hard x-ray emisiiou.
Credit should be given to the originality demonstrated in the approach which

may someday prove interesting, particularly with more powerful lasers.
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1V, PRODUCTION AND DETECTION OF GAIN

A. Pumping Sources

At present two sources are given serious consideration for
pumping x-ray transitions: 1) laser beams, particularly the very short pulse-
width, mode-locked picosecond beams; and 2) high energy electron beams and
rece.itly associated ion beams, All of these sources have their advantages
and weaknesses. By mode-l..i'ing, Nd3+ laser beams can be made to have pulse wicths
of ~ 10-12 sec and they can be focused to small volumes with high irradiance.
However, the photon energy is too small to pwnp x-ray transitions directly,
and they must be used either to transfer electrons from an excited metastable
level, to heat electrons in a plasma with subsequent electron-collisional
pumping, or to produce x-rays (again from a laser-heated plasma) which will
in turn pump an x-ray laser transition. Short pulse lasers have low over-
all efficiency (not a primary problem for initial x-ray laser research),
are power and energy limited, and are somewhat difficult to adapt to a travel-
ing-wave pumping geometry (Section IV.A.2.b), Gain lengths tend to be restricted
to about one centimeter and the ramifications of this are analyzed below.

More efficient CO, lasers do exist having compscaile energy, but the pulse

2
widths are limited to »'«10-9 sec at present and the photon energy is lower by

a factor-of-ten, High current electron (and ion) beams are also Qimited to

2 N,
pulse widths of about 10 2 sec; they have high efficiency, high éqprgy

and appear adaptable to a traveling-wave transverse pumping geometry. They
produce large fluxes of high energy particles which can be converted to photons

by colliding the particles with a target. A very severe additional limitation




-,

for charged particle beams comes in focusirg against space charge effects to
produce a high flux in a very small volume.

1) Short Pulsed lasers:

The process of mode-locking to produce extremely short optical pulses has
been reviewed thoroughly by both DeMaria et al., [226] and Smith [227]. Pulses
with a length of 10-12 sec can be generated at 1.06 ym using the broad band-

width of Nd3+ in glass or YAG (yttrium aluminum garnet). When amplified,

these narrow pulses can reach peak powers of more than 1012 W. Except when
used for transfer pumping from an excited metastable level (Lebedev Institute,
Moscow) ,the low photon energy of these pulses prevents direct pumping of x-

ray transitions; however, several inc¢irect methods are being actively pursued.

a) Electron Heating and Relaxation: This concept utilizes a high power

laser pulse to generate a highly ionized plasma and elther directly producesa
population inversion by preferential excitation of an x-ray transition by a
high energy electron component of the plasma (being done at the University of
Rochester) or generate an inversion during the relaxation and expansion period
following either electron-ion recombination (being done at Lawrence Livermore
Laboratory, University of Rochester, Culham Laboratory, University of Hull)

or ion-atom charge transfer (being done at U. S, Naval Research Laboratory).

b) Synchronized Double Pulse Excitation: If a highly ionized plasma

can be prepared just in advance of the arrival of an intense plcosecond laser
pulse, then the picosecond pulse may be useful in quickly heating plasma electrons
which in turn will excite the already existing ions to large population inversions

prior to equilibration. Lasing would occur when sufficient ions become excited for the
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ASE conditions to be met, The density must be sufficient for the laser
beam to be absorbed, but not so high that collisional rates dominate.

c¢) laser-Plasma X-Rays: An alternative method of pumping «-ray transitions

is to use the high power laser pulse to vaporize and heat a target material to
generate plasma x-rays. These x-rays fall onto a nearby material and optically
pump energy levels to inverted populations, Silfvast and Wood [228] have deronstrated

this technique 4t longer wavelengths by using the plasma generated by a

002 laser to pump a near-uv dye laser. There has been considerable work done

to study the radiation emitted from laser plasmes in the x-ray region,and
the conversion of laser radiation to x-radiation has good efficiency. With this
background it may be possible to pick tirget materials that have sufficient

emission in e'ther the rather narrow photuionization or the discrete line

photoexcitatiou absorption bands of the x-ray transition selected for lasing.
Photoionization pumping is pursued at Battelle and Sandia Laboratories.

d) Laser Compression Techniques: Because the power densities required tc

produce x-ray lasers are similar tc those required for laser fusion, there is

a strong technology overlap between these programs, Therefore, there is activity
in x-ray lasers at such laser-fusion laboratories as Lawrence Livermore Laboratory,
the U. S. Naval Research Laboratory, the University of Rochester, and Battelle.

For example, Chapline and Wood [123] at Lawrence Livermore Laboratories have
proposed to conduct x-ray laser experiments which make use of the compressive

force of numerous laser beams aimed to uniformly irradiate a cylinder and to
attain inversion densities greater than the density of solids. This traveling-
wave compression concept is an extremely complex one., Not only must the

irradiation be radially uniform for high compression, but there is the added




difficulty that the amplified x-ray pulse velocity will be gain dependent. This
added dependency will require uniform inversion density in the axial direction

in order to maintain the velocity matching of the x-ray pulse and the excitational
compression wave. In short, this method may encounter severe

Fractical difficulties in addition to those common to laser fusion compression.

2) Electric Discharge lLasers:

a) Advantages: Electric discharge lasers are conceptually simple
and have the advantage that electrically-stored pumping energy is transferred
directly and efficiently to gases at relatively low pressures in short path
lengths, due to the short mean free path Aci for collisional ionization processes

_ -1 13 -3
of cross sectiono i.e., A, = «JciNo) 10 /No for No in em 7, Low

ci’ ci

densities are an advantage for lasers pumped by electron collisions (Section I11),

but longer lengths are required for gain coefficients exceeding threshold [ 105].

