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I. INTRODUCTION

The A-to-X transition on the diatomic alkali—rare-gas molecules
(excimers) and the alkali dimer molecules has been recognized for
some time as a potentially efficient high-average-power tunable laser

tra.nsition.l’ 2

At a rare-gas pressure on the order of 10 atm and an
alkali partial pressure of a fraction of a Torr, both the dimer (for the
heavier alkalies) and the excimer transitions are continuum transitions,
each roughly 1000 A wide, lying in the visible to near-infrared portions
of the spectrum.

The primary goals of this program were to identify specific
operating conditions for achieving laser oscillation on the A-to-X
transitions of the diatomic alkali~rare-gas molecules (excimers) and
of the diatomic homonuclear alkali molecules (dimers), and to demon-
strate net laser gain in a laboratory experiment from at least one of
the alkali—rare-gas systems. The primary accomplishments of the
program in rough chronological order are:

(1) The development of a theoretical model which
computes the small-signal gain for all of the

alkali-xenon excimer/dimer systems for flash-
lamp optical pumping.

(2) The construction of a one meter long, high-
temperature, high-pressure optically pumped
potassium xenon experimental cell.

(3) Experimental measurements of the absorption
coefficient on the K-Xe and K-Ar excimer and
K2 dimer band and of the stimulated emission
coefficient on the K-Xe excimer band; all these
measurements were consistent with the
modeling.

(4) Observations of low-pressure discharge pumped
fluorescence spectra of the K-Ar excimer and
dimer bands.




(5) The development of a completely time-dependent
theoretical model for discharge pumping of the
K-Xe and K-Ar excimer/dimer systems.

‘; (6) The construction of a transverse discharge
i apparatus utilizing a 1 x 2 x 13.5 cm discharge
| volume and a flashlamp preionizer.

(7) The achievement of aerosol-free equilibrium

| potassium vapor pressures at temperatures up to
325°C and argon pressures up to 10 atm in the
transverse discharge system.

(8) The attainment of a diffuse transverse discharge
through a K-Ar mixture under the conditions of
No. 7 at a current density level sufficient (accord-
ing to the model) to reach lasing threshold on both
the K-Ar excimer and K2 dimer bands.

| (9) Measurements of the absorption and fluorescence
spectrum of the K-Ar excimer and K; dimer bands
under the above discharge conditions, and pre-
liminary quantitative evaluation of fluorescence
power and laser gain.

The first year of the program was devoted to the theory of and
experiments in optical pumping of the K-Xe excimer/dimer system; that
material is covered in Section II. The second year was devoted to dis-
charge pumping of the potassium system; this is discussed in Section IIL
Section IV covers our study of alternative alkali sources for use in
alkali-rare-gas lasers. Section V summarizes the results of the pro-

gram and presents conclusions and recommendations for further study.
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1L OPTICAL PUMPING OF ALKALI-RARE-GAS EXCIMER
: AND DIMER MOLECULES
{ (
& A. Theoretical Program

In this section, we show theoretically that both the alkali-xenon
excimer and the alkali dimer transitions can exhibit practical laser
gain for broadband optical pumping with flashlamps. We discuss the
pPhysics of the gas-~kinetic and optical processes involved in this pump-
ing scheme and we present results for the predicted small-signal gain
versus wavelength for all of the alkali-xenon excimer and dimer sys-

tems for a chosen practical set of operating conditions.

1. Model Physics

Resonance lamp optical pumping of the alkali resonance
level in an alkali-rare-gas mixture has, in the past, been used to pro-
duce alkali-rare-gas excimer species to study the excimer level
fluorescence speci:ra..5 Although this technique is well suited for inter-
pretation of the fluorescence spectra, it cannot be used to achieve
dimensionally scalable laser pumping due to the extremely short pene-
tration depth of the resonance line through the alkali densities required
for achieving practical laser gain coefficients on the excimer and
dimer transitions.” A more practical pumping scheme for this pur-
pose is to pump with a broadband source such as a xenon flashlamp
into the absorption bands arising from the excimer and dimer transi-
tions 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 Figure II-1
for the K-Xe/K, system. We proceed now to discuss the various
approximations used in modeling the physics of this pumping scheme.

First, the pump source spectra will, in general, extend into
the visible and ultraviolet portions of the spectrum. Thus, there will
be some added contribution to the A-state pumping from radiative

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

p as a conservative approximation for the laser gains.
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Another possible involvement of higher electronic states is the
possible contribution to absorption at the laser wavelengths caused by
photoexcitation of the A states into these states. This has been termed
'"self-absorption' and has led to serious reduction or elimination of net
laser gain in other excimer systems.7’ 8 In the case of the alkali-xenon
A-X excimer transition, it can be seen from an inspection of calculated
upper-state potential energy curves of Ref. 9 that there are no allowed
transitions which could lead to serious self-absorption. The situation
with the dimers is less certain, owing to a lack of knowledge of the
higher-level potential energy curves. It appears unlikely that transi-
tions 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 laser kinetics are the dimer bound a3l'lu and repulsive x3}:u triplet
states which lie below the dimer A state. If the a3Hu state is strongly
coupled to the A state (for example, through spin-orbit interaction in
collisions with xenon atoms) and if the bound portion of the a3ﬂu state
either crosses or is in close proximity with the repulsive x32u state,
then predissociation could cause rapid depletion of the A state. This
point is discussed in detail in Ref. 4 with fairly strong arguments pre-
sented that predissociation will probably not occur at least for the K2
and Na, cases. For these computations, we assume that the triplet
states do not enter importantly into the laser kinetics except, of course,
in their contribution to the A-state statistical weights. Considering the
high pressures dealt with, this is probably the most suspect assumption
made and calls for experimental or theoretical resolution. The observed
strong fluorescence of the A states of all of the alkali dimers (except Liz.
which was not studied)lo at alkali pressures up to 1 Torr provides evi-

dence that predissociation is not a problem at low pressures.




Concerning vibrational levels, the vibrational level spacing for
the bound alkali excimer and dimer states is, except for LiZ and Naz,
small compared to kT. Therefore, at the pressures of interest here,
individual vibrational transitions are broadened into one another and
the band spectrum is essentially a continuum. The assumption of a
continuous band for Li, and Na, is made in the modeling and will repre-
sent a conservative approximation for the laser gain results, since the
actual gain should show peaks higher than the continuum level at the
discrete vibrational modes. Under these 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 separa-
tion and populated according to a classical canonical ensemble.5 Such
an equilibrium distribution among the substates within a given elec-
tronic state will always maintain under our considered operating con-
ditions, since collisional relaxation among the substates is mediated
by binary collision at a rate which is fast compared to radiative decay
rates or pumping rates. On the other hand, relaxation between the
bound substates and their free dissociation products 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 assumed a priori.

In the model there are then six electronic state species partici-
pating in the A-X excimer and dimer laser kinetics. They are ground-
state alkali-xenon molecules [XEx]o A-state alkali-xenon excimer
molecules [AEx]. ground-state alkali dimer molecules [XDi]. A-state
alkali dimer molecules [ADi]. unbound resonance-state alkali atoms
[alk*], unbound ground-state alkali atoms [alk], and unbound ground-

state xenon atoms [Xe]. In terms of the subelectronic-state concen-

trations, the expression for the net small-signal gain due to both
1,2

excimers and dimers is
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Ly, o )\ZA d[AEx] Ex d[xEx] dR
galn = gr 4|7darR " |z dR dv
X
Ex

Ex

ga d[X ]
| [ADi] Di Dil | dr
7= A - : Ll =1 . -1

dR Bx dR dv
1

Di

where d[ ] represents the substate concentrations for an internuclear
separation between R and R + dR, A is the Einstein coefficient for the
transition (assumed independent of R), A and v are the wavelength and
frequency of the radiation, 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
production 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 to classical
sstatistics,5 the substate population at an internuclear separation
between R and R + dR asl' .

d[XEx] = 4nR dR(gx /ngx f) exp(-WXEx(R)/kT) [alk] [Xe] |,

(II-2)

o
)
el
2
[
n
~N

2
4wR° dR(g, /g exp(-WX .(R)/kT) alk]® .
( Xpi xDi,f) ( Di o

(II-3)
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Here [ ] indicates species concentration, and By and g¢ are the

degeneracies 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
gas temperature.

