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Il INTRODUCTION

This is the second semiannual technical report on the ARPA/ONR
program to develop high enervpy alkali-rare gas excimer/dimer lasers,
The primary poals of this program are to identifv specific operating
conditions for achieving laser oscillation on the A to X transitions of
the diatomic alkali-xenon excimer molecules (excimers) and of the
diatomic homonuclear alkaii molecule (dimers), and to demonstrate net
laser gain in a laboratoey experiment from at least one of the alkali-
xenon systems,

At this stage in the program we have carried to completion the
small-signal gain modeling for broadband optical pumping of all of the
alkali xenon excimer/dimer systems (except francium), A mocdeling
computation has also been carried out for all of the alkali-xenon systems
under discharge pumping, for both avalanche sustained and uv photo-
ionization sustained discharge conditicns, The results of the modeling
calculation indicate that laser oscillation likely can be achieved by
cither optical pumping or discharge pumping on the excimer and dimer
bhands of all of the alkali-xenon systems under practical operating con-
ditions. The most useful result of the modeling computation has been
the guidance of the experimental program through quantitative predic-
tions of the absorption and stimulated emission coefficients for the
optically pumped potassium-xenon system. Measurements of both of
these coefficients have been obtained in the experimental program and
have yielded good agreement with the model. The status of the theoreti-
cal program is report~d in Section II.

The most important result of the experimental program during
this reporting period has been the measurement of the stimulated emis-
sion coefficient in the K-Xe excimer band through the use of a probe
laser. Laser oscillation on the excimer band cannot be achieved with
the current flashlamp pumnping flux level employed, and effort is now
being concentrated on achieving oscillation on the K2 dimer band where
a practical net laser gain is predicted under present operating condi-

tions., The status of the experimental program is reported in Section 1II.

7
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In Section IV we include a sunmary of our consideration of
and experience with various schemes for evolving an alkali vapor into
an alkali-rare gas excimer/dimer laser.

Finally, in Section V we present the future program plan which
will sec a shift of emphasis from optical pumping to discharge pumping

in keeping with ARPA's ultimate gcal of achieving high efficiency opera-

tion of a high energy alkali-rare gas excimer/dimer laser.




141 THEORETICAL PROGRAM

Several new theoretical results on the performance character-
istics of alkali rare gas excimer/dimer laser systems were generated
during this reporting period. The small signal gain versus wav~length
computations presented in the first sen.iannual technical report for the
optically pumped K-Xe system have been upgraded and applied to all
of the other alkali-xenon excimer/dimer systems (except francium).
I'hese modeling resuits have recentiy been prepared in the forn of au
article for journal publication, and is included here as Appendix A,

A more complete set of modeling calculations for both self-
sustained as well as uv sustained discharge pumping of alkali-rare gas
excimer/dimer systems was carried out, and comparative results for
the discharge I-V characteristics for all of the alkali-xenon systems
were obtained,

Optical and discharge pumping results are discussed in Sec-
tions II-A and II-B, respectively, Flow charts and listings of the
computer codes used in the modeling computations are presented in

Appendix B.

A, Optical Pumping

A refinement of the kinetics model for optical pumping of an
alkali-rare gas excimer/dimer system was carried out during this
period, The primary change in the model was an improved calculation
of the effective upper state lifetimes caused by radiation trapping. The
modeling procedure is discussed in detail in Appendix A, The modeling
improvements shortened the predicted effective radiative lifetimes
thereby leading to a lowering of the predicted gain coefficient, The
new results for the potassium system under conditions now being used
in the experimental program are presented in Fig., II-1, These results
are referred to in Section III in the discussion of the experimental

measurements,




46556
| i | | |
K-Xe
\ [Xe] =1.4x 1020 ¢m=3
\ FLASHLAMP FLUX = 3 x 104 watts/(cmz-micron)

\
\
\a— ABSORPTION

- L | COEFFICIENT 300 °C =8

g 0.25 (K] =39x10"° cm -
| _~STIMULATED

o~ \ bl

L ' EMISSION

2 020 —\,,/’1: COEFFICIENT B

L

z N\

g 015 - \\ | EXCIMER GAIN <4—}—> DIMER GAIN -
\)

260°
[K] =1.1x 1015cm'3

\

005 —  PROBE LASER " v=a,
WAVELENGTH

o 1
025 |
8000 8500 9000 9500 10,000 10,500

WAVELENGTH, &

Fig, II-1. Thecretical small signal gain coefficient versus
wavelength for K-Xe. Present experimental conditions

Figures II-2 and 1I-3 show the modeling resuits for all of the
alkali-xenon systems, To best compare the performance character-
istics for the various alkalies we have plotted the results for equal con-

centration of the alkali: alk = 3 x 10* cm™3 in Fig. 11-2, ang

alk = 3 x 1015 cm-3 in Fig, II-3, (Note that the xenon concentration

and flashlamp flux is chosen 2 factor of 3 higher than for the results
presented in Fig, II-1 for potassium.) As expected, the low alkali
concentration results show net gain on both the excimer and dimer bands
while at the higher alkali concentration the excimer bands have been
quenched as a result of dimer absorption and thermal degradation of

the inversion. Note the exceptional case of lithium where the excimer

and dimer bands more closely overlap due to the exceptional strong
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Fig. II-2, Theoretical small signal gain coefficient versus
wavelength, Low temperature results

binding of the Li-Xe e¢xcimer state, Because of the well depth the
excimer band actually dominates the gain in both the low and high
temperature cases, with the dimer satellite at 8950 A just becoming
apparent in the high temperature case, These results are discussed

further in Appendix A,

B. Discharge Pumping

Modeling computation for both uv-sustained and avalanche-
sustained discharge pumping of all of the alkali-xenon systems was
carried out during this reporting period. The basic plasma model was
described in the previous semiannual report (June 1975). Twoimportant
refinements included in the more recent calculation are (1) a more cor-

rect treatment of recombination involving separate terms for the three-

body recombination of alkali ions and the dissociative recombination of
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xenon itons, and (2) the inclusion of saturation of the alkali ionization

rates due to depletion of the ground state alkali concentration, Inclu-
sion of these processes changes eq, (12) of the first semiannual tech-

nical report to read os follows:

T 7] (RI-RTD ey o e IUKI-[KTD TV _

ioniz, K
- o et
CleTHXel 1 v, %oniz, Xe “K [e7] [K7] 1)

- ax, [xe lle"] = 0

with

%[Xe+] = [e7]) [Xe] f, v ey, [Xet1[eT] = 0 (2)

o, . &
e ioni, Xe

and

e & e ™ el AL (3)

Here ape is the alv ali three-body recombination conefficient which is
strongly temperature dependent, and Uy is the dissociative recombina-
tion coefficient for xenun, The three-body recombination ccefficient

is chosen to match thie calculated value for cesium presented in Ref, 1,

This is realized to a good approximation by the exp ession

aaik(cmésec-l) = Y21 50% 10-26(fe(ev))-4' o (4)
The cdissociative recombination coefficient for Xe+ is taken from
Ref, 2:
a = 20 10-6 cm3sec-1 . (5)

Xe




The plasma model was used to compute the discharge current
density versus electric field for all of the alkali-xenon systems in the
range where the A state pumping level is sufficient to attiin a practical
taser gain of ~10% per meter needed to wchieve oscillation, As was
done for the optical pumping results the discharge results are plotted

. . . 14
for an alkali concentraticn of 3 x 10

E

i Lm"3 where the gain coefficients
on the excimer and dimer bands are comparable, and for an alkali con-
entration of 3 x 10 E cm-3 where the dimer bands begin to dominate

! the gain bandwidth, Also, for each case they are plotted for an effective

t uv ionizing flux of zero and 3 x 105 cm ~ pm with an assumed 2000 .X.

short wavelength cutoff which could apply to the use of quartz flashlamps,

We note below, some important features ot the discha rge results,

A positive dE/dT characteristic occurs in all cases, This is a

] resultl of the volume recombination processes operating and of the neg-

lect of two-step collisional ionization processes, Two-step ionization

| involving the alkali resonance level or the xenon metestable as the

intermediate state should not lead to a significant change in the slope of
the character stic since these level populations should be a thermal

i equilibrium with the electrons and will not depend on the electron

density. However, multiple -step ionization processes involving higher

intermediate levels will give riseto a higher order dependence of the

lonization rate on the current density and may, for some operating

conditions cause a negative dE/dJ discharge characteristic. Dis-

charges with a negative dE/dJ characteristic tend to he more unstable

toward collapse to an arc and one will probably want to seek operating

conditions which will give rise to a positive dE/dJ characteristic in
order to optimize laser performance. The results presented in
Fig. II-4 through II-8 1llustrate two possible ways to do this.