When the required lasant length exceeds cfp where Tp is the laser pump time,

the pumping of the lasant must be axially synchronized with the growth of the beam;
hence the need for traveling-wave pumping. Such pumping is most appropriate

for transverse electrical discharge devices and has been successfully applied

to molecular (see Secion I) as well as ionic (C3+ [ 140]) lasants. Hence

its present use at the U, S. Naval Research Laboratory for the investigation of
electron-collisfonally excited ionic lasers,

b) Traveling-Wave Pumping: The short lifetimes of X-ray transitions

usually places a restriction on the amount of amplification that can be produced

by a given population inversion density. For example in a material in wh.ch

gain lasts only 10-15 sec a pulse can only be amplified for a distance of




3 x 10-'5 cm. Also, the inversion density required to reach threshold approaches
the density of a solid. Producing such densities is very difficult; they
might occur only in compressed laser plasmas. These inversion density problems
can be eased considerably if the region of gain can be made to travel in synchronism
with the pulse to be amplified, This scheme is called traveling-wave pumping
and it contains several advantages. First, the entire volume does not have to
be pumped at one instant; the pumping energy delivered to the material can be
spread over time and space. Secondly, a unidirectional output beam is acquired
with no mirrors, so that the intensity within the laser material is not higher than
the output emission. Thirdly, this method of excitation is suitable for
the production of long gain paths, so that the critical length for ASE
can be met, at least in principle, for low inversion densities. Traveling-
wave discharge techniques have already been used successfully to produce high-
power, unidirectional emission from nitrogen [ 4 ] and hydrogen [ 15], [10 ]-[12},
[229] molecules. The traveling-wave was produced in a flat-plate transmission
line by a series of synchronous fast-closing dielectric switches., This resulted
in a fast-rising high voltage transverse traveling-wave discharge which excited
the molecules. Since the closing interval of the dielectric switches can be
varied, the velocity of the traveling-wave can be adjusted to match the velocity
of the optical pulse.

The value of the traveling-wave approach for x-ray lasers has been appreciated,
but it has somewhat urecklessly been assumed that synchronous traveling-
wave exeitation could be produced with optical or electron beams by simply
phasing several beams or by inclining the material at an appropriate angle

to the beam. This approach must be taken with extreme caution. Casperson
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and Yariv [230] have shown that the velocity of a pulse being amplified is a
function of the gain and less than c. If the gain is tniform, then a simple
inclination of the target can produce a traveling-wave excitation that stays
in phase with the pulse being acplified. If the gain is not uniform, the problem
becomes far more difficult and at least some of the gain
will not be usable. Consider & pumping laser beam of circular cross section
with a Gaussian radial intensity distribution, focused by a cylindrical lens
to irradiate and excite a linear length of material. The focal line could
have a hot spot in the center with a continuous fall off toward each end,
Since the gain would vary in direct relation to the intensity distributiom,
the propagation velocity would vary greatly also and no one angle would
produce amplification over the entire length, Even if the beam had radial
uniformity of intensity, the focusing of the cylindrical lens may not produce
uniform gain, The idea of phasing many laser heams on a cylinder [231] to
compress a material to the necessary inversion density will be plagued by the
non-uniform gain that these focused beams will produce. For gain at very short
wavelengths the excitation wave and the Pulse being amplified must not separate
more than 3 x 10-5 em. The focusing of many high power laser beams onto a
cylinder to maintain uniformity on such small spatial dimensions is an
extremely difficult practical problem.

In spite of the cautions pointed out above, it may indeed be possible to
use traveling-wave pumping with laser excitation sources, To do so will
require careful experimental design, where the parameters of the lasing medium

must be known and uniform and where the intensity of the line focus of the laser
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has also been designed to be uniform. These conditions are not trival for
lasers. It may even be easier to adapt electron beams or discharges to the
traveling-wave configuration as described below.

3) Electron Beam Systems:

During the last ten years electron beam technology has made dramatic
strides forward [232], Frem machines which previously emitted beams of
only a few amperes, progress now places current capabilittes at megamperes
and voltages as high as 12 MeV for pulses in the 100 ns range. The energy
storage to produce these intense beams is in the megajoule region. It
is difficult to ignore these new machines for the production of shorter wave-
length lasers. Already electron beams with pulses as short as one nanosecon’’
have been used to produce vacuum ultraviolet lasers in the rare gases at high
pressures and also in hydrogen (See Sections I and III). Electron beams have
also been used to initiate the reactions which have led to high nower chemical
lasers and to semiconductor lasers of small size, In addition, focused
electron leams are being considered for use in the beam-pellet approach to
fusion.

For short wavelength laser research, electron beams coupled into lasants
through boundaries such as thin foils offer the potertial advantage of a
shorter electron pump pulse risetime not limited by the collisional ionization
time for discharge devices, To further implement this concept, a traveling
wave electron beam adaptation of the discharge device described above was
proposed [233] and a prototype of such a system is presently being tested on

N2 and H, at the U. S. Naval Research Luboratory. Once feasibility has been

2
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established, iv is expecied to be scalable to higher energies and more rapid

operation than at present.

4) High Current Ion Beams:

Recently iew work in the generation of high current ion beams has been
proposed ana initial work carried out [184], [234], Based on a rather simple
modification to the relativistic ele:tron beam machines already discussed above,
the possibility of 10S A pulsed iom beams with energies of 0.5 - 10 MeV has
been suggested by Sudan and Lovelace [184], While the pulse width and focusing
limitations remain, they discuss the usefulness of such beams for heating
plasmus to fusion temperatures and in nuclear studies. It is also useful to
speculate on the application of such beams to short wavelength lasers.

Some charge exchange experiments discussed previously cons.der the use of ion
beams to produce excited populations. The primary difficulty in these charge
exchange lasers, i.e., a lack of intense ion sources, may be eliminated when these
new pulsed high-current ion beams are developed. It may be possible to

develop high-intensity traveling-wave ion beams for lasers by applying the

same diode modifications used above to the traveling-wave eleciron beam

meutioned above [233]. High current ion beams should find numerous uses in

the development of short wavelength lasers (See Section III.B).

5) Exploding wires:

ligh intersity x-ray emission can be produced when the diodes of electron

beam machines are shorted by very fine short wires, The

wire is.vaporized early in the discharge and its atoms rrach extreme stages of ionization

(S5ktimes) over finite volumes, resulting in a copious flux of x-rays which
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could be used for pumping x-ray lasers. Making the assumption that the

average temperature of the exploding wire plasma is the same as a 100 eV
blackbody, Jones and Ali [175], [176] calculate that it may be possible tou pump
Na vapor (Section ITIC)using exploding wires. One remaining question in
assessing the practicality of exploding wire pumping is the risetime of the
x-ray radiation, If it is as short as 0.1 ns (one tenth the electron beam
machine's risetime), then the Jcnes and Ali calculations show that the gain
would be sufficient for ASE operation. If the risetime is longer, then a more
complicated experiment with some form of resonant cavity may be needed. The
practical problem of designing this experiment is not one to be taken lightly.
It is difficult to get lasing material close to the high voltage wire, and
equally as difficult to fucus the x-riys at some distance. In another numerical
analysis of this scheme, Bey considers what might happen if the pumping were
accomplished in a traveling-wave fashion [174]. This model assumea tha'. the
risetime of the soft x-rays follows the risetime of the current and concludes
that ASE would not occur uniess the risetime were reduced to about 2.5 ns or
that the intensity were increased by a factor-of-ten. Considering the difficulties
of building an x-ray las:r, these requirements for a370  1laser are not

far bayond present capabilities.