The absorption coefficient due to X-A transitions can, there-

fore, be written immediately asl' 2,5

£
2 > wXx_ (R) X .
N o Ex Ex :
Pex = 7 &w/aR |- —%T— |55 % [ txe), (00)
Ex,f
P wx_ (R)\[ Bx
B - X AR T . = Max)? (11-5)
Di -~ Z dv/dr °*P kT 8x 3
Di,f

The three excited-state populations are governed by the following

steady-state rate equations:

]

d
aelalkd] = Rp (+Rp o +Tg Ex[AEx] * L aias, Di [ADi]

0 , (II-6)

“ (Lass T e T rrad, alk* [alk*]
Ex Di

d £} %
HT[AEX] & REx,b+ I-‘a.ss,Ex[alk"]

x (Fdiss,Ex+ Frad,Ex)[AEx] =0 , (II-7)




S o oo B o = 5 4

d a
EE[ADi] = Rp; p * Tag, pi (31K*] - (Fdiss,Di

+ rrad,Di)[ADi] i S (I1-8)

Here REx,f and Rpj,f are the optical pumping rates on the excimer
and dimer transitions, respectively, which lead directly to free alk:.
Rgx.b and Rpi,b are the corresponding pumping rates leading directly

to bound A-state excimers and dimers, respectively. T and T .
ass diss

denote the A-state association and dissociation rates and Frad

denotes the effective radiative decay rate of the state indicated and
includes the effects of radiation trapping.

Exchange reactions of the type

Ax+alk-——-"A + Xe

E Di

and

X + alk* = A it alk

Di D

are excluded from the rate equations since their reaction rates cannot
compete with the appropriate radiative or three-body association rates
under the operating conditions of interest.
The A-state association and dissociation rates I and I,.
ass diss
can be related through detailed balancing:

r 5 W = K. [X¢] , (11-9)
assp dlssEx AEx

I K alk] (II1-10)
assp. dlssDi ADi [ ?
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where KAEx, Di is the equilibrium constant for the A-state
dissociation-association reaction.

The association rate constant for the excimer A state is on the
order of 10'3Z cm6 sec:'l for all of the alkali-xenon systems and the
A-state equilibrium constant is on the order of 10'22 t':m3 for our tem-

perature ranges of interest.z’ i Using Eq. (II-9), one can see that for

our xenon concentration of interest ([ Xe] ~ 1029 . 102 cm'3), we
have
ry.. =100 . 10" sec s [ = 10" sec”!| (u-11)
diss rad
Ex Ex
and

R
Ex,b
A

(II-12)

Fass [alk*] R Tagq Ex,b °
Ex

Ex

By using these conditions in Eq. (II-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. (II-1) for the X-state concentration:
2
dfa = 4vR°dRfg, /g exp (-WA_,_(R)/kT\[alk*] [Xe] .
[ Ex] (AEx AEx.f Ex

(II-13)

This expression is used in Eq. (II-1) for the gain coefficient and in
Eq. (II-20) below.




Similar considerations applied to the coefficients in Eq. (II-8)
for dimer A-state concentration reveal that thermal equilibrium
between the bound-dimer A-state concentration and that of the alkali
resonance level will not always obtain under the operating conditions
considered, and we must, in general, write for the steady-state dimer

A-state concentration

[A ] _ Rpi,b* Tass,pi [a“‘ﬂ (11-14)
D‘ Tdiss,Di * 4

Here we have put I'rad,Di = A since most of the dimer states radiate
. at wavelengths where the mixture is transparent in the transverse

dimension.

Binary collisions will still maintain the thermal equilibrium

within the dimer A state and we can write for the substate population,4

i e

2
d{A~. | = 47R" dR exp [-WA_.(T)/kT) |[g /g
[ D‘] ( Di )( Api Api,f

X [ADi] /KADi ! (II-15)

In Eq. (II-1), for the gain coefficient, the substate concentra-
tion d [A(R)] refers to the total bound plus free states between R and
Bl R + dR. Although Eq. (II-13) for the excimer state does represent the

3 total contribution from bound plus free states, expression (II-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 con-

B sidered here. Equation (II-15) can, therefore, be used for the dimer

term in expression (II-1) for the gain coefficient.




It remains to determine the free-alkali resonance-state

concentration, [alk*]. For this purpose, substitute Eqs. (II-7) and
(II-8) into Eq. (II-6) to obtain

d ofe %
Felalks] = Rp, + Rp; - Dogg aner[31k*] - Trgg, Ex[AEx] 5 [Am]

= 8 (II-16)

where now REx = REx,f + REx,b and Rpi = Rpi,f + Rpi,b refer to
the total optical pumping rates on the excimer and dimer transition,

respectively, and are given by

Rp.pi = | ®V)PEy, piY) exp{-[cEx(v) + %i(”] x}dv , (II-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 radiation into the medium.

Because the dimer binding is strong compared to kT, essen-
tially all of the dimer transition optical pumping produces bound-

rather than free-state dimers, and we can also put
Rpib = Rpg (I1-18)

i.n Eq- (11'14)0
The third and fourth terms on the right-hand side of Eq. (II-16)

can be combined to read

Rmax {d|A -
gl = g X
I-‘ra.cl, alk* [alk«] % I-‘rad, Ex [AEx] E dR 1-‘(R)ra\d, Ex dR ,

(II-19)
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where the integral extends only up to an internuclear separation Rmax’
defined by

R
1 X
T 9R dR = 1 " (1I-20)

0

to ensure proper counting. Here d [AExJ/dR is given by Eq. (II-13)
and I'(R)raqd, Ex is the radiative decay rate for excimer molecules
with 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 the reso-
nance line where the mixture is opaque in the transverse dimension.
These latter states will have a trapped radiative rate which is given
by Holstein's formula,:12
1.6
rald,Ex ™ A ﬁ(R)Ex’netT{w ln[B(R)Ex'netT]}WZ ,

C'(R) (I1-21)

where T is the transverse dimension of the mixture and B(R)Ex, net is
the net absorption coefficient for radiation emitted by the states
d[AEx](R). To a close approximation, it is given by Eq. (II-4), i.e.,
B(R)Ex,net = B(R)Ex.

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

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

be written as a function of temperature according to the phenomenologi-

cal expres sionl




(S,.~0.052S,/T)
[alk](cm'3) - 2.7 x10*%(273/T) x 10 . 5 , (11-22)

where T is in °K and S, and S, are constants specific to the alkali.

2. Results and Discussions

In the computations, the alkali-xenon A-state and
X -state potential energy curves are taken from the theoretical curves
computed by Pascale and Vamdeplanque.9 An exception is the Li-Xe
A state, whose potential curve was taken from Ref. 10 where it has
been constructed from fluoresence spectral measurements and found
to have a much deeper potential well than calculated in Ref. 9. For
the dimer A and X states, Morse potentials were used which were
specified with dissociation energies taken from Herzberg xe 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. 10. An exception was again Liz, its curves were taken
from Ref. 4. The various rate constants used for the computations
are tabulated for each alkali together with an appropriate source refer-
ence in Table II-1,

A computer program (see the appendix) was used to compute
from Eqs. (II-1) through (II-22) the small-signal net gain versus wave-
length from the A-X excimer and dimer transitions in all of the alkali-
xenon systems (except francium) for input values of xenon concentra-
tion, gas temperature, and incident spectral pumping flux. Sample
output results are shown in F1gures II-2 and II-3. For these results a

xenon concentration of 3 x 10 cm'3 and an incident flashlamp flux of

1 x 10° W/sz-p.m) were chosen.

Both of these values represent

close to the maximum practical values achievable in the laboratory.

The transverse propagation distance through t

he mixture of the pump

radiation is assumed to be 1 cm.
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Figure II-2. Small-signal gain versus wavelength
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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] = 3 X 1014

; em™> in Figure II-2 and [alk] = 3 x10!% cm™? in Figure 11-3).
The low alkali-concentration results in Figure II-2 show net
gain present on both the excimer and dimer band for all of the alkalies.
Except for lithium, the two bands are well separated with the dimer

gain occurring at about a 1000 A 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 conjunc-
tion with a relatively shallow A-state well depth.

The results for higher alkali concentrations plotted in
Figure II-3 show the net gain on the excimer bands to be absent or
reduced far below that of the dimer gain. This is due primarily to
increased dimer absorption, which extends into the excimer band, and
to the higher temperatures, which tend to reduce the inversion. The
exception again is lithium, for which the excimer gain still dominates i
the gain bandwidth. The dimer satellite peak at 8900 & is, however,
beginning to reveal itself in the shape of the gain curve. 4

As the alkali density is increased further, the dimer gain will
continue to increase and narrow onto the satellite peaks until an alkali
concentration on the order of lO17 crn-3 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 con-

centration and pumping flux, the satellite gains will at this point have
1 1
)a

The gain in both the dimer and excimer bands will increasc as

reached quite high values (on the order of 107" cm”

5 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 being
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pumped primarily on the excimer band for the range of temperature ¢

| and xenon concentrations of interest here. This will continue up to a

xenon concentration near 1021 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 on
the order of 106W/(cm2 pm), where stimulated emission induced by
the pump radiation will begin to cause a saturation of the pumping
rate. Finally, the gains will, of course, decrease with the pump
propagation distance into the mixture due to the reduced absorption

coefficient for the pump radiation.