For the higher alkali concentration results one can see from the
dashed curves in these figures that photoionization can be used to sus-
tain ionization in the discharge at a level sufficient to achieve laser
threshold and at electric field levels for which collisional ionization

contributes less than 10% of the ionization rate, Although there will be

14
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no significant improvement in efficiency associated with this discharge
mode as occurs, for example, in CO‘: externally sustained discharges,
a more positive dE/dJ discharge characteristic will be obtained as
illustrated in the plots and may be an important means by which to help
stabilize the discharge,

In the low ulkali concentration results it is seen that photoioniza-
tion does net contribute nearly so strongly near lasing threshold as it
does tfor the higher alkall concentrations, In this case however, the
discharge 1s running ¢lose to saturation ot cotlisional 10nization ot tne
alkali at which point, as shown in the plots, the dE/dJ characteristics
increase rather abruptly as the discharge is forced to make a transi-
tion to <enon ionization, Operating the discharge in this regime then is
another possible means by which to achieve a positive dE/dJ character-
istic and hence a more stable diffuse discharge.

Finally, one notes that the input power loading of the discharge
(JxE) at laser threshold 1s on the order of 0.5 kW/cm3 for all cases
shown, This value is higher than that reported in the first semiannual
report, but still considerably less than the power loading routinely used
in atmosphere pressure, uv conditioned or sustained CO2 gas discharge
lasers,

A final analysis of discharge operating conditions must include
modeling of multistep ionization and a treatment of the cathode region,

and this will be carried out during the next reporting period,
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III. EXPERIMENTAL PROGRAM

As anticipated in the previous technical report, work on the
experimental phase of the program during this reporting period con-
sisted primarily of further attempts at gain measurements and laser
oscillation on the flashlamp pumped K-Xe/K2 system, Relative gain
measurements were obtained on the A-X, K-Xe excimer and B-X K2
dimer bands, A demonstration of net laser gain and/or oscillation

has not been achieved yet,

A. Gain Measurements

The gain measurements on the K-Xe excimer band were carried
out with the use of an 8220 zgs GaAs probe laser in the manner described
in Semiannual Technical Report 1. Results of a typical measurement
are shown in Fig. IIl-1, Shot-to-shot fluctuation on the probe laser
throughput due to thermal refractive disturbances of the medium were
reduced to about a 20% level as can be seen in the scatter of the probe
laser reference pulse height shown on the right side of the oscillogram,
The probe laser amplified pulse heights exhibits a 50% amplification as
shown by the 3 shots taken during flash-lamp pumping on the left hand
side of the oscillogram. For the 80 cm gain path employed this valve
corresponds to a stimulated emission coefficient of 0,5 x 10™% cm ™!,

It must be emphasized that this is not an indication of net gain
but only of gain relative to when there is no pumping. For the condi-
tion of the experiment, the value of the stimulated emission coefficient
is within a factor of 2 of the value predicted by the model as shown in
Fig. II-1. Also as shown, the value of the net gain predicted under these
conditions is negative throughout the entire excimer band,

A gain measurement at 6328 A on the B-X K, dimer band was
also obtained during a check on beam steering effects caused by
refractive disturbances induced in the medium by the flashlamp dis-
charge. The results of this measurement are shown in Fig, III-2, The
lower trace shows the time profile of the flashlamp emission and at up-

per trace shows the time profile of the amplitude of the He-Ne beam after

Fo
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passing through the mixture and into a monochromator, The irregular

variaticns on the He-Ne signal which begin about 15 psec after the start
of the flashlamp discharge (the latter of which indicated by the noise
pickup at 10 pscc into the sweep on both signals) is the anticipated slew-
ing of the beam across the slits of monochromator as a result of induced
refractive disturbances, The time delay to the first irregularity is

an acoustic transit time between the flashlamp and the laser tube and,

in frct, vavies as (tcmpordturc-)"’ as it should for an acoustic
disturbance.

The initial rise of the He-Ne signal which begins with the flash-
luimp emission could not have becen an acoustic disturbance and is, in
fact, "relative' amplification caused by stimulated emission on the B-X
transition of KZ' Unfortunately, the entire B-X band is blue-shifted
from the parent resonance line so that a population inversion on this
transition can never be obtained under two-temperature equilibrium
conditions. The transition, therefore, has no potential for an "excimer"
laser action which is why it was not included in the modeling calculations,
The measurements of Fig, III-2 are instructive however, especially in
pointing out the necessity of taking gain measurements before the
arrival of the acoustic disturbances which can cause a slewing of probe
beam., The gain measurements at 8220 R described above were carried

out within this time frame,

B. Oscillator Attempts

Attempts at achieving laser oscillation have been carried out on
both the K-Xe excimer band and the KZ dimer band using later reflec-
tions with 99. 0 to 99. 9% reflectivity throughout each band. Oscillation
has not yet been observed on either band, Failure to achi~ve oscillation
on the excimer band can now be understood on the basis of tke revised
modeling prediction of negative net gain on the excimer band under the
conditions of the experiment. (Fig. II-1). Practical positive net gain is
predicted for a factor of 3 increase in both the Xe concentration and

flashlamp flux which can probably be accomplished with an upgraded

laboratury setup.




For the present, however, we are concentrating our efforts
toward achieving oscillating on the dimer band for which Liigh gain
cocfficients are predicted to occur for the xenon concentration and
flashlamp flux presently being employed, We are using argon rather
than xenon because it is less refractive and does 1 ot change the pre-
dicted dimer gain significantly from the values ppredicted for xenon (see
Appendix A),

To date, the failure to achieve oscillation in the dimer band is
telt to be due primaril, to inadequate aligninent of the laser inirrors,

a task which is made more difficult than for the excimer band because

at the temperatures required for a high dimer gain the mixture is opaque
to the He-Ne alignmeut laser, Alternative alignmer* techniques are
being implemented together with an attemipt to observe gain narroving

on the dimer A-X fluorescence,




V. ALKALI SOURCE STUDIES

An important consideration in the development of alkali-rare gas
lasers is the choosing of a: optimal technique by which to evolve the
alkali vapor into the active colume of the laser. During this program
we have experimented with several alternative alkali source techniques
and have given consideration to several others. A summary of what

has been learned of cach of these techniques follows:

A Cesium Chromate Pellets

This was one of the first alkali sources used in the program.
Its use was motivated by a desire not to have to load the alkali under
sealed-off conditions. The cesium in the chromate pellets does not
oxidize in air as it does in the free metallic form and, therefore, can
be easily handled., The pellets are placed in a row along the tube, and
once the tube is sealed off from the atmosphere, the alkali vapor is
irreversibly released from the pellets by heating them with an electric
current, The technique proved impractical for our experiments because
the smal!l amount of alkali released (o the order of a milligram) was
inadequate to achieve equilibrium alkali vapor pressure within the tube

volume,

B. Heat Pipe Oven Techniques

At the opposite extreme from the chromate pellet source are
the heat pipe oven techniques where 20 to 50 grams of alkali must be
loaded into the heat pipe oven in order to thoroughly wet the wick. Heat
pipe oven alkali sources are described adequately in the literate:‘}’4 and
their theory of operation will not be repeated here, There are three pri-
mary reasons that heat pipe ovens have not been used in the present pro-
gram, First, it is necessary to use a large amount of alkali, which is
incompatible with the'breadboard'' type of experimentation appropriate
to this phase of the program, wherein numerous disassemblies of the
laser tubes are required. Second, it is necessary in the conventional

heat pipe configuration to radially surround the active volume with a
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wick which is incompatible with transverse optical pumping., Third is
the problem of the acrosol cloud which forms in the end region of the

heat pipe when they are used at the high rare pas pressures required

for our experiments,

p=

.; | Alkali Metal Deposition Along Tube Wall

Alkali metal deposited along the tube wall was the technique
used throughout most of the program. A sealed-off ampoule of alkali
metal is glassed onto the tube and the metal is released into the tube
in a sealed-off condition by means of a magnetically breaking the
ampoule tip off. There is at least onc important problem associated
with the use of this technique, In the case of potassium, the metal
does not appear to wet the alkali-resistant glass liners which are used
for the internal wall of the tube., Eventually the potassium re-condenses
into large isolated drops which ultimately obstruct the aperture of the

tube., Also, it is not yet clear whether an alkali monolayer is formed

g

A uniformly enough along the rem.ainder of the tube wall to ensure equilib-
rium alkali vapor pressures.
The technique currently being used to overcome the wetting

problem described above is to deposit alkali metal along a strip wick of

stainless steel mesh, It is still not certain that equilibrium vapor con-

ditions are obtained in this case.