B. Detection of Gain

1) Concepts:

The importance of this subject can be underscored by pointing to a number of
experiments already claiming the existence of very short wavelength laser
emission and the even more numerous alternative explanations of these experi-

ments without the existence of gain, The confusion already demonstrated over
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short wavelength lasers serves to demand that experimenters give irrefutable
evidence of the exis:ence of gain in the future. It is often necessary but
not sufficient to infer lasing from small spots on film, narrowed lines,
anomalously small absorption in a second medium, or non-linear intensity effects
alone. A definitive test for gain must be performed. In thre belief that early
X-ray lasers will likely be ASE devices, a significant por:ion of this paper has
been devoted to the theory of these systems. This can now be drawn upon to
give some guidelines for determining the presence of gain,

In many experiments the detection of gain is complicated by the frct
that its existence lasts for a very short period of time--as short as
10‘15 sec! This short burst of radiation may come somewhere early in a
plasma radiation process lasting nanoseconds or longer, and may not be resolvable
with present techniques. 1In addition, many of the characteristics of iasers
with resonant cavities will not exist for non-cavity ASE lasers. If gain
exists however, it will amplify a signal exponentially as a function of its
length unless it has saturated due to the intensity of the signal. Therefore,
a good test for gain is to vary the length and observe the intensity of the
line in question. If the sti'ength of the signal is such that saturation is
occurring, then the length should be reduced until an exponential dependence
1s observed. The gain coefficient is obtained in this manner, of course.

This method for determining gain requires that the amplifying regica be defined,

of finite length, homogeneous, and controliable. In some experiments that have been

proposed it may be difficult to determine where the amplifying region may be located,

as well as the extent and uniformity, and it may be impossible to vary only

the length of the gain region. If this is the case,then experimental verification

201

.
LL..- 4 L




of laser action becomes very difficult,

The comparison of axial and transverse emission is a valid test for axial
stimulated amplification, providing again that sufficient tine resolution 1is
available to discriminate against spontaneous emission of longer duration.

Other methods of verifying gain are difficult to use with ASE systems,

Line width and beam divergence are sometimes considered good indicators of gain,
but their behavior is somewhat complicated as shown in Section I.B . 1If length
can be varied, then the intricacies of the 1line width can be used as support for
claims of gain., For example, Jaeglé, et al. [206] claim that several soft

x-ray lines are narrowed due to amplification in a two-laser-plasma experiment.
While the calculations of Allen and Peters support the existence of a line

width minimum just above threshold {85 ], additional data, both with more

amplifying plasma and without a second plasma, would put this claim of line

narrowing ii. better perspective,

D. Detectors
There are numerous techniques for detection of x-ray emission. Photo-
graphic film is available for both the vacuum ultraviolet and x-ray regions
and is invaluable for recording images and large quantities of spectral data
with limited (® 1 microsecond shuttered) time resolution. Electronic photodetectors
such as photomultipliers, photodiodes, ionization chamber tubes, and semi-
conductor tubes are all responsive to x-radiation either directly or through
the use of fluorescent scintillators, but the time response of these detectors
i1s limited to no better than a few tentlis of a nanosecond. In addition, no

oscilloscopes are available with risetime much faster than a few tenths of a
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nanosecond, so that conventional methods of observation are not availzble if
very short x-ray laser pulses are produced. While some sampling techniques exist {235],
a more useful device, a picosecond x-ray streak camera, has recently been
developed [236]. The operation of this streak camera is sufficiently important
for further discussion.

In general, the x-ray streak camera utilizes the image converter tube in
which photons incident on a photocathode liberat( zlectrons which in turn
are fo'used onto a phosphor to reproduce the image falling on the photo-
cathodi. While the electrons are in transit, they can be deflected to move
the image across the output phosphor producing a streaked image. This image
can be increased in brightness by using stages of image intensifier tubes
behind the streak tube until sufficient brightness for photographic recording
exists. Actually these techniques have been used for some time to make pico-
second cameras for infrared laser pulse measurement. The important develop-
ment which allowed x-ray operation was the construction of a stable x-ray-sensitive
photocathode. In one design, the cathode is made by depositing 100 R of gold
on the back of an 8 um thick beryllium vacuum window [235]. X:ray photons in the 1 -
10 keV (12 - 1.2 }) range are <ble to penetrate the beryllium foil and liberate
electrons. The maximum time resolution, limited by the transit time dispersion,
is presently about 50 psec. Other cameras,designed to be operated entirely in
a vacuum enviromment, use only a gold cathode without a window and are usually
attached directly to a vacuum spectrograph for vuv and soft x-ray detection

purposes,
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V. NON-LINEAR SHORT WAVELENGTH TECHNIG ES

tihile most cf this paper deals with techniques for the direct production
of vacuum-uv and x-ray emission, it would not be complete without the inclusion
of the new and promising techniques for converting high power infrared and
visible signals into the vacuum-uv ana £-ray regions by using non-linear optical
techniques. Some of the attractive features of pulses obtained by the non-
linear techniques are that the pulses maintain the temporal and spatial
characteristics of the original infrared pulsec and that tunability is some-
times possible. An infrared pulse at 1.06 ;m having a width of 30 psec and a
good beam divergence can emerge after the non-linear stages as a 1773, 1182,
or 887 A pulse still possessing good beam quality and still 30 psec wide.
In addition to the discrete frequencies available from harmonic generation,
other non-linear mixing techniques are also available .which allow the mixing
and summing of turable laser frequencies to produce tunable output signals in
the vacuum-uv. The possibility of extending these techniques to produce
soft x-rays appears real and the fundamental concepts have already oeen
explored.