3. Conclusions

In conclusion, we have shown theoretically that prac-
tical laser gain coefficients should exist on the A-X excimer and dimer
transitions 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 profile of the net small- :
signal gain coefficient on the excimer and dimer bands of all of the
alkali-xenon systems for input values of the xenon concentration, gas '
temperature (alkali concentration), and flashlamp flux.

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. 9). 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.

- B. Experimental Program |

Experimental studies of flashlamp pumping of the K-Xe system
were first carried out in the apparatus shown in Figure II-4., This
apparatus was large enough to accommodate either the flashlamp- -

pumped tube or a transverse discharge used in {° early phase of the
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p | program. The re-entrant Brewster windows allowed the vessel to be
pressurized to several atmospheres. The vessel was wrapped with

heating tape and could be brought to temperatures of up to 400°C.

Absorption coefficient measurements were initially made on .
the system to verify the quasi-static model used in the computer calcu-
lations. A comparison, showing good agreement between the measure-
ments and the results of the theoretical model, is shown in Figures II-5
and II-6. Note the important contribution from the dimers, especially
at the higher temperatures.

There were many difficulties with the initial flashlamp pumping
experiments carried out in this pressure vessel. The main difficulty
was with the high-voltage connection to the flashlamp which was within |
the heated region and, even more of a problem, was immersed in a
xenon gas environment (which has a low breakdown threshold even at
the high pressures used). The insulation provided for the connection
would inevitably deteriorate at high temperature, and arcing would
occur from the connection to the pressure vessel. The arcing would
break both the tube and the flashlamp.

To remedy this problem and to upgrade and simplify the
apparatus for flashlamp pumping, a new configuration was designed

and fabricated which eliminated the need for the flashlamps within the

pressure vessel. The new configuration is illustrated schematically

in Figure II-7 and photographically in Figure II-8. This heavy-wall
Pyrex laser tube operated reliably at total pressures of up to 20 atm and
temperatures up to 350°C without serious physical deterioration. The

quartz Brewster windows were fused onto quartz stems which in turn

were fused with graded seals onto the re-entrant Pyrex tube. The

tube was thus free of any adhesive which might degrade at the high

temperatures used in the experiments. The arcing problem was
eliminated, since the flashlamps were now in air and no longer in

close proximity with the pressure vessel,

TC——
e S .
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Figure II-8. Photograph of final optical pumping apparatus.
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As indicated by Figure II-7, this apparatus was used both in

| ¥ attempts at achieving laser oscillation and for carrying out direct

measurements of the laser gain with a GaAs probe laser. The excimer/

dimer system studied was the K-Xe/K‘2 system, Fluorescence mea-

surements were not possible with flashlamp pumping in this setup,

| because the monochromator flooded with flashlamp radiation, which

scattered down the axis of the laser tube. |
The ability in the new configuration to view the longitudinal

profile of the laser mixture made possible an important observation.

As the tube walls were heated, a potassium aerosol cloud was observed

to be evolved into the mixture. Within 1 to 2 hr after reaching a

steady wall temperature, most of the aerosol cloud had dispersed,

but some aerosol always remained (as evidenced by the forward

scattering from a He-Ne laser beam passing through the mixture).
Measurements of the stimulated emission coefficient which can

be carried out independent of the presence of cavity losses such as

o h o

aerosols, window contamination, etc. were then undertaken. For this
purpose a 100 nsec GaAs laser pulse was directed down the axis of
the laser tube during the peak of the flashlamp pumping and again at a
time outside the flashlamp pulse. The amplitudes of these two GaAs
laser pulses as seen by the photomultiplier can then be used to calcu-
late the net gain, as(X) - ﬁA(X), where as(h) and pA()‘) are the stimu-
lated emission and absorption coefficients, respectively. The GaAs
laser used oscillates at 8220 2\. This wavelength lies outside the
wavelength region for positive net gain, but this is immaterial for a
measurement of as(x) as long as the probe laser is sufficiently trans-
mitted by the laser medium to give a satisfactory signal-to-noise
ratio at the photomultiplier.
A calibrated photodiode and a scanning multichannel spectrum
analyzer were used to obtain absolute measurements of the flashlamp
¢ spectral output power (see Figure II-9). These measurements indi-
cated that the flashlamp flux at the axis of the laser tube is within a
factor of two of the flux value assumed in the modeling result shown

in Figure II-10,
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Results of a typical gain measurement are shown in Figure II-11,
Shot-to-shot fluctuation on the probe laser throughput due to thermal
refractive disturbances of the medium were reduced to about the 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 exhibit 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 value corresponds
to a stimulated emission coefficient of 0,5 x 10”2 em™L,

This does not indicate positive net gain; it is a direct measure
of the effectiveness of our optical pumping arrangement for producing
KXe excimers and of their stimulated emission rate at a particular
wavelength., For the given experimental conditions, the value of the
stimulated emission coefficient is within a factor of 2 of the value pre-
dicted by the model, as shown in Figure II-1., This experimental
information is extremely useful for comparison to our theoretical
model and its subsequent refinement and development.

A gain measurement at 6328 A on the B-X KZ 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 Figure II-12.
The lower trace shows the time profile of the flashlamp emission, and
the upper trace shows the time profile of the amplitude of the He-Ne
beam after passing through the mixture and into a monochromator.
The irregular variations on the He-Ne signal are, as anticipated,
from the beam slewing across the monochromator slits as a result of
induced refractive disturbances. The time delay to the first irregu-
larity is an acoustic transit time between the flashlamp and the laser ]

tube and, in fact, varies as the square root of the temperature, as it i

should for an acoustic disturbance.
The initial rise of the He~Ne signal, which begins with the
: flashlamp emission, could not have been caused by acoustic disturbance

and is, in fact, gain, as(x) - (\), as discussed above. It is caused by

Pa
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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 excimer laser action, which is why it was not
included in the modeling calculations. The measurements shown in
Figure II-12 are instructive, however, especially in pointing out the
necessity for taking gain measurements before the arrival of the
acoustic disturbances which can cause slewing of the probe beam. The
gain measurements at 8220 A described above were carried out within
this time frame,

Attempts to achieve laser oscillation in the apparatus of Fig-
ure II-7 were carried out on both the K-Xe excimer band and the KZ
dimer band using mirrors with 99. 0 to 99. 9% reflectivity throughout
each band. Oscillation was not observed on either band. Failure to
achieve oscillation on the excimer band can be understood on the basis
of the modeling prediction of negative net gain on the excimer band
under the conditions of the experiment (Figure II-10). Practical posi-
tive net gain is predicted for a factor of three increase in both the Xe
concentration and flashlamp flux, which can probably be accomplished
with an upgraded laboratory setup. The failure to achieve oscillation
in the dimer band is felt to be due primarily to optical losses at the
Brewster angle windows and to inadequate alignment of the laser mir-
rors., Mirror alignment is more difficult for the dimer than the

excimer band because, at the temperatures required for a high dimer

gain, the mixture is opaque to the He-Ne alignment laser.




IIL, DISCHARGE PUMPING OF THE ALKALI EXCIMER AND
DIMER MOLECULES

The broadband optical pumping technique described in the
previous section was chosen as the most expedient means to demon-
strate gain, It is also dimensionally scalable to a transverse dimen-
sion of ~10 cm. However, efficiency limitations e:liminate this pumping
technique as a candidate for practical device development. Discharge
pumping is the most promising technique for achieving efficient and
scalable high average power device devélopment; this section pre-
sents the results of theoretical and experimental studies on discharge

pumping of the potassium-argon excimer/dimer system.