D. Side Arm Evaporation

The technique used most commonly in the spectroscopy of alkali
vapors is to simply evaporate the alkali in a vacuum from a side arm
ampoule into the cell thoroughly coating the cell valls with metallic
alkali (except for the wi..dows on which condensation is avoided by keep-
ing the windows at a slightly higher temperature). This ensures the
attainment of equilibrium vapor pressure when the cell is subsequently

heated. This technique will likely be used in the forthcoming discharge

experiment where the tube walls do not have to have a aigh transparency.




B Carrier Gas Transport of the Alkali

Ultimately, for high average power operation of an alkali-rare

TR T e — Wy ot

gas laser one will likely have to go to a flowing mixture, There are
mary years of magncio-hydrodynamic technology behind techniques for
flowing alkali rare mixtures through a discharge which can be brought
to bear on the problem at this stage. These techniques are well covered

5,

in the literature and need not be reproduced here,
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FUTURE WORK PLAN

This report brings to a close t .¢ first year's, program on alkali-

rare gas laser rescarch, The work plan for the second phase of the

program is reproduced below,

The program plan presented in this section has as its primary

goal the achievement of an efficient, discha rege-pumped alkali excimenr -

dimer laser which is scalable to average power levels of practical

interest,

The broad-band optical Pumping technique in use for the past

program was chosen as the most expedient means to dernonstrate gain,

This technique is also dimensio.ally scalable to a transverse dimension

of 10 cm. However, efficiency limitations will elilninate this pumping

technique as a candidate for practical device development, Discharge

pumping has been identified as the most promising technique ior the
realization of efficient and scalable high average power device develop-
ment by the following evaluation of alte rnate pumping techniques.

Six pumping techniques that have been considered for the alkali-
rare gas systems are

o Broadened alkali resonance lamp optical pumping
° Broad-band xenon flashlamp optical pumping

° Avalanche discharge pumping

° Electron beam pumping

° Ultraviolet sustainer discharge pumping

®

Electron beam sustainer discharge pumping,
As evidenced by the modeling results of the past program, one
cannot define a sharp distinction in efficiency between a sustainer mode

and an avalanche mode of discharge pumping in an alkali excimer-dimer

system because of the close proximity between the ionization energy

and the upper laser level excitation energy. The use of external uv or

electron beam ionization will be considered only in the context ot a pos -

sible means to help stabilize the discharge.
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Rough order of magnitude estimates of performance character-
istics for the remaining four pumping techniques are listed in Table IV-1,
The data for the resonance lamp pumping technique are taken from
Ref. 7, and the flashlamp pump data are taken from the theoretical
results of the present program, The discharge pumping estimates are
from the present theoretical program under the assumption that power
densities comparable to densities that have been coupled into a 10 atm
' TEA COZ discharge can also be coupled into a 10 at~: alkali-rare gas

mix. Finally, the electron beam estimates are taken from Ref, 8,

TABLE IV-1, Evaluation of Various Pumping Techniques

| 4141-9
i ESTIMATED
EXCITATION RESONANCE LAMP |  ¥e FLASHLAMP DISCHARGE E-BEAM
CHARACTERISTICS OPTICAL PUMPIN~ | OPTICAL PUMPINT PUMPING PUMPING
3
MAXIMUM PEAK ; ‘,
INPUT POWER DENSITY | 1 ki/em i i/ 1 Mifcn® 1 Mifen®
STATIC PULSE LENGTH | 103 sec | 1073 sec 106 sec | 1076 sec
MAXIMUM STATIC i f
PULSE ENERGY 1000 J/liter { 1000 J/liter 1000 J/Titer | 1000 J/Viter
MAXIMUM TRANSVERSE
DIMENSION 0.3 cm | 10 cn ? 1 cm
|
EFFICIENCY 25 J 1 20° 20
2 Neither the electron beam nor the resonance lamp pumping tech-
nique has a potential for scaling the transverse dimension to values of
practical interest for high power application. The low efficiency of
the broad-band optical pumping technique then leaves only discharge
pumping as a potential efficient and scalable pumping technique.
To achieve confidence in the kinetic modeling of the alkali-rare
gas excimer-dimer systems it is proposed that the present experiment
using optical pumping be carried to the point of achieving the parametric

optimizations necessary for achieving maximum single pulse output

power and energy. At this point, estimated to be roughly four months

32

= = e = T e T T e

s |



N . s : el e

into the proposed program, the program will shift to a total emphasis
on discharge pumping,

The specific program plan is discussed below. The proposed

t program schedule is presented in Fig, IV-1,

MONTHS INTO CONTRACT
t]2|3lalstej7|8]9]0ju|i2|i3]a]s

1. Refinement of
theoretical model

2. Measurements of max-
imum single pulse

output power — flash-
lamp pumping

3. Design and fabrica-
tion of discharge

apparatus ﬁ

4, Single pulse glow
discharge demonstra-
tion and gain
measurements

TASK

5. Measurements of max-
imum single pulse
output pover

Fig, IV-1l, Program Schedule :




Task 1. Refinement of Theoretical Model

The objective of this task will be the refinement of the
existing model for both optical and discharge pumping of all of the alkali-

xenon systems, Efforts will be concentrated in primarily three areas:

L The present small signal gain approximation in
the kinetics model will be replaced with the
inclusion of the laser process so that the model
will be capable of evaluating lascr output charac-
teristics such as power and efficiency,

2. The present steady -state approximation will be
replaced by a full time dependent analysis to
accurately assess transient processes and
thermal deposition,

3. A new area .. rnvestigation into discharge stability
will be added to the discharge analysis, 1. 7s will
include an assessment of the glow-to-arc tiansi-
tion mechanisms expected to be operative in a
high pressure alkali-rare gas mixture such us
thermal deposition and local atmospheric processes.
A close look at the physics of the cathode region
will also be included,

Task 2. Measurement of Maximum Single -Pulse Output Power for
Flashlamp Pumping

The objective of this task will be to achieve laser oscilla-
tion o1 the apparatus presently being used to measure gain for the K-Xe
system, Parametric optimization will be carried out on the optical
cavity, gas pressure and composition, and flashlamp geometry and
waveform for achkieving maximum single pulse output power at several
different wavelengths within the excimer-dimer gain bandwidth, Similar
parametric optimizations for maximum single pulse output energy will

also be carried out,

Task 3. Decign and Fabrication of Discharge Apparatus

A transverse discharge apparatus similar to that used in
the early phase of te present program will be designed and fabricated.

The apparatus will be designed so that one may view both the louitudinal
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and transverse profile of the discha:;e, Shaped electrodes will be used

and preionization of the discharge gap will be providecd by spark or
flashlamp illumination of the discharge gap or by a double-discharge

technique, The discharge gap will be roughly 1 cm x 1 cm x 50 cm.,

Task 4, Single Pulse Glow Discharge Demonstration and Gain
Measurements

The objective of this task will be to demonstrate with the
apparatus tabricated 1n task J lnal ¢ wiivrin giow discihiarge can be
established through an alkali-xenon laser mixture at pressures near
10 atm and to carry out measurements of the laser gain produced by this
excitation technique, Gain measurements will then be accomplished

through the use of a probe laser or the achievement of laser oscillation,

Task 5. Measurements of Maximum Single Pulse Output Power

Parametric optimizations will be carried out on the
optical cavitly, gas pressure and composition, and discharge waveform
for achieving maximum single pulse output power at several different
wavelengths within the excimer-dimer gain bandwidth, Similar para-
metric optimization for maximum single pulse output energy will also

be carried out,
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APPENDIX A

Small Signal Gain Modelina for Optical Pumping of the
Alkali-Xenon and Alkali Dimer Lascr Transitions

A. J. Palner
Hughes Researci. Laboratories

3011 Malibu Canyon Road
Malibu, CA 50265

1.0 Introduction

The A to X transition on the diatomic alkali rare gas molecules
(excimers) and the alkali dimer mclie- 'les has been recognized for some
time now as a potentially efficient, high average power, tunable laser
transition.]’2 At a rare gas pressure of on the order of 10 atmospheres
and an alkali partial pressure of a fraction of a Torr, both the dimer
transition (for the heavier alkalies) and the excimer transitions are
continuum transitions, each roughly a thousand angstroms wide and lie
in the visible to near infrared portions of the spectrum. We show
thecretically in this paper that both the alkali-xenon excimer and the
alkali dimer transitions can exhibit practical laser gain for broadband
optical pumping with flashlamps.