A. Third Harmonic Generation

Under the influence of extremely intense optical fields the polarization

of a material becomes a mon-linear function of the electric field, 1i,e.,

(1)

M2 3 4 ) (24)

P= eo(x E+ ¥

vhere €9 is the permittivity of free space and x(l) is the linear and x(z),

e ar—————————




3

X are the non-linear components of the susceptibility. The polarization

becomes a source term in the wave equation and the non-linear components

glve rise to harmonic frequencies. The amplitude of the harmonics depends

upon the magnitude of the non-linear susceptibility terms. Second harmonic

generation is possible in crystals which posses no inversion symmetry, but

for the generation of short wavelengths, such crystals with useful vuv trans-

mission are difficult to find. The transmission problem is even moie sev:re in liquids.

Gases possess the required transmission and have the added advantage of being

self-repairable at damaging laser intensities, but the lack of asymmetry

requires the generation of third (or higher odd) harmonic frequencies [237].
Harris and Miles [238] were the first to propose third harmonic generation

in metal vapors. The third harmonic susceptibility term as given by Armstrong,

et al., [239] is given as

L 4,3
X 3w,0,0,0) = (¢ /) :‘j:k Atik Zgt 21y Zak Bug (BSOS

where the Aijk are frequency-dependent coefficients with resonant isnominators
at (W -w), w_ - 2w), and (w__ - 3W), where w is the fundamental laser

8P 8P gp
frequency, wgp corresponds to atomic transition frequencies to ground,
and the Z terms are the dipole matrix elements, Harris and Miles recognized
that by operating near the atomic resonances the susceptibility could be
significantly increased. Calculations of third order susceptibility for

the alkali metal vapors havebeen carried out by Miles and Harris [240] as

a function of wavelength, A typical graph for Rb is shown in Fig. 21,




Miles and Harris also calculate the conversion efficiency, the ratio
of third P(3) to first P(l) harmonic power, in terms of a factor I which
accounts for focusing and dispersion, the alkali atom density, N, in atoms/cm3,
the non-linear coefficieng‘x(3z in ESU, and the incident wavelength, A, in cm.

The conversion <fficiency becomes

p(3) 8.215 x 107> N [x(3)12 1112 ip(12, (26)

P(1) Ah

Under the focusing conditions where the confocal beam parameter b, is much
greater than the length L of the vapor cell, the I2 term reduces to
(ALZ/bZ) sinc2 (AkL/2) where the wave vector mismat.h, Ak = (6/)\) (n3 - nl).

In order to take advantage of the length of the cell, the index of refraction

n, at 30 must equal the index of refraction nl at W, This is th> condition

3
of phase matching. Phase matching in gas vapors can be accomplished by

adding an additional gas with opposite dispersion to the metal vapor. This :
technique is similar to the technique demonstrated by Bey,et al., [ 241] '
in 1iquids. The addition of xenon to the alkali atoms would enable phase

matching to be achieved according to the calculations of Miles and Hariis [ 238].

[ The experimental verification of the proposed third harmonic generation

in Rb vapor was reported by Young, et al. [242]. This experiment was performed

with 100 ¥ Q-switched pulses at 1.964 ym. At a Rb temperature of 262 °C and

a Xe:Rb ratio of 412:1, phase matching was accomplished in the 19 cm long

Rb cell, resulting in an improved power of 33-times the non-phase-matched

case or an output power of 0.1 mW at 3547 L. Having demonstrated the

process of phase-matched third harmonic generation, the technique was

refined and extended into the vacuun-uv [243], Cd vapor was employed for it:

; -
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negative dispersion and strong non-linear susceptibility at vuy wavelengths.,

The experimental apparatus is shown in Fig. 22. This experiment uses the

increased power of a mode-locked laser aud amplifier which produced 50 psec

pulses with a total peak power of 20 MW. A KDP crystal is used to double

the frequency to 5320 X with an efficiency of up to 80%. For portions of

the experiment requiring 3547 % radiation, a second type II phase-matched

KDP crystal wes used to sum the 1.064 um with the 5320 X radiation yielding

3547 & radlation with an overall efficiency of about 10%. For tripling, the Cd vapor
was contained in a heat-pipe to which argon was added in order to phase-

match with the fundamental frequency.

Table III summarizes the three experiments whic1 were perfomed. Energy

conversion efficiency varies from 10-4 to 10-7, but higher efficiencies may

be expected from longer vapor cells and highs . power densities, provided metal

vapor absorption does not cause the process to saturate.

TABLE III

Summary of VUV Harmonic uenera:ion Experiments Via Cd Vapor [243)

Input Generated Coherence length Phase-matching Energy
wavelengths wavelength at 1017 atom/cm3 ratio conversion X(3)

A) &) (cm) ch:NAr efficiency (esu/atom)

5320 1773 -0.57 1: 25 1074 2 x 10°

2% 3547 + 10640 1520 -0.23 1: 15 1076 2 x 10°

3547 1182 1: 2.5 1077

34

33

In more recent work, improved efficienciles were indeed accomplished Ly using a

concentric double heat pipe to obtain higher vapor pressures, and longer cell




length and by using greater power density [244], [245]). By using a 30 psec
pulse of about 300 M{ focused into the 40 cm double vapor heat pipe to produce
power densities of 109 - 1010 w/cm2 in a Rb:Xe mixture, a conversion efficiency
of 17 has been achieved in the conversion of 1.064 tm to 3547 A radiation,
As yet there is no indication whether comparable improvements can be expected
in the vacuum ultraviolet up-conversion., Some improverent in the generation
of 1182 X radiation has been reported by Kung, et al. [246] by using the nejative
dispersion and decreased absorption found in Xe by operating slightly above
the frequency of the strong 1192 i transitisn. By replacing the metal vapor
cell of Fig. 22 with a Xe:Ar gas cell and by very tight focusing into the
gas aixture to attain power densities of about 6.3 x 1012 k/:mz, an optimum
conversion efficiency of about 2.8% is obtained for tha conversion of 3547 &
radiation to 1182 A radiation. Further improvement to as much as 207
efficiency is predicted at higher input power levels if the theoretical model
does not break down. The shortest wavelength (887 A) was generated by these
techniques by tripling the 2660 ! radiation obtained from twice doubling
1.064 um radiation. The 887 & rediation is obtaiued without phase matching

7

In Ar gas and with an efficiercy of only about 10 '.