A. Theoretical Program

The optical pumping system was a steady-state model. Steady-~
state modeling is justifiable for optical pumping since the relaxation
times of all optical pumping and kinetics processes are short com-
pared to flashlamp pulse duration. On the other hand, this is generally
not the case for discharge pumping. In particular, such discharges
tend to be unstable and it is not clear a priori that a steady-state dis-
charge mode can ever be reached. A full time-dependent discharge
model is presented below.,

The discharge model follows the time evolution in the discharge
of the concentration of six excited and ionized alkali states, the elec-
tron and gas temperatures, and the net small-signal gain coefficient
at two wavelengths, one near the peak of the excimer gain band and
the other at the dimer satellite wavelength. The time dependence of
the circuit current and voltages is included, as are a series resistance,
series inductance, and storage capacitor as the modeled circuit

elements.
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The plasma and gas kinetic processes included in the rate
equations governing the species concentrations are listed below. The
rate constants, cross sections, and equilibrium constants for these
processes can be found in the computer code listing included in the
appendix, and, together with a source reference, in Table III-1. An
R label refers to a plasma process and a G label refers to a gas
kinetic process. In the listing, a B at the end of the label refers to
the back reaction, which is computed by detailed balancing using the
appropriate equilibrium constant or Boltzmann factor reaction. The
particular case presented refers to a potassium-xenon mixture.

The plasma processes modeled are:

. RPI: e +K WO il
° RPI: e +K = K*+e
. RPI1I: e & K* L T e
° RECP: TS e SRy
o RECPX: e 1B Xe . BE*ixe
. RECPD: e” +K, —RE K

The gas kinetic processes modeled are:

® GPX: K + 2 Xe = K Xe + Xe
® GPD: K + K + Xe =KZ+Xe
GPX1: K* + 2 Xe =— K Xe* + Xe
GPDI1: K*+K+Xe =— K% + Xe
GPXI: Kt + 2 Xe =— K Xe' + Xe
GPDI: K'+K+Xe ==K, +Xe
40




TABLE III-1. List of Cross Sections, Rate Constants, Equilibrium
Constants, and Source References Used for Discharge
Pumped K-Xe/K, Modeling

Parameter Value Reference

Inelastic electron collision cross
sections: initial slope of cross
sections w. r.t. energy above
threshold

CPI 6 x 10715 cm?/ev 20

cpl 0:50x 10718 e fov 20

cPlI 5% 1078 crat eV Rough

estimate

Recombination coefficients:

Three-body RECP 2028ix 1072 (K] [Ne]® x Tel &7 e ™ goc™! 22 (Cesium)

Dissociative — (K Xe ') Rough
estimate
RECPX 3.3 x 10_5 x [K] x IXe*] x [Ne] « Te(-o'()” cm-3 sec.I
Dissociative — (K;)
RECPD 303 % 107" x |K$] x [Ne] x Tal0-00) = gec! Rough
estimate
Photoionization cross section:
CPHI 0.5x 10727 em?® 22
Electron elastic cross section:
CEL 5.5 x 10718 cm? 20
Heavy particle elastic
cross section:
CDIF P02 et Rough
estimate
Gas kinetic rates:
-32 -3 ~1
GPD 8 x 10 x [Xe) x [K] x [K*] cm™~ sec 2

Equilibrium constants:
KAEX
KXDI
KADI

-23

2.2x 10 x exp (0.074/Tg) cm?

1,8 % 10722 & exp/(0.56/Tg) em>

Z3

6.5 x 10723 x exp (0. 735/Tg) em’

24 (Rubidium)
2

4

Optical rates

All radiative rates, absorptive and stimulated emission cross sections, and their dependences on temperature

and density are taken from Section 1IA.

T1926




The radiative processes modeled are:

° AT: K* — K + hv (TRAPPED)
° AP: R* — K + hv

S AP: KXe* — KXe + hv

° AP: KZ'“ — KZ + hyv

Under the conditions we consider ([Xe] =1 x 1020 cm'3), the

gas kinetic rates dominate the electron collisional rates in controlling
the population of the molecular states. At the gas temperature to be
maintained, we therefore assume thermal equilibrium between the
molecular states and their dissociation products. As in the optical
pumping model, an exception is the A state of KZ’ for which radiative
losses are included since they can compete with the dissocation rate.
The average electron energy was computed by solving the elec-

tron energy equation:

J e E = E (INELASTIC COLLISION RATE (’I’e))i x Ei

1

disch

M

+ (ELASTIC COLLISION RATE) x 2 (m—?-)x Te
m

(III-1)

where J is the current density, Edisch is the discharge electric field,
Ei is the inelastic energy loss for the ith process, and Mm and Me are
the masses of the M species and electron, respectively., Resonance
level pumping was assumed to dominate the inelastic process contribut-
ing to the energy equation. For this reason and the fact that the
molecular association rates which pump the upper laser levels
dominate the loss of the resonance level population, the predicted

efficiency for converting discharge power to laser power is essentially
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the quantum efficiency of the transition which is lasing. A Maxwellian
energy distribution was assumed, which should be a fair approxima-
tion since the two-step alkali ionization processes dominate the single-
step alkali ionization under the operating conditions considered. Only
the latter process requires electrons with energies in the tail of the
distribution, where a large reduction of the number of electrons from
a Maxwellian distribution is known to occur. Excitation and ionization
of the rare gas is neglected entirely for this reason.

The electron collisional rate constants are expressed in a form
which results from assuming a linear rise of the cross section with

energy above threshold:

2 3/2 €
6 ¢ 10 do 2 o
R(Te) = ﬁ(e me) T de (m—e Te) exp(-eo/Te) (l +ﬁ-;-) ,
i (1II-2)

where €, is the threshold energy for the excitation of ionization
process, do/de €g 18 the rate of the cross-section rise with energy
above threshold, and m and e are, respectively, the electron mass
and change.

Also, in solving Eq. (III-1) we use an expression for the drift

velocity obtained from Ref. 25:

/2

1
(2 Te/MXe) ’ (III-3)

Varine *

where MXe is the mass of the xenon atoms.
The gas temperature is calculated by assuming that all of the

discharge power goes into gas heating and that heat is removed only by

thermal conduction to a wall (assumed cylindrical):




dT
G _
i & J e Edisch/(3/2 (M]) - (THERMAL CONDUCTIVITY)

2
4.8
x (DIAMETER) x (Tg - TwaLy! (111-4)

The discharge circuit response is governed by the familiar circuit

equations:
v i dI
Wh Vc(t) -Lxzf- RxI (III-5)
LB B R PR 1/cf1 at , (111-6)
where vdisch is the discharge voltage, Vc is the capacitor voltage,
vcharge is the initial charging voltage, I is the discharge current,

and R, L, and C are the series resistance, inductance, and storage

capacitance, respectively.

The optical gain of the system is calculated from the relationship,

exp(-V (M/Tg)
GAIN (\) = USTI.M, ex(x){[KXe>k] x ® A, Ex - 3f2c;

eq A, Ex

- 2 x [K] x [Xe] x exp =Y Ex(k)/TG)}

t osTIM, Di(M{[KZ*] X TR =15

eq A,Di

- 0.25 x [K]® x exp(-V,, Di(x)/TG)} (I11-7)
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7 2 _2 _ i
'sTMMEx = (Ag/2c) x M xRy x =

Di - Di

(III-8)

Di

where the notation follows that used in Section IIL A.

As shown by the computer code listing in the appendix, the
coupled rate equations governing all of the above processes are inte-
grated numerically using a time step chosen by the user and altered,
if desired, during the course of the computer run. The computer pro-

gram is written for the PDP10 computer.

B. Results and Discussions

The results of three computer runs of the above model are
presented in Figures III-1 through III-3. The series inductance, L,
and resistance, R, are assumed equal to zero in these runs.

The results presented in Figure III-1 are for an avalanche dis-
charge through a 10 atm potassium-xenon mixture at two different
temperatures. As in the optical pumping case, the lower temperature
result shows most of the gain occurring on the excimer band (8500 4& )s
and the higher temperature case shows the highest gain occurring on
the dimer band. In both cases the model predicts that a fairly high
E/N value of ~10~ 11

coefficients of ~1%/cm.

V/(cm- [K] cm'3) is required to give practical gain

The results in Figure III-1 are for an infinite storage capacitance,

and illustrate an important feature of the discharge kinetics. Unlike
the other popular class of discharge pumped excimer systems, the

rare gas monohalides, the alkali-rare-gas discharge appears in the
modeling to be stable against ionization instabilities. This is due to
two causes: first, to the fact that the discharge is recombination
stabilized rather than attachment stabilized; and second, to the fact that
the ground-state potassium population is depleted during the discharge,

which saturates the ionization.
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Figure III-1.

Theoretical modeling results for avalanche sustained
discharge pumping of the K-Xe/K, system. (a) Low
temperature results. (b) High temperature results,
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Figure III-3.