We begin with a discussion in Section Il of the physics of the

gas kinetic and optical processes involved in this pumping scheme,
including a justification of the various approximations used n the model.
We then present results for the predicted small signal gain vs. wavelength
for all of the alkali-xenon excimer and dimer systems for a chosen practical

set of operation conditions, and conclude with a brief discussion of the

qualitative features of these results.
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I1. Model Physics

Resonance lamp optical pumping of *tne alkali resonance level in an

alkali-rare gas mixture has, in the past, been used to produce alkali rare

gas excimer species in order to study the excimer level fluorescence spectra.3

While this technique is well suited for interpretation of the fiuorescence

spectra, it cannot be used to achieve dimensionally scalable laser pumping

due to the extremely short penetration depth of the resonance line through

the alkali densities required for achieving practical laser gain coefficients

on the excimer and dimer transitions.4 A more practical pumping scheme for

this purpose is to pump with a broad band source such as a xenon flashlamp J

into the absorption bands arising from the excimer and dimer transitions 5

themselves. The pumping kinetics are only slightly more involved than

those associated with resonance line pumping. An energy flow diagram

for this type of pumping is shown in Fig. 1 For the K-Xe/K2 system. We

proceed now to discuss the various approximations used in modeling the

physics of this pumping scheme. ]
First of all the pump source spectra will, in general, extend

into the visible and ultraviolet portion of the spectra. Thus, there

will be some added contribution to the A state oumping from radiative

decay of upper levels into the A states and these processes are neglected

4

|

as a conservative approximation for the laser gains. 1
Another possible involvement of higher electronic states is

the possible contribution to absorption at the laser wavelengths caused 1

by photoexcitation of the A states into these states. This has been 1

termed “"self absorption" and has led to serious reduction or elimination

5,6

of net laser gain in other excimer systems. In the case of the alkali

xenon A-X excimer transition it can be seen from an inspection a

calculated upper state potential energy curves of Ref. (7) that there
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are no allowed transitions which could lead to serious self absorption.
The situation with the dimers is less certain, due to a lack of knowledge
of the higher level potential energy curves. It appears unlikely that
transitions to appropriately positioned upper level curves will be present
with an oscillator strength strong enough to compete with the strong A-X
transition over the full laser bandwidth and we will assume for simplicity
that such transitions are not present.

The only other electronic states which could possibly interfere
with the laser kinetics are the dimer x3zu repulsive states which, if their
potential energv curves either cross or pass within an average thermal energy,
kT, of the dimer A state,could cause rapid depletion of the A state
through predissociation. A detailed discussion of this point is presented
in Ref. 2 with fairly strong arguments presented that predissociation will
likely not occur at least for the K2 and Na? cases. The observed strong
fluorescence of the A states of all of the alkali dimers (except Li2 which
wasn't studied)8 at alkali pressures up to 1 Torr provides further evidence

3

against the case of predissociation and we will assume that the qu states

do not enter importantly into the laser kinetics.

Concerning vibrational levels, the vibrational level spacing for
the bound alkali excimer and dimer states is, except for L1‘2 and Na2, small
compared to kT so that at the pressures of interest here,individual vibra-
tional transitions are broadened into one another and the band spectrum
is essentially a continuum. The assumption of a coni nuous band for Li2

and Na2 is made in the modeling and will represent a conservative approxima-

tion for the laser gain results since the actual gain should show peaks higher

than the continuum level at the discrete vibrational modes. Under these
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conditions, it is appropriate to partition the bound as well as the unbound
electronic states into a continuum set of substates characterized by their
internuclear separation and populated according to a classical canonical

ensemb]e.3

Such an equilibrium distribution among the substates within a
given electronic state will always maintain under our considered operating
conditions since collisional relaxation among the substates is mediated
by binary collision at a rate which is fast -ompared to radiative decay
rates cr pumping rates. On the other hand, relaxation between the bound
substates and their free dissociation preducts must be mediated by three-
body collisions which, for the dimer A state, will not always occur at
rates which dominate over radiative decay rates as will be seen below.
Therefore, equilibrium with respect to the dissociation products is not
assured a priori.

In the model there are then six electronic state species
participating in the A-X excimer and dimer laser kinetics. They are:
ground state alkali-xenon molecules [XEx] A state alkali-xenon excimer
molecules [AEX ], ground state alkali dimer molecules kDiJ » A state alkali
dimer molecules [ADi]’ unbound resonance state alkali atoms [é]k*] unbound ground
state alkali atoﬁs [a]k], and unbound around state xenon atoms |Xe]. In terms of
the sub electronic state concentrations the expression for the net small

signal gain due to both excimers and dimers is]’2

2 (d]A 9a d|X
gain = g A{ d[kEX] : (g“X‘EL) d[Rex ]}g%!U
Ex a il
2 A{d[AmJ _(EA_D_,:) d xm]} Y
& AR 3, ) vl
Di

where d[ ] represents the substate concentrates for an internuclear separation

between R and R + dR, A is the Einstein A coefficient for the transition
42




@ssumed independent of R). ) and v are the wavelength and frequency of the radia-

tion and the g factors are the degeneracy factors for the electronic
states indicated. The molecular ground state concentrations are
assumed to remain in equilibrium with that of their dissociation
products since the prcduction and loss rates for these species, under
our considered operating conditions, are dominated by gas kinetic
processes. Thus, for the ground state species we can write according

3

to classical statistics,” the substate population at an internuclear

separation between R and R + dR au]’2’3

d[XEx] = 4nR2dR(ngx/ngx f) exp (-NXEX(R)/kT)[alk][Xe] (2)

d{xp; ] 4wR2dR(ngi/gx ) exp (WXDi(R)/kT)[a]kJZ (3)

Di,f

Here {] indicates species concentration, 9y and ggare the deceneracies of

the molecular X state and its parent atomic state respectively, WX{R) is
the energy of the molecular substate relative to that of its parent
atomic state, k is Boltzmann's constant and T is the gas temperature.

The absorption coefficient due to X-A transitions can therefore be

written immediately as]’z’3
b oA ACE o (WX, (R)/KT)(gy / ) (4)
Ex dv/dR P Ex\" I /9%

B TR

X [a]k] X [Xe]




exp (-wxDi(R)/kT)(ng'/ngi f) (5)
1 ’

x [alk|?

The three excited state populations are governed by the following

steady state rate equations:

P N ; !
gt lalkr) = “exse * R0 ¥ Tainnag, [Ag, 1+ “diss,y, ‘ADi] (6)
i +T +T ) [alk*) = 0
assg, assp; rad,alk*
d - - =
dt IAExJ G REx,g Fass,Ex Ia]k*] (Fdiss,Ex ¥ rrad,Ex)lAEx] B (7)
d = = ; =
dt IADiI * R rass,Dila“‘*l (4iss,0i * Frad,Di)IADi] RS
Here R and R,. are the optical pumping rates on the excimer and dimer
eX, ¢ D1,f
transitions respectively which lead directly to free alk* while R and R

ex Di
b ’b
are the corresponding pumping rates leading directly to bound A state excimers

and dimers respectively. T " and T denote the A state association and

a
dissociation rates and the T

diss

rad’ denotes the effective radiative decay rate of

the state indicated and includes the effects of radiation trapping.

Exchange reactions of the type

AEx + alk = ADi + Xe

and

>
Xpi + alk* < ADi + alk

are excluded from the rate equations as their reaction rates cannot compete

with the appropriate radiative or three-body association rates under the i

operating conditions of interest.
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The A state association and dissociation rates Fass and Fdiss can be

related through detailed balancing:
P I ae = K . Xe, (9)
assg, d1ssEX AEx
r P s = K : a]k’ (10)
assDi d1SSDi ADi

where KA is the equilibrium constant for the A state stoichiometry.

Ex,Di

The association rate constant for the excimer A state is on the order

of 10752 cm6 sec'l for all of the alkali-xenon systems and the A state

equilibrium constant is on the order of 10'22cm3 for our temperature ranges
10,2

of interest. Using eq. ( 9), one can see that for our xenon concentra-
tion of interest (lXe| ~ 1020 . 102]cm'3) we have
{r 7
\l

> 10'0 . 10]] sec'])>>(F

-~ + -]
j ~ 10 "sec ') (1)
d1ssEx radEx

and
fotie] 2 (REX"’)
r x |alk*|{ Z r xX\——J>>R (12)
assg, assEx A Ex,b

By using these conditions in eq. (7) one concludes that bound as well as

free state excimers will remain in thermal equilibrium with the free alkali

resonance state population. In this case we can write an expression for the

A state concentration of the same form as eq. (1) for the X state concentration:

2 3
= 47R“dR Yexp(-WA- (R)/KT) x (13)
dIAEXJ " (gAEx/gAEx,f 4 o

,a]k*l X ,Xe]
This expression is used in eq. (1) for the gain coefficient and in eq. (20)

below.