B. Tunable Coherent VUV Generation

Tunable vacuum-uv signals can be obtained by utilizing the general case
of resonance enhancement of the non-linear susceptibility. Since only two
photons are necessary to achieve resonance in Eq. 25, the third photon has no
constraint on its frequency and can be tunable. This was exploited by Hodgson,
et al..[247], who used two tunable dye lasers synchronously pumped by one N

2

laser as shown in Fig. 23, These two laser frequencies, v, and v,,were tuned

1
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su that 2v1 coincided with a double-quantum allowed transition in Sr vapor ,
with Vi then fixed on the Sr resonance, v, can be varied over a wide frequency
range and the output of the Sr cell is the sum frequency, 2v1 + Voo For the
lasers used in this experiment the conversion efficiency from visible to
vacuum-uv was on the order of 10-5. Xenon was added to the strontium vapor

to phase match., Studies of the autolonizing levels of strontium were also
conducted [248],

A very similar idea was also proposed by Harris and Bloom [249] using a
dye laser and a parametric oscillator. The experiment was carried out by Bloom,
et al. [250] for the generation of near ultraviolet radiation and by Kung [251]
for the generation of tunable plcosecond vuv radiation. In the latter experi-
ment, & 30 psec 1.064 m pulse is doubled twice to produce the 2660 & fourth
harmonic frequency. This radiation serves as an input to an ADP crystal with
a controlled temperature whick generates signal and idler frequencies. These
signals are amplified further in a second ADP crystal and then tightly focused
into a Xe cell. Using a combination of such third order processes as sum
generation, difference generation or third harmonic generation, along with
the different combinations of pump (2660 A), and tunable signal idler frequencies,
tunable radiation over the region from 1180 A to 1946 X can be observed. Sum
generation is particularly sensitive to the conditions of focusing. These
conditions have been treated in detail by Bjoklund [252]. Fig. 24 shows all
the ranges over which tunability has been obtained,

Té summarize, there are several closely related experimental techniques
which have the potential of producing tunable vuv emission from 2000 X to at

least 1100 X and probably much lower. In both the experiment of Hodgson, et al,

and Kung the conversion efficiency was low (10-7) and the output power on




the order of 1 W. It is likely that improvement in these figures will result
in the future.

C. Possible Shorter Waveliigths

Because the non-linear up-conversion process preserves the coherence
of the original driving wavelength, there is an attractiveness to use the
non-1inear process in generating soft x-rays. Two processes have been
considered: 1) using higher harmonics, and 2) «mplifying and using third
harmonic processes. Harris [253]), [254] has proposed experimental processes using
5th, 7th and 15th harmonics to reach as low as 169 L. Lithium ions are proposed for
the non-linear generation in the soft x-ray region and tight focusing will be required,
Table IV shows the proposed processes, the limiting power flux, and the theoretical

efficiencies.

TABLE 1V

Limiting power density and conversion efficiency
for some higher-order nonlinear processes [254]

Process

(P/A)max

(w/cmz)

Efficiency

*

5320k + 3 1773 4
5320 X + 5 -+ 1064 }
11828 + 5 236 &
11828 =+ 7 169 %

2660 X + 15 » 177}

1.9 X 1012

1.9 X 1012

1.7X 1015

1.7 X 1015

3.5 X 1015

0.08
0.05
0.002
0.004

4 X 10
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The second approach proposes the use of those existing vuv lasers as amplifiers
for the up-converted pulses so that othzr stages of non-linear generation can

be used. For example, 1if a tunable picosecond pulse at 1161 A could be amplified
by the hydrogen laser, the tripling process could generate 387 & radiation. The
rare gas molecule lasers could al v te used as amplifiers. Non-linear optical
processes are likely to play a very important part in further short wavelength
laser development,

D. Non-linear Techniques at X-Ray Frequencies

In anticipation of the development of x-ray lasers, Eisenbe:ger and

McCall [255], [256] worked out the theoretical details of the mixing of
optical and x-ray photons and have observed x-ray parametric conversion using
spontaneous x-ray photons. These techniques can be used to tune the frequency
of x-ray lasers just as they are presently used for tuning in the visible,

If sufficient x-ray laser intensity can be generated, efficient generation

of tunable x-ray laser photons can be produced. It must be realized that the
addition of optical photons and x-rays would not produce a very large change
in the x-ray frequency. Other techniques which may be possible are the
frequency down-conversion of two x-ray beams to produce visible radiation

or the addition of two visible photons with one x-ray photon. Under ideal
conditions it may even be possible to use these mixing techniques to assist
in the detection of an x-ray laser pulse.

E. Non-Linear Optics with Inelastic Collision Resonances

In a recent paper [257], Harris and Lidow propose resonant energy coupling
between atoms which is induced by photons and in which energy 1s conserved by
optical photons instead of kinetic properties. In essence, resonant multiphoton
absorption in one atom is followed by resonant coupling absorption for 2 gecond atom,
with the associated transfer of excitation energy. Large effective cross sections

are derived and examples * -2 given.
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! VI. APPLICATIONS
In most of the papers referenced to this poiat, there is only a sentence |

or two devoted to : " ntial applications of vacuum-uv or x-ray laser beams
{two exceptions are (186) and [258]). This reflects the general attitude |
in the scientific community that probably the most important applications
of an x-ray laser beam will develop after a useful device has arrived and
will depend to a significant extent upon the characteristic of the particular
device that proves most feasible. For examples, a sub-picosecond device
could open up new arzas in stop-motion radiography, while a highly coherent
device will offer more promise for interferometric techniques. This attitude
of invent-it-now, enply-it-later is neither unreasonable nor unpre- <dented
in the lasar field, or for that matter in other fields such as solid state
physics. Indeed, it would seem most unwise at this point to attempt to
narrowly channel approaches toward very specific applications while many
basic physical approaches to pumping of meaningful populations inversions are
still being explored on a rather fundamental scale. .

| Nevertheless, it is helpful and useful to periodically assess the
long range applications foreseen. An excellent example is the 1973 '"pre-
CLEA" symposium and the summaries [178] which brought to focus the near term |
applications for materials analyses. Those applications requiring greater
lagser penetration (e.g., weapons) were placed in the more distant future
with later-generation devices.