Theoretical modeling results for avalanche sus-
tained discharge pumping of K-Ar system under
conditions achieved in early discharge experiments.
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Results for a uv-sustained K-Xe discharge are presented in

Figure III-2. Here a comparable dimer gain coefficient is achieved at
half the discharge E/N value required for the 300°C avalanche dis-
charge case. Very high flashlamp brightness is required here and
results in an extremely low overall efficiency. Since the higher
efficiency avalanche discharge is predicted to be stable, there is no
apparent advantage in operating the discharge in this mode.

Finally, in Figure III-3 we present modeling results for a K-Ar
discharge with a finite storage capacitance at conditions near those
achieved in the early discharge experiments. The potassium density
is seen to be too low to yield a practical gain coefficient in this case.
The results from the model show approximately an order of magnitude
lower peak current density than was measured in the experiment at
this voltage and capacitance. We attribute this to too high a value

estimated for the dissociative recombination rates used in the model.

C. Experimental Program

The primary emphasis of the experimental part of this program
was directed toward achieving a diffuse discharge in potassium-argon
mixtures at high pressure. Discharge dimensions and configuration
were chosen to obtain experimental results which are directly applicable
to scaling considerations for high-power laser applications. Thus, the
discharge apparatus was designed around a transverse electrode
arrangement with the width-to-gap ratio equal to two and the length-to-
gap ratio equal to ten.

In addition to the design and fabrication of the electrode
apparatus, considerable attention was devoted to solving the '"aerosol"
problem encountered in our previous work. Experiments conducted in
a carefully controlled environment under a variety of experimental con-
ditions have demonstrated that '"aerosol-free' mixtures of potassium
and argon can be obtained at elevated temperatures and pressures pro-
vided temperature gradients are minimized and the potassium vapor is
evolved at low pressure. Some of our experiments indicate that the

former requirement is more important than the latter.
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During the latter part of this study, we achieved a diffuse
discharge in a potassium-argon mixture at high pressure (7 atm).
The details of these experiments will be discussed in the following
section, but it is noteworthy that this discharge has very good spatial
homogeneity, exhibits strong K-Ar excimer emission, and that no form

of auxiliary preionization was required. Potassium atom densities

used to date are high enough to provide significant optical gain; equi-
librium potassium vapor densities at temperatures up to 350°C have

been achieved.

| Discharge Apparatus

A major concern in the apparatus design was electrode
size and configuration. An electrode size of 2 x 13.5 cm with a gap
spacing of 1 cm was chosen initially because it is small enough to be
convenient but also large enough to give meaningful results in terms
of scaling the system for high-power laser applications, To allow
maximum flexibility in choice of discharge mode for optimum laser
operation, we included provisions in the apparatus for a high-intensity
flashlamp. This provides the option of discharge operation in a uv
preionized mode, a uv-sustained mode, or simply as an over-voltaged
avalanche discharge without preconditioning. A diagram of the first
version of this system is shown in Figure IlI-4. A pyrex pressure
vessel was selected to provide maximum viewing capabilit, of the dis-

charge. This design proved to be too difficult to fabricate, however,

so an alternate apparatus using a stainless-steel pressure vessel with
a pyrex liner for electrical isolation was designed and assembled.
This apparatus is illustrated in Figure III-5, which shows the elec-
trodes, re-entrant Brewster angle windows, and a large side window

for viewing the discharge along its entire length., This apparatus met

the high pressure (10 atm) and discharge viewing requirements, but
problems developed with the O-ring seals after several temperature
cycles between 25 and 350°C, Chemical reactions among several

components caused difficulties, and thermal gradients contributed to

aerosol formation.
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We revised that system by using metal vacuum flanges and

eliminating the pyrex liner. A photograph of this apparatus is shown
in Figure III-6. These modifications virtually eliminated chemical
corrosion problems and aerosol formation. Discharge viewing length
was compromised because of the limited maximum window size avail-
able with a metal seal; however, additional windows could be added
for better discharge viewing if required. It is with the revised device
that we observed spatially uniform discharges in a potassium-argon
mixture at 7 atm and 300°C.

The electrode profile which we have used to date is planar,
with the sides and ends contoured to the curvature of an ellipse. The
electrode is flat over a region ~1, 3 times the discharge gap and then
joins smoothly to an ellipse. In previous work,26 we found the electric
field between electrodes of this type to be uniform to better than 1%,
as determined by electrostatic potential plots using resistance paper.
This electrode profile is expected to be satisfactory (as judged by the
results obtained on this program) and advantageous for scaling to
larger sizes because of the simplicity of its shape. The major diffi-
culty with other electrode shapes, such as the Rogowskii profile, is
the extreme width which must be used if the central portion of the elec-
trode is made very planar to avoid constriction of the discharge
width,

2. Aerosol Studies and Optical Measurements of Potassium

We observed in some of our previous work with small-
scale apparatus (75 cm3) significant optical scattering losses in
potassium—rare-gas mixtures at high temperatures (300°C) and pres-
sures (10 atm). This was also found to be a problem with the large- ]

volume apparatus shown in Figure III-5. Quantitative optical trans-

mission measurements and qualitative side scattering observations
were conducted during this study with apparatus of the type shown
schematically in Figure III-7. Results of transmission measurements
with a broadband tungsten light source are illustrated in Figure III-8.

It is apparent from the data in Figure III-8 that a large optical loss -
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M11399

0

Figure III-5. Photograph of alkali—rare-gas high-pressure dis-~
charge apparatus, design 2.

M11595

Figure III-6. Photograph of alkali—rare-gas discharge appara-
tus, design 3.
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Figure III-8, Optical transmission data illustrating aerosol
formation in potassium-argon mixture.




occurs over a wide wavelength region (=400 A) under certain

experimental conditions. In addition to this transmission reduction

with time, strong side scattering from an He-Ne laser beam was also
observed. This experiment was conducted with the apparatus shown

in Figure III-5, Potassium was vaporized from a 0.6 x 15 cm stainless-
steel wick, located near the bottom of the housing, with an argon pres-
sure of 1 atm. Following these observations of aerosol formation in

the discharge apparatus, diagnostic experiments were conducted in
sealed-off pyrex vessels located in a uniform-temperature muffle
furnace, as shown in Figure III-9.

Optical transmission measurements with the broadband light
source over 400 A bandwidths centered at 7700 A and 6475 A at dif-
ferent pressures of argon were carried out; transmission and scatter-
ing measurements with an He-Ne laser beam were also performed.
The cell was filled with potassium and argon on a separate processing
apparatus, sealed off, and located in the furnace for optical measure-
ments. Quantitative correlations with equilibrium atomic potassium
and potassium dimer densities were observed over the temperature
range from 25 to 350°C and argon pressures from 0 to 2 atm; experi-
ments were not conducted at higher argon pressures in this apparatus.
A comparison between our measured values of potassium dimer
absorption coefficient and those of Lapp and Harris27 is shown in
Figure III-10. Combining their value of 20 .&Z for the absorption
cross section of K2 at 6465 A with our measured absorption coeffi-
cient of 0,098 cm=~1 at 325°C yields a potassium dimer density of

4.9 x 1013 cm"3, which compares very favorably with the density of

5.0 x 1013 cm-3 28

It is more difficult to deduce atomic densities of potassium from

calculated from equilibrium vapor pressure data.

optical absorption measurements at high temperatures and pressures
because of the complex optical broadening mechanisms involved; a well
documented growth curve for the integrated absorption under these
conditions has not been established. However, since we have obtained

good agreement between equilibrium values of potassium dimer
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Figure III- 10,

Potassium dimer., (a) Optical transmission and
(b) absorption coefficient. Solid curve is from
Reference 27, dashed curve is our measurement.
L =325°G: L: = IS e PAr = 2 atm.
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densities and our measurements, it is reasonable to infer that an
equilibrium between atomic and dimeric potassium is attained in our
apparatus. Thus, we have obtained atomic potassium densities from
measurements of dimeric potassium under conditions where the dimer
spectrum is pressure broadened into a continuum.

Aerosol formation was not observed during the experiments
conducted in this apparatus. This is illustrated by the optical trans-
mission data shown in Figure III-11, which was obtained under the
carefully controlled conditions described above. Note the dramatic con-
trast between this data and that shown previously in Figure III-8, We
conclude that equilibrium values of potassium vapor density can be
obtained in argon at temperatures up to 350°C and pressures up to
2 atm if the temperature of the apparatus is kept uniform. This is
considerably more difficult in the discharge system, unless elaborate
heating equipment is incorporated, because of the uneven heat capacity
of the internal parts of the discharge chamber. We infer that potassium
aerosols form when macroscopic-size volumes of saturated vapor
densities come in contact with cold spots inside the discharge chamber.
In the region around these cold spots, the saturated vapor density is
transformed to a super-saturated vapor through heat transfer to the
colder region. The super-saturated vapor is subsequently converted
to an equilibrium vapor by condensation into macroscopic particles of
liquid potassium. High pressures of inert gas in a large-diameter
chamber contribute to aerosol formation by increasing the diffusion
time of the alkali vapor and thereby preventing it from maintaining a
dynamic equilibrium with the coldest regions in the chamber.