Similar considerations appiied to the coefficients in Eq. (8) for
dimer A state concentration reveal that thermal equilibrium betwecn the
bound dimer A state concentration and that of the alkali resonance level
will not always obtain under our corsidered operating conditions and we

must in general write for the steady state dimer A state concentration:

R

Diyt Tiss,Di |a]k*_ i
3 . + A
I‘d1s.s,D1

IADi]=
Here we have put Frad Di = A since most of the dimer states radiate at
]

wavelengths where the mixture is transparent in the transverse dimension.

Binary collision will still maintain the thermal equilibrium with-

in dimer A state and we can write for the substate popu]ation:2

d[ADi] = 47R® dR exp( WAy (R)/KT) (gADi/gADi,f)
. lADi] /KAoi

In eq. (1), for the gain coefficient, the substate concentration

(15)

d[A(R)] refers to the total bound plus free states between R and R + dR.
While expression (13) for the excimer states does represent the total
contribution from bound plus free states, expression (15), for the dimer
states gives only the bound state contribution. However, the bound state
concentration by far dominates the total contribution to the dimer substates
in the R regions of interest at the temperatures considered here. Equation
(15) can therefore be used for the dimer term in expression (1) for the gain

coefficient.
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It remains to determine the free alkali resonance state concentration,

[a]k*]. For this purpose substitute eqs. (7) and (8) into eq. {(6) to

obtain
d alk*l =R+ R.. - faik+i - b = A hie ] £ (16)
dits ® d ex Di rad,alk* rad,Ex = 'Ex - Di

where now Rex z Rex,f ¥ Ruxh and pDi - P,L.”.’1 + RDi,b refer to the total

optical pumping rates on the excimer and direr transiticns respectively,

and are given by

Ry .Di =f('))‘Ex,Di( ) ew{-!u[x( )+ .‘Di(")’ x} dv (17)

where :(v) is the external photon pumping flux incident on an assumed planar

boundary of the medium and x is the propagation distance of the pump radia-

tion into the medium.

Because the dimer binding is strong compared to kT, essentially all of the
dimer transition optical pumping produce bound rather than free state dimers

and we can also put
Ro:, = ps (18)
in eq. (14).
The third and fourth terms on the right hand side of eq. (16 ) can be

combined to read:

[alk]* + T [AEX] = W—El‘—l I'(R) dR (19)

]
—

Frad,alk* rad, Ex rad, Ex

o

where the integral extends only up to an internuclear separation, Rmax’

defined by




YT =y T

!
-

(20)

< fru z

to insure proper counting.

diA
Here "énEx] is given by eq. (13) and F(R)rad,Ex is the radiative decay rates

for excimer molecules witi. internuclear separation between R and R + dR. A
significant fraction of the excited alkali atoms are in the form of either
free or bound excimer states which radiate at wavelengths close to tne
resonance line where the mixture is opaque in the transverse dimension and
these latter states will have a trapped radiative rate which is given by

Holstein's formula:9

1.6
I'(R) EA — . (21)
i B(R)’Ex,net.T' s Q“(B(R)Ex.net'T

where T is the transverse dimension of the mixture and B(R)Ex ik is the net
k]
absorption coefficient for radiation emitted by the states d[AEx](R). To

a close approximation, it is given by eq. (4) i.e., B(R)Ex,net < S(R)Ex.

Once the A state and X state potential energy curves and the
appropriate rate constants have been specified, expressions (1) through
(21) can then be combined to compute the net smal! signal gain vs.
wavelength from the A - X excimer and dimer transitions for given values
for pumping flux, xenon concentration, alkali concentration and gas

temperature.
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The latter two variables are. of course, related. We assume in the
model that the alkali vapor 15 in equilibrium with its condensate at the
gas temperature. The ground state alkali concentration can then be written

as a functicn of temperature according to the phenomenological expresaion.]]

la“-l(cm-:;): o ]O]f\ & (2'7r3) B ‘O(Sb—()b?Sa/T) (2?)

where T is in %F and Sa and Sb are constants speci.ic to the alkali.

[TT Results and Discussions

In the computations the olkali-xenon A state and X state potential
enercy curves are taken from the theoretical curves computed by Pascale
and Vandep]anque.7 An exception is the Li-Xe A state whose potential
curve was taken from ref. 12 where it was constructed from fluorescence
spectral measurements and found to have a much deeper potential well than
calculated in ref. 7. Ffor the dimer A and X states Morse potentials
were used which were specified with dissociation energies taken from
Hertzberg]3 and internuclear separations at the potential minima chosen
to match the satellite peaks of the A-X transitions with those observed
and reported in ref. 8. An exception was again L12 whose curves were
taken from ref. 2.

The various rate constants used for the computations are tabulated
for each alkali togetlier with an appropriate source reference in Table 1.

A computer program was used to compute from eq. (1)-(22), the small
signal net gain versus wavelength from the A-X excimer and dimer transitions
in all of the alkali-xenon systems except Francium for input values of
xenon concentration, gas temperature and incident spectral pumping flux.
Sample output results are shown in Figs. 2 and 3. For these results a

20 03 and an incident flashlamp flux of

xenon concentration of 3 x 10
1 x 105 watts/cmz/micron are chosen. Both of these values represent close to

the maximum practical values achievable in the laboratory. The transverse
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propagation distance through the mixture of the pump radiation is assumed |
to be one centimeter.
To obtain a useful comparison of the performance characteristics

between the different alkalies the results within each figure are plotted

for equal concentrations of the alkali ([alk] S 3x 10M cm'3

15 cm'3 in Fig. 3).

in Fig. 2

and [a]k] =3x10
The low alkali concentration results in Fig. 2 show net gain present

on poth the excimer and dimer band for all of the alkalis. txcept for

lithium the two bands are well separated with the dimer gain occurring

at about a 1000 R longer wavelength than the excimer gain. Due to the

exceptionally deep excimer A state potential well for Li the excimer

and dimer gain bands more closely overlap in this system and the ratio

of excimer to dimer gain is greater for Li-Xe than for the other systems.

The relatively low sodium-xenon excimer gain is due primarily to the higher

temperatures required in conjunction with a relatively shallow A state well depth.
The higher alkali concentration results plotted in Fig. 3 show the

net gain on the excimer bands either absent or reduced far below that

of the dimer gain. This is due primarily to increased dimer absorption

which extends into the excimer bands and to the higher temperatures which

tend to reduce the inversion. The exception again is lithium for which

the excimer gain still dominates the gain bandwidth. The dimer satellite

peak at 8900 R is however beginning to reveal itself in the shape of the

gain curve.
As the alkali density is increased further the dimer gain will

continue to increase and narrow onto the satellite peaks until an alkali

17 o

concentration of on the order of 10 m ~ is reached at which point the

gain at the satellite peak will start to decrease due to thermal degrada-

tion of the dimer inversion. Under the assumed values of xenon concentration
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and pumping flux the satellite gains will at this point nave reached

quite high values of on the order of 107! em™ .

The gain in both the dimer and excimer bands will increase as the
xenon density is increased with of course a more rapid increase occurring
on the excimer band. This is because the alkali resonance state, which
feeds both the excimer and dimer A states is heing pumped primarily on
the excimer band for the range ot temperature and xenon concentrations of

interest here. This will continue up to a xenon concentration near 102] cm3

where essentially all of the resonance state population is in the form of
excimers.
The gain will also increase with pumping flux up to levels of on
the crder of 106 w/(cm2 * 1) where stimulated emission induced by the
pump radiation will begin to cause a saturation of the pumping rate. ;
Finally the cains will, of course, decreas~ with the pump propagation
distance into the mixture due to the reduced absorption coefficient

forr the pump radiation.

IV. Conclusions
In conclusion we have shown theoretically that practical laser gain

coefficients exist on the A-X excimer and dimer trensitions of all of the

alkali-xenon systems for flashlamp pumping under operating conditions which }
can be met in the laboratory. The theoretical model computes the wavelength j
profile of the net small sigral gain coefficient on the excimer and dimer ‘
bands of all of the alkali-xenon systems for inp:t values of the xenon |

concentration, gas temperature (alkali concentration), and flashlamp flux.
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The model is also clearly applicable for the lighter rare gases with
the use of the appropriate alkali-rare gas potential energy curves (e.g.

from Ref. 7). The excimer gains are substantially reduced for the

lighter rare gases due to the shallower A state well depth but the.dimer
gains are, as expected, not seriously affected.