Some features associated with short wavelength radiation from a source

with laser characteristics are indicated in Fig, 25 as a function of wave-
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length A and corresponding photon energy hv. The wavelength scale is also
labeled with existing laser progress. It is interesting to note that progress
in the last three years has mainly advanced by the optical mixing techniques
(see Section V) from 1182 L co 887 }x; this .aphasizes the long road ahead if
the x-ray region is to reached systematically, as would sesm most likely at
present. The nuclear (v-ray)/atomic (x-ray) interface at approximately 0.1 L
is anticipated by the short wavelength Lyman-o limit for ionized heavy atoms.
It will be recalled from Section II that the 1\)4- times wavelength step
indicated corresponds approximately to 1012 in gain and 1016 in pump power.
Thus the quite natural turn to high power laser and electron beams under
current development in other research areas (such as pellet fusion) for
concentrated pump power sources. The interaction is expected to be bilateral;
i.e., short wavelength iasers may be necessary for both efficient heating and
for diagnoctics of the extremely high density (~ 1026 cm-3) compressed plasmas
associated with pellet fusion approaches, simply because of the more penetrating
character of the radiation. This is illustrated at the top in Fig. 25,
where the critical electron plasma densities arz indicated; only shorter wave-
lengths will penetrate at each of these densities. Thus it becomes doubly
clear why so much activity in short wavelength laser research is done at
laboratories also active in pellet-fusion programt.
A. Propagation

The long-wavelength applications indicated in Fig. 25 involve surface-
photon-produced effects requiring low penetration [259). Spectroscopy from

surfaces can illuminate features without the damage of penetrating beams.
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Cancer research may benefit here, for example. Penetration of thin biological
membranes begins on a useful scale at about 100 K. A short burst of intense
directional soft radiation could advance this area of research where higher
photon energy radiation would neither provide contrast in thin samples nor
time resolution for step-motion studies.

Between 1 and 1C X the atmosphere transmits at the 1/e level for various
distances as Indicated in Fig. 25. Here one can begin to consider x-ray
microscopy on living tissue without a vacuum environment. At 1 A, absorption
(mainly due to photoionization) takes place in about 10 meters of path,
unless burn-through at high flux levels by non-linear effects can be
invokel to enhance the transmission [260]. For the near term then, it is
indeed appropriate to consider applications that either require short paths
or else can function in a laboratory vacuum or extraterrestrial environment of
low absorption,

At the shorter wavelengths in Fig. 25, penetration of solid materials
will become possible with more selectivity and with a more specific interaction
than an electron beam_ thereby creating a lower background level. The fascinating
"miniac" [261],miniature electron accelerator, operating in crystals on discrete
impulses from metastable atomic states and on atomic-length scales would
deserve more serious consideration. This has been proposed as a 1 cm versica
of the twc sille Starnford linear accelerator (SIAC) in the rather far-off world
of microminiaturization. A coherent pump source of penetrating fadiation,

such as afforded by the x-ray laser, is required. Also, the generation and

manipulation of damaging dislocations in crystals can be considered [178].




B. Collimation

Many of these applications, given very broad-brush treatment here, require
the intense, collimated characteristics of an ASE device., This will be the
most likeliy first generation ''laser' produced in the soft x-ray region. Into
this category fall plasma heating and (scattering) diagnostics, photoelectron
spectroscopy, microphotography of thin samples, and damage effect studies,
Also, x-ray lithography [262] could become much more useful with an intense
collimated beam., It can be argued that scaling of other more conventional
x-1ay sources to higher power uay prove just as useful and perhaps sooner.
Collimation may be provided by either (grazing incidence) concave mirrors,
tapered cylindrical grazing-incidence lenses [263], Fresnel zone plates
[264]1-1266] or even waveguides [267]. The collection and collimation will
never be as great as that with the laser, and huge losses are to be expected;
however it could be a solution to some immediati: demands. The optics developed
for collimating conventional x-ray sources c)uld become useful for future laser
cavity designs when the requirements are better formulated for the most
promising laser approaches.
C. Short Pulse

An x-ray laser operating in the sub-nanosecond (to femtosecond) region
could immediately surpass the time-resolving capabilities of any conventional
x-ray source foreseen. This would come about by the rapid self-terminating

nature of the laser. A time resolution on such scales is not even envisioned

as a need at present, except in the pellet fusion area where measurements of

changes in plasma parameters on picosecond time scales are desired. Flash




radiography of crystal motions under shocked conditions is another application
[178]. Also relaxation and fluorescence studies could be extended.
D. Coherence

One of the most important characteristics of any laser is the coherence
quality of the beam. Without resonant cavities ASE devices may indeed be
limited in coherence. Thus the non-linesar optical frequency multiplication
techniques are important for transferring coherence to the short wavelength
region and can be ased in parallel with efforts to develop amplifiers to re-
cover the power lost in the non-linear mixing devices. Coherence will be
vital to the miniature accelerator idea. Furthermore it may allow stop-motion
holographic microscopy and image projection with sufficient penetration for pellet
fusion plasmas, biological specimens, large and complex molecules and other
materials. While there is some debate at present as to the degree of resolution
possible, already Fraunhofer far-field holography of < 1.0 um spheres (approaching
virus size [178]) with a single beam of 12 p& duration has been accomplished

at 1182 L with a frecuency-upconverted beam. Also, a holographic grating with

826 X spacings has been produced and analyzed (Fig. 26) [254], [268]. Holograms

obtained with vuv wavelengths and reconstructed with visible laser light offer
the promise of enlargement according to the wavelength ratio of the two beams
[268]. Phase contrast microscopy, though difficult, could improve contrast

for objects with slight variations in index of refraction (n € 1) for radiation
[178]. Such advanced investigations are most appropriate as coherent beams
become available at decreasing wavelengths, even though the power available
will be low at the outset.

E. Monochromaticity

Most 'conventional” high emittance x-ray sources such as produced by




pulsed relativistic elec:ron beams, vacuum sparks, exploding wires, etc.,

radiate as continuum and/or multi-line sources. Discrete-line sources or

the utilization of dispersing elements result in greatly
reduced emission levels. An x-ray laser would emit intense monochromatic
emission which could be well focused for good resolution without chromatic
aberrations (e.g., with a Fresnel lens). Also, such applications as crystal
topography which depend on Bragg diffraction could benefit by a monochromatic

beam of short duration for dislocation tracing on a temporal basis.