With this hypothesis and our experience with the sealed-off
cells in the uniform oven, we postulated that aerosols could be elimi-
nated in the large discharge apparatus by slowly evolving the potassium
vapor in the absence of inert gas and then mixing pre-heated gas with
the alkali vapor after equilibrium vapor densities of the pure metal
vapor were obtained. Experiments were performed using this pro-

cedure by pre-heating argon to a temperature 50°C higher than the
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Figure III-11. Optical transmission through potassium-argon in a
15 cm sealed-off cell,




temperature of the discharge chamber. Uniform mixing was achieved 1
by admitting the gas into the potassium vapor through a perforated

stainless-steel sting. The results from these experiments are sum-
‘ ' marized by the optical transmission data in Figure III-12 (taken with
the apparatus shown in Figure III-4). No aerosol formation occurred
as indicated by this data and the complete absence of scattering from
the He-Ne laser beam indicates the absence of aerosol formations.

Thus, we arrived at an experimental procedure for obtaining

homogeneous mixtures of alkali vapors «nd rare gases at high tem-
peratures (300°C) and pressures (7 atm). These values of tempera-
ture and pressure are by no means expected to be upper limits; rather,
they reflect the range over which carefully controlled experiments
have been conducted in apparatus of the type necessary for alkali—
rare-gas excimer laser systems.

Optical transmission data taken with the apparatus shown in
Figure III-7 for two pressures of argon is given in Figure III-13 along
with calculations from our theoretical model. The agreement between
theoretical predictions and the experimental measurements is con- ]

sidered quite satisfactory and lends further support to the model.

3. Electrical Discharge Experiments

Electrical discharge measurements were carried out
after establishing an aerosol-free mixture of potassium vapor and
argon at 7 atm pressure. Using this argon density (9 x 1019 cm-3)
and an oven temperature of 300°C, several experiments were con-
ducted to evaluate both the electrical and optical characteristics of the
discharge. Qualitative visual observations of the discharge through the
1.5 cm side viewing window and through the end windows indicated that
a very uniform diffuse discharge over the entire electrode area was
obtained without using any discharge preconditioning. This is partially
illustrated by photographs of the discharge through the side window
shown in Figure III-14, The field of view of the camera used is con-

siderably smaller than the full discharge region and also smaller than .

61




PR N

TRANSMISSION ~—p

5197-5
¢
PAr -9 4
5197-6
Pa. =5.5psia
5197-7

‘Aml S O O T U U S | PA[ = 105 psia

5197-8

PAr = 15 psia

61979

PAr = 103 psia i

Figure III-12, Optical transmission through the discharge
apparatus; no acrosol formation indicated
(T = 300°C).
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the field of view of a person's eye located adjacent to the side window.
Two exposure levels are shown to verify the lack of small-scale
striations in the discharge. As far as can be ascertained, the dis-
charge is very uniform under the temperature and pressure operating
conditions used here (300°C, 7 atm argon).

Voltage and current characteristics of this pulsed discharge
operating without preionization are shown in Figures III-15 and III-16.
A negative voltage is applied across the electrodes with a thyratron
switching tube and a capacitor previously charged to a particular
voltage level. The current pulse develops after a delay time of a few
microseconds and has a time duration dictated by the self-inductance
and capacitance of the circuit rather than the plasma impedance. As
the applied voltage is increased, breakdown occurs at earlier times
and the peak current increases in proportion to the charge initially
stored on the capacitor. This variation in time between application
of the voltage and development of the current is not visible in Fig-
ures III-15 and III-16 because the complete time interval of the experi-
ment cannot always be displayed on the time scale chosen to fully
resolve the current pulses. Considerable power loading into the dis-
charge has been achieved (~10 kW/crn3) without an arc developing.
When the temperature is decreased by 25°C from the indicated tem-
perature of 300°C, arcing does occur approximately 50% of the time
and arcs were observed occasionally at voltages near 9 kV. A few
experiments were also carried out using a quartz flashlamp for pre-
ionization of the discharge. The results have not been examined in
detail, but it was noted that the time interval between discharge cur-
rent onset and voltage application decreased markedly (several micro-
seconds) as flashlamp intensity increased.

In addition to characterizing the electrical features of the dis-
charge, we have also conducted spectroscopic investigations of the
optical emission at wavelengths from 7400 Atol.l pm. An emission

spectrum in the wavelength region near the potassium-argon excimer

band is shown in Figure III-17(a). Self-absorption by ground-state
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4 Figure III-14. Photograph of potassium-argon discharge
as viewed through the 1.5 cm side win-
dow. Film exposure of (b) is 0.2 that

. of (a).
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Figure III-15,

Current-voltage waveform characteristics
v of potassium-argon transverse discharge.

Upper traces — voltage, lower traces —

current., Sensitivities: (a) 5 kV/cm,

20 A/em: (b) 5 kV/cm, 50 A/cm.
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Vo=5kV
C =0.01uF

5197-16
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Figure III-16.

Current voltage characteristics of
potassium-argon discharge. Upper traces -
voltage, lower traces — current. Sensi-
tivities: (a) 5 kV/cm, 50 A/cm: (b) 5 kV/
cm, 200 A/cm.
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Figure III-17,

Potassium-argon excimer emission. Sensitivity
of (b) is 2.5 times that of (a). Wavelength

scale — 100 A/cm. T = 300°C, P =7 atm;

0. 01 gF, 5.5 KV,
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potassium in the region between the electrodes and Brewster angle

windows is responsible for the two negative peaks at 7665 and 7669 A.
The length of this optical loss region would be reduced from the
present 5 cm to ~1 cm for an actual laser device. Another spectrum
is shown in Figure III-17(b) with an intensity scale 2.5 times more
sensitive than in Figure III-17(b), which demonstrates the large band-
width and spectral shape of the excimer emission. The emission peak
at 8085 A has not been specifically identified, but may have resulted
from impurities in the system. No discharge emission could be
detected at wavelengths greater than 8700 A° with the OMA detection
system, although strong potassium dimer emission is expected at
1.04 um. This is consistent with the sharp falloff of silicon detector
sensitivity in this spectral region; unfortunately, time did not permit
a further spectral investigation with a more sensitive detector.

An additional experimental observation on the discharge emis-
sion, shown in Figure III-18, indicates that the excimer emission in the
7700 A region closely follows the temporal behavior of the discharge
current pulse. Figure III-19, which qhows a comparison between
potassium-argon excimer emission and absorption, illustrates (along
with Figure III-17(b)) the extension of the long wavelength excimer
emission beyond the absorption region. It is in this spectral region
that the excimer emission is strong compared to absorption and,
consequently, where optical gain can be obtained.

Although the contract period ended before quantitative emission
studies could be properly carried out, we can make an estimate of the
potassium resonance level population produced in the discharge from
the data shown in Figure III-17. This emission was observed with the
optical end-on configuration shown in Figure III-7, which is adequate
for qualitative spectral data but is not optimum for obtaining quantita-
tive results concerning excited-state populations. However, it is
possible to make an estimate, and we have carried out an approximate
evaluation of the f:otassium resonance level population by using a

tungsten-iodine light source having a known spectral brightness. Thise

i I A e
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Figure III-18.

Temporal profiles of
potassium-argon excimer
emission (upper trace) and
discharge current (lower
trace),
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Figure III-19. Superposition of potassium-argon
excimer optical emission and trans-
mission spectra,
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standard source was placed in the same location as the discharge
electrodes shown in Figure III-7 so that the geometrical factors which
influence the light flux passing through the optical system would be the
same for both the standard source and the discharge emission.
Obviously, this measurement could have been carried out more
accurately by viewing the discharge and standard source from the side
through apertures of optimum size and position. Nevertheless, an
approximate evaluation of the data on hand at the time of contract
termination is given below.

The spectral brightness of the discharge emission at a particu-
lar wavelength is related to the brightness of the standard source and
the ratio of detector signals obtained from the two sources when they
are located in equivalent geometrical configurations. Care was taken
to fulfill this condition as completely as possible to provide the same
monochromator filling factor and solid angle subtended by the collec-
tion optics for the two sources. Because of the high aspect ratio of
the discharge and the end-on configuration employed, the results
obtained are expected to have an absolute accuracy only within an
order of magnitude.