Finally it can be mentioned that gain measurements on the K-Xe excimer
band under tlashlamp pumping have been carried out using an 8<<u R LAAS
probe laser and found to be consistent with the modeling predictions
considering the uncertainties in the pumping flux and alkali density
uniformity used in the experiment.]a For the conditions of the experiment
(lxel 27 = 1020 cm'3;flashlamp flux - 3 x 104 watts/cmz/micron) the net
gain was not sufficient to achieve oscillations in the excimer band.
Attempts at oscillation within the K2 dimer band at higher temperatures

where net gains should be substantially higher are presently being pursued.
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Fig. A-2. Small signal gain versus wavelength for the optically

pumped alkali xenon excimer/dimer systems: lower

alkali concentration results.
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Table 1. Constants specific to each alkali system used in the modeling
computations.

Li Na Rb Cs

\j

3.69°10

7 7 7 7 7

!
3.67x10° 5.89x10 12.50-10

8.9x10°%(1.3x107% 6.5x10% 1.78x10°% ' 8.0x107%
I ]
1.1 1 64
el 3 ) .0 735 5

3.56°10

620

lexp —7 V)) exp(TT—— exp( —Y_V i EXp(—TEV))

-30 -30 30 |

8.0x10™" 8.0x107" :8.0-100 8.0:107%0 ' g.0x107%0
Dex ] x b x ) B[] xfid x| x e o
| |

2 » 2

-30

12 12 12 12 12

4 4 4

8.49x10

15.4x10%  [10.33x10 7.6x10% | 7.38x10

7.84 7.55 7.18 6.98 6.95 |




; APPENDIX B

F Computer Programs

Three computer programs are described in this appendix.
Program OPUMPD computes the small signal gain versus wavelength
for broad-band optically pumping of the alkali rare gas excimer/dimer

systems for input values of rare gas concentration, gas temperature,

and flashlamp flux,

Subroutine program DIMER is required by OPUMPD and com-
putes the optical pumping rate and stimulated emission and absorption
coefficients versus wavelength for the dimer band from input conditions
specified by OPUMPD,

Program DISCH computes, from the plasma model, the dis-
charge electron density, electric field, current density, and pumping
rate of the alkali resonance level for input values of the rare gas con-
centration, alkali concentration, uv flux, and electron temperature.

It can be interfaced with OPUMPD and DIMER if a gain versus wavelength
output is desired for discharge pumping,

The flow diagrams and listings for the programs are presented
on the following pages., The progrums are written for the Honeywell

G 635 time-sharing computer,
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Subroutine
DINMER

Program OPUMPD

Input Data
|

Compute excimer band frequency
intervals versus internuclear
separation (dv/dR)

1

Compute excimer band stimulated
emission and absorption coefficients
versus internuclear separation

Compute effective excimer level
radiative decay rate

Compute optical pumping into
excimer band

call DIMER

Compute excimer and dimer band
stimulated emission and absorption
cross section versus wavelength

|

Compute excimer and
dimer A state concentration

l

Compute net gain
versus wavelength on
excimer and dimer bands

Fig. B-1
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Program DIMER

Input Data

]

Computer Dimer Band
Frequency Intervals
versus
Internuclear Separation
(dv/dR)

|

Computer Dimer band
stimulated emission
and absorption cross

section versus inter-
nuclear separation

1

Compute optical
pumping rate on the
Dimer band

|

Compute Dimer band

stimulated emission

and absorption cross
section versus wavelength

Fig, B-2

61

R | B "iiﬂ



Program DISCH

Input Data
|

Compute electron
mobility

T

Compute alkali and

rare gas excitation

and ionization rate
coefficients

Subroutine ZORFZ
(solves for roots
of third order
equation for
electron density)

Compute discharge
electric field and
drift velocity

Call ZORPZ

Compute discharge
electron density,
current density

and alkali resonance

level pumping rate

Fig, B-3,
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TG

[ 1
best

oduced |
uvailnbh"c-opy.

9C PROGRAM OPUMPD = COMPUTES SMALL SIGKAL GALN VS WAVELEKGTH FOR ALKALI

6C KENON EXCIMER/ZDIMcR SYSTEASe REWUIRES SUsROUTILE “DIMERY,.
ic

10 DIMENSTIOI H(200) gotU (£00) gl (200) (LET(2(10) 4
208 D (20U) gRIUC200) fALFH(200) ¢15(200) 4
308 LAMDA(30) (ALPHAC3U) BFETA(S0) qGAIK(S0) 4
3c& nPU(27) niPLL2T) JALFRiIC30) (HELTADIIC)
4 DIMERSTION BETT(Z200)

47 DIMERSION AT(200)

20 nEAL LAMDA

22 WEAL KEBE$ RoAL KD$ WEAL WEXAS MzAL NUI
23 oEAL NHEREAL KiOdxiAL SDOSk:-AL Mu
29C

60C DATA rUk X=Xt

6¢ GU=43GL=L3CR=6

64 GRD=ic3 Gdu=l

10 nk=l2,98%18

ie HO=30,

5 RZERO=>,

ol Ur=110

90 rO=v¥,3k3

100 WUM=0o

101 Del=0,5/rLOAT (U 4)

102 hii=20%hU .4

103 ibM=lib=]

102 Dak=e001 3/ LOUAL Gl

110 AU=306.¥F0

120 dA=B.srk+

130 Sh=i.183

134 Mu=3v,l

{36 DA=LY3U

138 RE=B.2E=3¢

139 RU=o.k=30

140 DATA niPUZ10e2300301 3. 1063 glceruli3qlceltisbdgllel 634126180134 124829F3,
1208 42.058E 3412086341290k 34 1ceP20b3g1ceP30! Jglceylb3412e950E3,412.963k3,
16Uc 1249061 3412479615 3,12490Tt3,17e90003412e710 341ca% 134129 T3E3,12.974E3,

1108 12.970E3, 1291153 41ca¥inb3,12.7 1903/
2U% KDU=0.2E=23

210 DATA nPl/Z2e931E3,7e2 35834010238 3,0,990k3,06300F3,04158E3,0,06006E3,0,009E3,
2208 =eUl2b34=e03 13 4=aUd2E 34 =e08b3¢=e 33 34=eU 35k gm0t id88E3 g=a02 3E34=.019E3,
2308 =eUI10E3, =001 3E3,=eUlUE3 4= QUOE3 g= o MUl 34=4 J06E3 4 =0 V053 ,=4004E3,=,003E3,

24046 =,003E3/

245C

290C ENERCY vo o liizePOLATION

271 I=i

cleé DU 220 J=1 408

i3 WU () snPUC D)o (NPUCT® 1) =aPU L)) d=lUMe (] =1))/1UN
274 wL (D) =ikl e (WPLOT® ) =L (] D)) 2(J=1uMe ([ =1 )) /iU
215 [F(J=hUPS(l=1)=1iJ¥) 22042194219

216 21y [=]l+|

271 50 CONTINUE

.

21yC COMPUTE w(l)

el DO 2 I=) B

290 ROI)sRZERO*FLOAT (] )*DEL

300 ¢ CONTINUIE:

304C

305C INPUL READ [N

310 PRINTO®EIFKR RG™

3<0 READ® HG

330 PRINTO%ENTER TGO (DEG C)%

340 READs TGO

320 ALK=c, TE168(2 13/ (21301G0)) w1 Uss(Lk=,0%2¢5A/(TGO®cT3))
360 PRINTS®ALK=" ALK

370 PRINTO®EWTER o (AATISZ (CHmaZaMICHON)

360 READ® w

385 PRINIS

390 Xs=),

viC
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3VZC COLVERT oo T PHOLOWSZ (CA %25 LCx (Cot ) 2= )

400 F2rn/ (1l JOE=1Y%] 50 ) % =4

40

409C CONVERL TG TO v

410 TC=(TGO+2/3)*(1/110kH)

41iC

4i2C¢ COAPUTE HESOBANCE LT ABORGTION COFrICTRNT

4¢0 KD=xDO*EAF (DA®] (24F=4/10)

330 BETHSALE®AUZ (x5, iakiiwnd )i {0)

d3la rGU/ZGL

4580

4390 COMPUTE rREQUELCY TielkkvALS

442 DO 1O =1 4052

e ) N=}

450 31 DalD) = (UCI+R) =0l (T oK) =(d ([ =uL (] D)) ZeLOEAT G0

40U Ir CGrLOAT(K) *ABSCIN () ) =0ur) 564 30 45D

462 30 n=Ke+d

404 Jr (Jep=13) 3/43/,30

06 37 GO 10 sl

iU 30 DuCl)sUEL= Cup=Cut [ ) =nl (1))} /(Kli=x (1))