VII. PROGNOSIS AND SUMMARY

The recent interest and activity in short wavelength laser research 1is
chronologically illustrated in Fig. 26, complled from those references in the
present article pertaining directly to x-ray laser schemes. A rather sudden
upturn in activity beginning in 1970 can be associated with a number of
factors, including the attention given to high intensity pump source develop-
ment for the pellet fusion programs. This pumping requirement was already
identified in the 1960's as a prerequisite for serious x-ray laser research,
but could be justified only on the scale required by the potential payoff
of fusion power. Added to this 1is the impetus given by the apparent quick
success at the University of Utah [215]; the momentum generated by the
¢ ntroversy surrounding this experiment still can be felt. Much of the activity
Juring the period immediately following the Utah activity could be consid. red
a positive contribution of the bold efforts of this group. The period of peak
activity around 1973-1974 may be largely attributed to an abundance of activity
and advancements in specific areas (such as the recombination and molecular

excimer approaches) which will probably level off as various groups pursue

these Apptoaches to further development. At this point the most promising

schemes are ‘dentified, in general terms at least, and advances in the

near future will be more methodical. Some areas, such as the efficient use
of metastable levels for the temporary storage of populations at excited
energles and the efficient coupling of strong line radiation for preferential

pumping of specific levels will probably be advanced soon for more efficient




punping with available power sources. Large cross-section reactions such as
resonance charge transfer will continue to attract the attention deserved for
promising high pumping efficiency. Coherence i3 recognized as a necessary
characteristic of an x-ray laser beam, and efforts to extend freyuency up-
conversion of coherent beams using non-linear mixing in vapors and plasmas

will undoubtedly be vigorously pursued since these processes are independent of
the development of high-power pump sources. The necessary power at short wave-
lengths for stimulating additional non-linear processes may come either through
amplification by ASE devices or through increased initial

c¢nergy and pulse compression techniques. Coherence with cavities

at short wavelengths may also be advanced by the development of x-ray optics for
other more immediate sources.

It is important to further develop the tunable nature of vuv and x-ray
lasers both for reaching atomic resonances in non-linear devices and for
providing the transfer lasers required for pumping (over relatively narrow
energy gaps) of metastable "storage" levels. For example, it may be necessary
to couple a tunable vuv laser in the 1700 } region with a xenon excimer
amplifier to provide sufficient power to transfer-pump a helium-like ion, such
as 06+ . from a metastable state to an allowed decay state., This could then
lead to ASE amplification of another up-converted beam in the soft x-ray region.
This example illustrates one way in which the interplay of the various

presently-considered approaches could work together in the not-too-distant

future to produce a useful coherent soft x-ray laser beam,




L e - - mapemer

In summary, progress in short wavelength laser research has been most
impressive in identifying reasonable approaches to follow consistent with the
development of increasingly powerful pumping sources. Advancements in non-
linear mixing and their initial application are impressive. Population in-
versions in plasmas following recombination have been reported by two groups.

We can look forward in the next few years to advancements in both the generation
of coherent beams at shorter wavelengths by up-conversion and the achievment

of population inversion by direct methods in experiments leading to significant
amplification at short vuv and soft x-ray wavelengths. The advances will

result from clever and diligent pursuit of experiuents using refined pump

sources and further careful analysis of the fundamental ideas given here.
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» FIGURF CAPTIONS

Pig. 1. Short wavelength transmission cutoff versus temperature for various

optical materials [58].
Fig. 2. Simplified drawing of the puckered ring resonator [62].

Fig. 3. X-ray resonator cut from a single crystal [63].The arrows show x-rays
entering and exiting the resonator.

Fig. 4. X-ray vesonator and possible amplifier using several Bragg reflections [64].
Fig. 5. Schematic defining nomenclature of the simple three-energy-state

system referred-to in the text and originally defined in (86]). Pumping occurs

from state 1 to 2; tasing from 2 to 3; and losses from 2 to n and lower state
depopulation from 3 to m. Replenishment of state 1 can occur for n = 1,

m = 1 or through m to 1 transitions,

Fig. 6. Output intensity versus length for three different inversion densities

when the system is operuted with a resonator (laser) and without a resonator

(ASE} [85].

Pig. 7. Spectral distribution versus length a» calculated by Allen and

Peters for an .SE system. Devia:ions from the earlier theory of Yariv and Leite
are shown for several values cof K3, a term in the numerical calculation. The
case of K3 = (0 is that of no saturation whereas K3 # 0 is that of some saturation

of the amplifier [85].

Fig. 8. Estimates of line widths for Ko type transitions versus wavelength
A, with naturzal (AlN), Doppler (l)D) and Stark (AAS) effects included. The
decrease in natural broadening with ionization is indicated by circles for

neon; and hydrogenic and helium-like ionic species are included [96].

251




Fig. 9. Mean particle densities (solid and dashed lines) versus wavelength

for selected purping mechanisms and for a gain factor of o=5 ‘o=0.1 for ion
beams). Stark broadening becomes important for large charged particle densities
(same scale) in the region above the dotted line, also a region of approaching
collisional equilibrium., Collisional recombination is plotted for fixed

21 -3
cm

Ne=10 and terminates at ~15 & due to dominance of radiative recombination

to lower levels [106].

Fig. 10. Time dependence T(t) of inversion density AN,. for the fast rise

23

pumping case, Positive values indicate net gain; negative values lcss. For

R

2n small, TZR’R;;, the laser transition upper-state lifetime. The G = O

case is also the case for self-d.pleting final laser states where

Ry >> R,y + Ry [86].

3 23

Fig., 11. Time dependence T(t) of the inversion density, AN for the fast-

23°
rise pumping case and for G=1 only. Positive values indicate net gain; negative

values loss, For R2n small, 72 & R;;, the laser transition uppe: state life-

-1

time. The effect of a lower laser state denletion rate R3m exceeding Ty

on the steady state inversion density is indicated for long times.

Fig. 12, Simplified potential energy versus internuclear distance of several
molecules., Both nitrogen (a) and hydrogen (b) are stable molecules; xenon (c),
however, has no stable ground state and exists as a molecule only in the

excited state,

Fig. 13. Schematic energy level diagram for carbon-like ion species, Col-
lisional excitations are designated by C, radiative decays by A, ionization by
I, and collisional depopulation by D. Competing collisional depopulation

to the 3d level is indicated.