The spectral brightness of the discharge emission is related
to the brightness of the standard source and the ratio of detector

signals obtained from the two sources by

(Ep(N/Tp(N) T5)

B_.(N) = Ba()N) v (III-9)
F S (ES(K)/TS(X) Ts)
where
Bs(x) = spectral brightness of standard source,
watts/cmé-sr-
EF()‘) = optical multichannel analyzer (OMA) out-

put signal obtained from the discharge
emission at wavelength, \




ES()‘) OMA signal obtained when the standard
lamp is placed in the same geometrical
configuration as the discharge (see

Figure III-7)

TS(X), TF(M transmission of neutral density filters
used with the standard source and dis-

charge emission, respectively

-
m

exposure time of OMA to the optical sig-
nals from the standard source and the
discharge emission, respectively.

S!

Once the spectral brightness of the discharge emission, BF()\), has
been determined, it can be used to estimate the fluorescence power,

PF(M, of the emitting species:
PF(')\) (watts/cm3-A°) ~ 4w BF(X)/L (III-10)

where L, the pathlength of the emission region, is assumed to be
optically thin. The concentration of emitting species is then related

to fluorescence power by the expression

3

N(cm™~) = PL(N) AngT_/hv ! (III-11)

where T, 18 the natural radiative lifetime of the emitting state
(reciprocal of the Einstein A coefficient) and ¢ is the quantum emission
yield from this state; ¢ is assumed to be unity.

In the case of excimer emission, many upper and lower states
can combine to produce radiation at a particular wavelength, so
1 (¥ 1/A) must be obtained from a summation over all the component
substates of the upper and lower electronic states. This was carried
out as described in Section IIL. A and Eq. (III-8), which gives relation-
ships between the cross section for excimer and dimer emission at a

particular wavelength, o-s(x), and the Einstein A coefficient for the

72




potassium resonance levels. This yields an expression for the
resonance level population, NR’ in terms of the measured spectral
brightness of the discharge emission:

5
)

NR(cm' = k X\ PF(X)/US(X) . (III-12)

For PF(X) in units of watts/cm3-;\, o‘s()\) in cmz, and \ in 1&,

k = 4.2 x 10722, Using the data shown in Figure III-17 and the

previous expressions, we obtain the values of 0. 034 watts/cmz-sr-.&,
0. 031 watts/cm3-;x, and 7 x 1013

brightness (A = 8220 A), fluorescence power (A = 8220 i), and

em™> for the discharge emission

resonance level population, respectively.

As shown in Figure II-3, the potassium excimer is not
expected to show positive gain under these conditions (T = 300°C).
However, the resonance level population deduced from the fluorescence
power at 8200 A can be combined with the stimulated emission coeffi-
cient, US(X) (calculated as described above), to yield a value for the

gain coefficient of the potassium dimer on the satellite band at 1. 04 pu:

g,(A\) = og(A) Np - By (M) . (I11-13)

Using the value of NR deduced above from emission measurements and
the calcuvlated values of 0.3 x 1016 om? and 0,1 x 10°2 em™! for the
stimulated emission cross section and absorption coefficient, respec-

tively, we find that

g (1.04 ) = 0.1%/cm . (I1I-14)

This value for the gain at 1. 04 p is highly encouraging since it is large
enough to support laser oscillation under attainable laboratory condi-

tions and because it was obtained under experimental conditions that
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are judged to be far from optimum. It is considerably lower than

predicted from our theoretical modeling efforts, but this may be due
to the experimental uncertainties discussed above. Additional experi-

mental and theoretical studies are obviously required to fully evaluate

} the potential of discharge pumped potassium excimer and dimer laser

systems.




v, CONCLUSIONS AND RECOMMENDA TIONS

We have shown theoretically that all of the A-X alkali-xenon
excimer and the A-X alkali dimer transitions are feasible, broadband,
high-efficiency average power laser transitions. Small-signal gain as
a function of wavelength was computed for all of the alkali-xenon and
alkali dimer transitions for flashlamp pumping; discharge character-
istics and small-signal gain at the peak of the excimer and dimer gain
band of the K-Xe and K-Ar systems were also computed for discharge
pumping.

A probe laser measurement of the stimulated emission coeffi-
cient on the K-Xe excimer band at 8220 A obtained with flashlamp
pumping is consistent with the theoretical modeling. In the discharge
experiments, a diffuse discharge through a potassium-argon mixture
was achieved at partial pressures and power loadings into the dis-
charge which, according to the modeling, are sufficient to reach
lasing theshold on both the excimer and dimer band with a 10 to 20 cm
gain path. Although time did not permit definitive experimental con-
firmation of the discharge pumped laser gain, there were no indica-
tions that the physics of the laser excitation and emission processes
are other than those considered in the theoretical studies. However,
the recombination rate assumed in the modeling did lead to a dis-
crepancy in the I-V characteristics between theory and experiment.

Because of the extensive effort required to develop methods and
techniques for handling alkali metals at high temperatures and for
suppressing aerosol formation at high pressures, it was not possible
to spend sufficient time during this contract period on optimizing the
discharge pumping technique. This technique was successfully
developed and demonstrated during the last few months of the contract
period. However, the experimental results which were obtained are
highly encouraging and indicate that the potassium—rare-gas excimer/

dimer discharge pumped laser system is worth further study.
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In view of the scalability and efficiency predicted for discharge

charge in a transverse configuration, it is recommended that this
relatively simple pumping technique be given highest priority in

!
’ pumping and the experimental demonstration of a uniform glow dis-
1 furthering the feasibility demonstration of a high-energy alkali

excimer/dimer laser system.




6 {F ALKALI SOURCE STUDIES

An important consideration in developing alkali—rare-gas
lasers is choosing an optimal technique for evolving the alkali vapor
into the active column 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 about each 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 to avoid loading 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 small amount of alkali released (on the order of a milli-
gram) was inadequate to achieve equilibrium alkali vapor pressure

within the tube volume.

B. Heat Pipe Oven Techniques

The heat pipe oven techniques are at the opposite extreme from
the chromate pellet source. In this method, 20 to 50 g of alkali must
be loaded into the heat pipe oven to thoroughly wet the wick. Heat
pipe oven alkali sources are described adequately in the literaturezg’ o
and their theory of operation will not be repeated here. There are
three primary reasons that heat pipe ovens were not used in the present
program. First, it is necessary to use a large amount of alkali; this

is incompatible with the ""breadboard' type of experimentation
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appropriate to this phase of the program, which requires numerous
disassemblies of the laser tubes. Second, it is necessary in the con-
ventional heat pipe configuration to radially surround the active
volume with a wick; this is incompatible with transverse optical pump-
ing. Third, there is the problem of the aerosol cloud which forms in
the end region of the heat pipe when it is used at the high rare-gas

pressures required for our experiments.

Ce Alkali Metal Deposition along the Tube Wwall

Alkali metal deposited along the tube wall was the technique
used throughout most of the optical pumping program. A sealed-off
ampoule of alkali metal was glassed onto the tube; the metal was
released into the tube in a sealed-off condition by magnetically breaking
off the ampoule tip. There is at least one important problem associated
with using 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 uni-
formly enough along the remainder of the tube wall to ensure equilibrium
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

conditions are obtained in this case.

D. Side Arm Evaporation

The technique used most commonly in the spectroscopy of
alkali vapors is simply to evaporate the alkali in a vacuum from a
side arm ampoule into the cell, thoroughly coating the cell walls with
metallic alkali (except for the windows, on which condensation is

avoided by keeping the windows at a slightly higher temperature).
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This ensures attaining equilibrium vapor pressure when the cell is
subsequently heated. This technique was used in discharge experi-

ments where the tube walls do not have to have a high transparency.

E. Carrier Gas Transport of the Alkali

Ultimately, for high average power operation of an alkali—
rare-gas laser, one will likely have to go to a flowing mixture. There
are many years of magneto-hydrodynamic technology behind tech-
niques for flowing alkali—rare-gas mixtures through a discharge which
can be brought to bear on the problem at this stage. These techniques

31,32

are well covered in the literature and need not be reproduced

here.
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APPENDIX

COMPUTER PROGRAMS

Three computer programs are described in this appendix.

Program OPUMPD computes the small-signal gain versus wavelength
for broadband optical pumping of the é,lkali—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 computes the optical pumping rate and stimulated emission and
absorption coefficients versus wavelength for the dimer band from

input conditions specified by OPUMPD.