460 39 CUniwIE

ab e

4l COMrull oTHSULALeD F4lanlic rACTOK Vo k

4yU0 ALPH(I)IZUHOWAURK (] ) w2 wlGR (U 3b=n ) 3/ (WU (] ) =nl (1)) vxy

5008 *EXP( (vdmnd (1)) % o 80=3/1G) 2 R ® (1 /5210 /A 0 ([))

Ule ®Gu/Gn

201C

sube COrPUTE ABSORB T COFE VO ot

10 BETOII=(UORAUN(([)wr o n (D3 =n)2a g2l K/CauC] )= (1)) eu)xbk AP (=ul (])

U4 *| G 24F=«/TG)wt-LeCi/ 3r1uU)/ZA 35000 )

¢ isa *GU/CL

230 IF(pET(1)=BEIK) 4,9,9

240 9 HeT(l)=i:FIR

242 8 COnTINJE

944 JF (BETCI)®X=3,) 130,41 304134

246 130 AT(i)=AU § 6o 10 10

948 131 ATCI)=AUR] O/ (CHEFCI) 2SR (S IARALDG(EETC ) %Y ) ) %2 3) i

. 500 10 CONT LUk

260 DO oU I=1hiE

262 I+ (BeT(l)wa=0.1) 41,42,42

904 41 bETT(D)=ce:TCI) 3 GO TO 60

210 4¢ DO HO J=1 ,NBM i

980 Ir CaUCI)=nL (D) =(aU(J)=alL () +ABS (N (J )/ )) 21491420

o990 20 Ir (AdCD =nl ()= (J)=ul (J) =AtsS(1a(d))/2e)) 20,02 ,5¢

000 9¢ BeTT(I)=ikt=1T I)ebb1(d)

620 0 COWTILUE

629 6U COWTINJEF "

6230

0290 COMPUTE [RAPPED ¢ADIALIVE KALE

63) FH=U.3$AAV=0.

632 DO 13 I=1,his I
1
|

033 FHEFR+(GU/GR)I® 1o HORK ([ ) Ra2wilGr (o D31-=0) *IxDEL*EXE ((WR=aAU([)) * 1. 24E=4/TG)
634 AAVEAAV® (GUZGRI ®1c o06%i (] ) *nl 2RGE (oD 3 =8) wn3wDEL*E Xy C(WR=-WU([)) *] ,24[:~4
6358 /TG =AT(])

636 1F (riH=1.) 13,620,620

631 6¢0 GO T0 62¢

633 13 COTInUE

639 622 PRINTSWFR=Y rlarR]LTORAT (BM)ZAU=Y (AT (NBM)ZAUS PRIITEUAAVZAU=Y i AAV/ZAU
o640

64

T S,




641C COMPUTE OPTICAL FUMPING RATES
643 RO:T=0

644 RSE=Q

620 DO 15 [=1,Niu

652 RS(I1)=FeALPH (1) ®ABS(DW (] D) *ELP(=BETT ([)#X)
054 RSE=RSE®RS (1)

660 HhU(I)-i":lET(l)*A&b(Ud(l))tEKP(-BE]T(I)iX)
670 ROPT =ROPT+RNUC])

000 15 CONTINUE

690 PRINTS%ROPT=* ,ROPT

oYl PRINTSURSE= WSE

692C

693C COMPUTE OPTICAL PUMP LivG BAKNUNIDTH
{00 RMAX=Q,

110 DO 7¢ I=) NBi

220 IE (RNUCT#1)=0MAYY £y 72 19
130 73 RMAX=RIUCI#1)

140 7)1 CONTIwWUE

120 72 CONTINUE

160 DO 71 I=iNB

770 IF (RIUCT)=RMAX/2. 7<) (6 7141%

180 78 M=] § GO 10 Iy

Iv0 76 COKTINUE

800 77 COWTI.UE

o0l0 79 DO 62 [=m4ish

00 Ir (khUC])=RUAX/Z2. i) 804E&) 40¢

830 80 w=]l§ GO TO o3

840 81 CONTIwUE

820 82 CONTIWUE

86U 83 COUNIINWUE

av0 PkluTl"LAMDA(M)-“,l./(nU(M)-..L(w))

891 PRINTI"LAHDA\H‘)=“.I./(--U(h)-.cL(l-))

YOyC

910C COMPUTE STI?e Fdlbo. CORF, FACIOK & ABSORBIION COEFICIENT VS WAVELENGTH
9<0 DO 20 I=1l 2%

930 ALPHA(I)=0. 3piTA(1)=0.

940 FREU‘H)’U"M’LUAT(I-I )

920 LAMDACI)=1/FREQ

960 DO Y1 J=) Nis4

9i0 Ir (PHEQ=CHU(J ) =L (J) #ABS (DH(J) /2, ))) S0, 70,%1

¥80 Y0 [r (hlr:'o-(nU(J)-HL(J)-ABb(DN(J)/?.H) 21 492492

Y0 92 BELACI)=BETACL) #58:T(J)

1000 ALPHACT)=ALPHAC) ALPR(J)

100 91 Continue

1020 20 CONTILUE

1U30 CALL Ulr-IER(RG.TGU.n.l)r.r‘().ALPﬂJ.BETAD.R()PTD.H&U)

126¢ k= (KOF [+ROPTD® (| =(AU®RSD) /7 (AU*RSD*RD*RG/KD) )) 7

12638 (AAVOLSES(AUSRSL ) wRD*RGRALK/ (AUSRSD*RD*RG/KD))

1265 ikDI=(ROPTO*RD®RGRALK = NR) 7 (AU*RD*RG/ZKD*RSD)

1267 PRINTS%ip]=% DI

1460 FRINT8®4i=® ik

1270 PRIGT o

1280 6 rORMAT (dx.bHLAMUA.IOX.4HGAIN.IZX,4HBETA)

128i1C

128¢C COMPUTE NET GAIN AND ABSORBTION COEFICIENTS VS WAVELENGTH
1290 DO ¢) [=1 4,25 |
1300 GAIN(I)-(ALPHA(I)'NROALPHD(!)'ND“-(BETA(HOBETAD(I ] |
1310 PRINT 7, LAMUA(I).GAIN(l).BETA(“OBhTAD(I)

1320 7 rORMAT (IK.ElJ.O.QX.EIO.J.OX.EIO.JD

1340 21 CONTINUE

1350 STow

1360 END

ready
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LIST

! 1C SUBROUTIiv= DIMER = COMPUTES OPTICAL FUMPING HATEy STIMULATED £MISSION
i 2C FACTOR, AND ABSORSBTION COEre VS «wAVELELGT: JOR ALKALI DIMEK MOLECULE
i 3C FROM INPUTL COUDITIONS rFROM OPUMPD PROGRAM
4C
2 9 SUBROUTINE DlﬂEM(HG.TGQ.n,Ur.PO,ALth.BETAU.ROPTD.R&D)
- 10 DIMENSION R (200) 44U €200) 4ul (200) ,BET(200),
<08 D (200) (RisU(200) { ALPI(200) ,k5(200) ,
308 LAMDA (30) (ALPHD(30) ¢3FTAD(30)
328 1PU(20) ynPL(20)
90 REAL LAMDA
97 REAL KDs WEAL KDO
5yC
60C DATA rOR K=X&
62 GU=1,3CL=1,86Gk=12,30G=4,
10 =1, YoDEs
12 K(O=30,.
75 HZ!:R()=6.
! 100 WUM=I0
r 101 DEL=0e 5/ LOAT (i)
102 NB=1Y=*ikUi
103 NBM=Nb=1
105 DiR=l.E=3
110 AU=30.9t0
120 SA=8, 4913
130 oB=7,i183
13Y RD=BE=-30
190 HA=69,1
b 160 NKk=92.6
3 170 MU=19.4050
180 DA=) 7530=1 1600
1¥0 DX=4zl06
200 UAO=1160U=4% 006
205 KDO=0e51=<¢ 3
210 UXO==3516
220 REA=S.1E=3
230 REX=3,92c-8
240 BA=| Z2ET*NA®SQRT( MU/ LA) i
250 BX=1o22EI®nikasCRT (MUZX) i
218C
279C COMPFUIF K1) AWD MOWRSE POTESTIALS
281 DO 2 I=l4uB
290 RUI)=RLERO®FLOAT( 1) =DEL :
2¥2 AUCL)=DAR() =EXP(=BAR(R(])®*,23E=5=REA))) *#%2¢UAl i
294 AL(1)=DXR( ) =EXP(=BX*(R(])#®,23F=5=-REX))) ax2euX0 i
300 2 CONT InU:
304C
305C INPUT READ IN
350 ALK=o 7E16%(273/(273¢1G0) ) #) 0w (SB=,052¢5A/ (TGO+273))
0 X=\|,
vic
392C CONVERT n 10 PHOTONSZ (CMW*®2ASEC® (CM) we=|)
400 F=n/ () 6k=1¥*l,.55)*| F=4
4040
405C CORVEKRT TGO TO EV
‘ 410 TG=(TGO*273)%( I/ 1o 16:4)
| 411C
k 412C COMPUTE RESONANCE LINE ABSORBTION COEFICIENT
420 KDsKDO*EXP(DA®) ,24E~4/TG)
430 BETH=ALK*AUZ (B%3. | 4w.iR**2%1FI10)
4314 *GU/GL
438C
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439C COMPUTE FREQUENCY INTERVALS
442 DO 10 I=} ,NBM