Fig. 14. Minimum length Lmin for amplification in carbon-1ike ions with a gain
of vxp (oL) versus atomic number Z, wavelength A, and ion kinetic temperature
kTi' The electron temperature Te {s assumed equal to 10 '1'i and is plotted.
The electron density (Ne)max at which collisional mixing becomes important

{s also plotted [105].

Fig. 15. Minimum lengtﬁ, Lmi“, for amplification in carbon-like ions with a
gain of exp (¢L) versus atoumic aumber Z, wavelength A, and ion kinetic
temperature kTi" The electron temperature Te {s assumed equal to Ti'

The electron demnsity (Ne)max at which collisional mixing becomes important

{s also plotted [105].

Fig. 16, Gain coefficient in cm-1 calculated from a steady state model for the
315 i 21P transition in helium-1like ions. The electron density, Ne' was

chosen to be 1021 cm-3 for efficient plasma heating by 1.06 ym lasing radiation,
Curves are shown for the highest temperature range exgected for state-of-the-art
laser-produced plasmas. At values of Z < 11, the calculational results show

a negative inversion density AN due to collisional mixing of the upper and
lower laser levels; the decrease in gain at higher 72 ig caused by a smell

AN resulting from a larger energy Bap for pumping from the ground state {136].

Fig. 17. Resonance charge transfer cross section from -8 Landau-Zener theory
versus scaled rela .ive velocity Vrel for the atom-ion combination (data

adapted from (162]). tE represents the energy defect i~ eV for the exothermic
reaction, z the effective charge of the iom. velocities for the ions designated
are assumed thermal and the kinetic temperature was chosen as one-fourth

of the ionization potential for creating the ion [106].
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Fig. 18. Schematic diayram of exothermic s-s resonance charge transfer reaction
leading to a quasi-stacionary population inversion between n = Jand n = 2
levels in certain helium-like or hydrogenic ions [106). Refer to Fig. 19 for
other possible ion/atom combinations. Eg is the binding energy.

Fig. 19. Resonance charge transfer cross section obtained by inversion of

Fig. 17 data [106]. Final quantum states n of high capture probability for each
ion, Im+, and atom, A, combination are indicated by numerals, with parentheses
to indicate le. s probably transitions. AE is the exothermic energy defect

and z is th2 effective ion charge.

Fig. 20. Ratio of rates RL/RK*L for total transitioms out of an L vacancy
state and radiative decay out of a K vacancy state versus atomic number, Z,
This ratio is equivalent to N2/N3 for equilibrium conditions reached after
long times in cw operation., Values excecding unity and one-half indicate gain
for the Kaz and Kal transitions, respectively. The model used assumes that
only radiative transitions produce absorbers and that Auger transitions

generate shifted ion lines. Both the KﬁLII Guz) and K*LIII (al) transitions

are shown [96].
Fig. 21. Nonlinear susceptibility of rubidium as a function of wavelength [240].

Fig. 22. The experimental apparatus used by Kung, et al. to generate vacuum

ultraviolet wavelengths by up-conversion [243].

Fig. 23. Schematic of the apparatus used by Hodgson, et al. to produce

tunable vacuum-uv emission using Sr vapor [247].

Fig. 24. The ranges of wavelength covered by the tuning methods described by Kung
[243) using parametrically generated frequencies and by Fodgson, et al. {247)

using tunable dye laser frequencies.




Fig. 25. Useful characteristics of a collimated and cohe rent laser beam at
short wavelengths.

Fig. 26. Fringes produced in polymethyl methacrylate (PMMA) at 836 X spacing
and analyzed with a scanning electron microscope. The round object is a

0.5 um latex sphere placed after development for magnification calibratinn

[268].

Fig. 27. Record of activity in short wavelength laser research as compiled
from the references on this topic in the present review. The data for 1975
are as of October and gtill incomplete, particularly for those articles

not yet trarslated.
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Fig. 13. Schematic energy level diagram for carbon-like ion species. Col-
lisfonal excitations are designated by C, radiative decays by A, ionization by

I, and collisional depopulation by D. Competing collisional depopulation
to the 3d level is indicated.
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Pi{g. 16, Gain coefficient in c:m-l calculated from a steady state model for the
3ls - ZiP transition gn heliun-like ions. The electron density, N , was

chosen to be 1021 em™? for efficient plasma heating by 1.06 im lasing radiation,
Curves are shown for the highest temperature range expected for state-of-the-art
laser produceé plasmas. At values of Z < 11, the calculational results show

a negative im ersion density AN due to collisional mixing of the upper and

lover laser levels; the decrease in gain at higher Z 1s caused by a small

AN resulting from a larger energv gap for pamping from the ground state [136].
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Fig. 17. Resorcnce charge transfer cross section from s~-s lLandau-Zener theory
versus scaled celative velocity Vye) for the atom-ion combination (data

adapted from {162]). AE represents the energy defect in eV for the exothermic
reaction, z the effective charge of the ion. Velocities for the ious designated
are assumed thermal and the kinetic temperature was chosen as one=-fourth

of the ioniration potential for creating the fon [106].
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Pig. 18. Schematic diagram of exothermic s-s resonance charge transfer reaction
leading to a quasi-stationary population inversion between n = 3 and n = 2
levels in certain helium-1liks or hydrogenic ions [106]. Refer to Fig. 19 for
other possible ion/atom combinations. Eg is the binding energy.
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Fig. 19. Resonance charge transfer cross section obtained by lnversion ~f

Fig. 17 data [106]. Final quantum states n of high capture probability for each
fon, 1™, and atom, A, combination are indicated by numerals, with parentheses
to indicate less probably transitions. AE is the exothermic energy defect

and z is the cffective ion charge.
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Fig. 23. Schematic of the apparatus used by Hodgson, et al. to produce
l tunable vacuum-uv emission using Sr vapor [247].
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Fig. 24. The ranges of wavelength covered by the tuning methods descr_.bed by
Kung [243] using parametrically generated frequencies and by Hodgson, et al., [247]

using tunable dye laser frequencies.
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826 A FRINGES
PRODUCED IN PMMA
BY 1I82A RADIATION

Pig. 26. Fringes produced in polymethyl methacrylate (PMMA) at 836 X spacing
and analyzed with a scanning electron microscope. The round object is a
0.5 im latex sphere placed after development for magnification calibration

[268].
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