445 K=|

450 31 Dl(I)-(IIHIOKJ-HL(IOK)-(IIU(!)-nL(l))l/FL()AT(K)
460 IF (FLOAT(K)®ABS(Dh (] ))=DWR) 36,35,35

462 36 K=Ke|

464 1F (1+K=-NB) 37,37,30

466 37 GO To 31

470 38 Du(l)=DELt(hH-(h'U(I)-dL([)))/u«()-l!(l))

480 35 CONTINUE

487C

488C COMPUTE STIMULATED EMISSION FACTOR VS R

490 ALPri(I1)=0,5®AURR(] )wnon( 1/KD) % (0. 53E=8) #%3/ (WU( I)=hL (1)) w2
2004 *EX¢ ((WR=WU(]))w| «24E=4/TG) *DEL#*( 1/3E10)/ABS(Dn( 1))
2054 *GU/GR

201C

S0BC COMPUTE ABSORBTION COEF VS R

910 BETC(1)=(0.5%AU*R( l)ttztALK-(J.SJE-BH*J*ALK/MU(] V=Gl (1)) %#2 ) wEXP (=il (1)
220& *!,24E=4/TG)*DEL*( 1/3E10)Z7A85(Dni(]))

9218 *GU/GG

530 Ik (BET(I)=BETR) 10,v,¥

540 ¥ BEI(1)=BETR

920 10 CONTInUE

631C

032C COMPUTE OPTICAL PUMPING KAT:S

640 ROPT=0.

042 R3D=U

020 DO 15 I=1 b4

6352 RS(I)=r#«ALPu( 1) *ALS(DW(T) IR AR (=BET( ) =X)

624 RSD=rSL*RS(])

600 RiUCI)=F*BET (1) *ABS (D0 (1)) *E4r (=BET (1) #X)

©/0 ROPT =ROPT*RWUC])

63C 15 CONTI.WE

6¥0 PRI T8*ROPTD=" ROV

6¥1 PrRINTS"HSD=%, QSD

692C

693C COMPUTE OPTICAL PUMPING BAluslul:

700 HMAX=0,

110 DO 72 =1 4NBM

€0 1F (HNUCI®))=RMAL) 11472473

130 73 RMAX=RKU([+})

7140 71 CONTIwUE

150 72 CONT InUE

160 DO 77 I=i,NB

110 IF (RKUCI)=RMAX/2.72) 16,774 18

180 78 M=] 3 50 TO 79

190 76 CONTIRUE

800 77 CONTIWUE

810 79 DU 82 [=M,NB

820 Ir C(HINUCI)=HMAX/2,72) 80,814,432

830 80 W=1s GO To 83

840 81 CONTINUE

850 82 CONTINUF

g60 83 CONTINUE

890 PRINTS“LAMDA(MD) =% .1 ./ (WU (M) =AL (M) )

891 PRINTS®LAMDA(ND)=% .1,/ (WU(N)=AL(N))

909C

210C COMPUTE STIM. EMISS. COEF. FACTOR & ABSORBTION COEFICIENT V5 WAVELENGTH
$20 DO 20 I=),2%

930 ALPRD(])=0,8BETAD(])=0.

¥40 FREQ=FO*Dr #FLOAT(I=])

v50 LAMDA(I)=|/FREQ

960 DO ¥i J=) ,NBM

970 IF (FREQ=(WU(2)=dL (J)*ABS(DK(J)/2.))) 90,90,91
¥80 Y0 IF (FREQ=!WU(J)=uL (J)=ABS(DWN(J)/2.))) 91,92,9¢
990 Y2 BETAD(I)=sETAD(I)*BET(J)

1000 ALPHD (1) =ALPRD(I) AL 2H(J)

1010 91 COWTIIUE

1020 20 CONTIWUE

1030 ROPTD=ROFT

1040 KETURN

1050 END
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LIsT
5C PROGAM DISCH = COMPULES ELECTRON DENSITY, ELECTRIC FIELD, CURRENT
6C DENSITY, AND RESONANCE LEVEL PUMPING RATE FOR INpUI VALUES OF
IC ELECTRON TeMPERATURE, RARE GAs DELSTTY, ALKALI DENSITY, AND
8C Veve rLUX.
9 DIMENSION A(4),RR(3) ,CR(3)
10 KEAL M
<0 WEAL sk
30 REAL J
20 KeAL wmU
2yC
60C SYSTeM IS RE=XE
310 M=131
350 Ek=1.57
360 CHA=Ger=13
310 CEL=3k=-i0
3¥0 ClA=0.9E=i6
400 ClR=0.5E=16
420 CPI=.05E=-18
450 EIR=12.03
460 ElA=4.18
465 RECH=2 ,F=6
467 DO & L=1,20
470 PRINTSWENTEN RG®
450 REAUS HG
490 PRINTS"eilEnw ALK®
200 RbAUs ALK
205 PHINTSMENTER W™
210 HEADS w
215 PRINI 50
217 50 rOKMAL (JA.?nlz.lc(,?whl,izx.lhb,l/x,ltJ.lZX,hhh;tRAR)
208 DO & K=i,20
220 REAUS JE
249 Ik ([F) 4,4,0%
2¢1 19 COnlJuuk
340 REC=Z.2i0E=20%([E) wa(=4,39)
000 r=n/li,6c=19%E]A)*(1,24/1]A = 0.2)
[ I 198
614L COMPULE eLECTRON MOBILITY
015 MU=(4.8E=10)/(YE=2BR(2%TE/ ,5-6) 2%, 5%3E 1O*CHLerG® 300)
oiBL
6ivL COMPUTE cXCITATION AdD "ORIZATION HALES
620 NAR-O.JB:I'CZ*IE)'*(J/?)*EXV(-EH/I%)'(l.*nk/(?*[r))tUHAﬁALK
622 RAl=6.38&IttziTEl"(312IEFXP(~hlAI]L)*(l.’blll(zﬁlt))'ClAtALK
024 HHI=6.3BE/*(2%TE) e (3/2)*EXP(=EIR/TE)® (i oL 1R/ (2%1F) ) #ClR*RG
680
6¢y. COMPUTE UISCHARGE cLeCTRIC rIELD AwD URIFT VELOCITY
630 XSSQRT((l./HU)'(hR*HAh*FlAtnAl*?lw'”kl’Tkﬁ(Zl(1640'“))'(J!IE/.3E6)*'.3
6404 *3c iURCEL*KG))
o5 VisMmuw)
658C
G29C COMPUTE DISCHARGE ELECTRON OENSITY Aisl) CUKKELT DENSITY
660 A(1)=(ALK+HRI/RECR) *i-*Cp]
661 A(2)=(RAI+ (RRIZRECR)*(RAIZALK) =FaC k)%l ./
664 AL3)=((REC/RECK)®kKRI=-KAIZALK)*| .14
663 Ald)==RECw ] B2
664 CALL DOml1(A 3, RR4CH)
670 DO 10 I=1,3
680 IF (ABS(CH(I) )=l ,F=36) 410,10
690 5 [F (RR(I)) 10,106,220
100 20 NE=RR(I)#*1 F/3GO 1) 30
702 10 CONTIIWUE
104 30 CONTINUE
7110 J=NE#VD®), 6E-19
13C PRINT 60, NE X¢JqiskwiAk
160 2 CONT INUE
770 4 CONTINUE
/80 60 FOKMAT (12X B 1034 2K E1003,2K,81003,2X,510.3)
800 STOP
810 END
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