Program KXECP takes as input the rare gas density, the oven
temperature, the uv flux, and the voltage and capacitance of the dis-
charge circuit and computes from the discharge model the discharge
field; current density; electron density; alkali ion, excimer level,
dimer level, alkali ground-state, and alkali resonance level concen-
trations; electron temperature; and the net gain and absorption coeffi-
cients at the peak of the excimer and dimer bands. These are all
computed as a function of time. It can be interfaced with OPUMPD and
DIMER if a gain versus wavelength output is desired for discharge
pumping.

The flow diagrams (Figures A-1 through A-3) and listings for
the programs are presented on the following pages. The OPUMPD and
DIMER programs are written for the Honeywell G 635 time-sharing
computer, and the KXECP program is written for the PDP10 computer.
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5773-2

INPUT DATA

5

COMPUTE EXCIMER BAND FREQUENCY

INTERVALS vs INTERNUCLEAR SEPARATION

(dv/dR)

COMPUTE EXCIMER BAND STIMULATED
EMISSION AND ABSORPTION COEFFICIENTS
vs INTERNUCLEAR SEPARATION

COMPUTE EFFECTIVE EXCIMER LEVEL
RADIATIVE DECAY RATE

COMPUTE OPTICAL PUMPING INTO
EXCIMER BAND

SUBROUTINE
DIMER

CALL DIMER

COMPUTE EXCIMER AND DIMER BAND
STIMULATED EMISSION AND ABSORPTION
CROSS SECTION vs WAVELENGTH

COMPUTE EXCIMER AND
DIMER A STATE CONCENTRATION

COMPUTE NET GAIN vs WAVELENGTH
ON EXCIMER AND DIMER BANDS

Figure A-1. Program OPUMPD.
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6773-3

INPUT DATA

COMPUTER DIMER BAND
FREQUENCY INTERVALS
vs
INTERNUCLEAR SEPARATION
(dv/dR)

COMPUTER DIMER BAND
STIMULATED EMISSION
AND ABSORPTION CROSS
SECTION vs INTERNUCLEAR
SEPARATION

COMPUTE OPTICAL PUMPING
RATE ON THE DIMER BAND

COMPUTE DIMER BAND

STIMULATED EMISSION
AND ABSORPTION CROSS
SECTION vs WAVELENGTH

Figure A-2,
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5773-4

INPUT DATA

v }
START TIME STEP

i A
TIME EVOLVE CIRCUIT PARAMETERS

: l SUBROUTINE SOLN ﬂ

SOLVE FOR ELECTRON TEMPERATURE

!

b | COMPUTE PLASMA RATE CONSTANTS

!

COMPUTE GAS KINETIC RATE CONSTANTS

!

COMPUTE DIFFUSION RATES

|

TIME EVOLVE RATE EQUATIONS

4

TIME EVOLVE GAS TEMPERATURE
COMPUTE GAINS AND ABSORPTION COEFFICIENT

i I

1 OUTPUT

Figure A-3. Program KXECP.
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5C PROGRAM OPUMPD = COMPUTES SMALL SIGNAL GAIN VS WAVELENGTH FOR ALKALI
?C XENON EXCIMER/DIMER SYSTEAS. REQUIRE> SUBROUTIKE “DIMERY,
€
1O DIMENSIOI K(200) 40U (200) 4L (200) (LET(200),
208 Dn{20U) ,RriWU(200) y ALFH(200) 4H5(200) ,
308 LAMDA(30),ALPhA(30),BETA(30) ,GAIN(30),
328 nPU(27) iPL(27) JALEAD(30) JBETAD(30)
4» DIMENSION BETT(200)
47 DIMERSION AT(200)
50 REAL LAMDA
52 KREAL KEs3 ReAL KD# REAL WEXs WeAL NDI
23 REAL Nk3REAL KiOsrEAL KDOSREAL Mu
55C
60C DATA rOR K=XE
6 GU=43GL=4iGR=6
64 GRD=1<35 GU=1
70 nRkR=12.935=3
le R()=30-
/5 RZERO=5,
30 VF=1170
90 rF0O=Y.3tE3
100 NUM=6
101 DEL=0.5/rLOAT(U4)
102 NB=20%NU.A
103 IiBM=NKB-1
105 DWR=.001E37/rLOAT (nUid)
110 AU=36.YE6
120 SA=B.4vE4
130 SB=7.183
134 Mw=3v.1
136 DA=b¥30
138 RE=B.2E=3¢
139 RD=5.E-30
140 DATA wPU/Z164230134 130766123 412e¥07E3,1ce763E3,12.756E3,12.788k3,12.825E3,
1208 d2.¢058k3,12.886c3,12.908k34124926E3,12.93053,1¢.951E3,12.958E3,12.963E3,
1606 12.966E3412.967E3,12.Y07TE3412e968E3,12.9710E3,12.971E3,12.973E3,12.974E3,
1708 12.970E3,12.971E3,12.918E3,12.v19E3/
205 KDO=6.5E=-23
210 DATA wPL/De431E3,2.233E3,).053E3,0,554F3,0.,306E3,0.158E3,0.066E3,0.009E3,
2208 =¢022E3,-e037t34~e042E3,-e042E3,-.033E34=e033E3,=¢028E3,~.023E3,-.019E3,
2308 =.016E3,-.0)3E3,~.UI0E3,-.006E3,-,007E3,=,006F3,=.005E3,~.,004E3,-.003E3,
2404 -.003E3/
245C
250C ENERGY vs R IiWIERPOLATION
271 I=i
212 DO 920 J=1,iB
273 RUGD) =nPUCT)+ (WPUCTI+1) =nPUCT)) *(J=NUM* (I=~1))/KNUM
274 WL (J)=WPLCI)+ (WPL(I+1)=wPL(I))*(J=NUM*(I=~1))/NUM
215 THF(J=hNUM*(]=])=hUM) 520,519,519
216 19 I=1+1
277 520 CONTINUE
218C
279C COMPUTE R(I)
261 DO 2 I=1,ikB
290 R(I)=RZERO+FLOAT (1 )*DEL
300 2 CONTINUE
304C
305C INPUT READ IN
310 PRINTs“ENTER RG"
3¢0 READt RG
330 PRINTS“ENTER TGO (DEG C)®
340 READs TGO
350 ALK=22,7E16%(2173/(273+[G0)) *1 O**x(SK=,052*SA/(TGO+<73))
360 PRINTs"ALK=",ALK
370 PRINTSVYENTER W (WATTS/(CM**2*MICRON) "
360 READ: W
385 PRINTS
390 X=1.
391C
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392C COLVERT w TO PHOTOWSZ (CM**2%xS5ECH (Cit) k%=1 )

400 F=i/ (1 s6E=19%1,55) %1 E-4

404C

405C CONVERT TGO TO eV

410 TG=(TGO+2/3)*(1/).16E4)

411C

412C COMPUTE RESONANCE LIif: ABSORBTIOw COFFICIENT

420 KD=KDO*EAF(DA*1.24E-4/1G)

430 BETR=ALK*AU/ (8*3, 1 d*xnR**x2%[[10)

4314 *GU/GL

438C

439¢ COMPUTE FREQUEKCY INTERVALS

442 DO 10 I=1,NB#

440 n=1

450 31 Dn(D)=(UCI+K) =wL(I+K)=C(nd (1) =nL (1 )))/ZFLOAT (K)

460 Ir (FLOAT(K)*ABS(DW (L) )=DiR) 36,435,355

462 36 N=K+|

464 IF (I+K=wni3) 37,371,306

466 37 GO 10 31

470 38 Dw(l)=DEL*(nR=(nU (D) =nL(1)))/(KO=-K(I))

480 35 CONTIWJE

487¢C

488C COMpULE STIMULALED EMISSIOI rACTOR VS k

4¥0 ALPH(I)=Ue5*AURK (] ) **2*RGK (0 D3E=8) %% 3/ (WU (I ) =il (1)) **2
2008 *EXP( Git=wJ([)) %1 24E=4/7TG) xDEL* 1 /3510 /ABS (i 1))
201& *GU/GR

»07C

508C COMPUTE ABSORBTIOI COEFr VS R

D10 BET(I)=(0eO*AU*R () *%2*RO* (0 H3E=8) **3*ALK/ (AU (I =WLCT)) *%2)*EXP(=WL(])
2208 *1 e 24E=4/TG) *DEL*(1/3EV0)/A35(0n(]))

b2 18 *GU/GL

930 IF(BET(1)-BETR) 38,9,9

540 9 BET(I)=BETR

242 8 CONTINUE

544 IF (BET(I)*X=3,) 130,130,413i

546 130 AT(I)=AU 3 GO TO 10

548 131 AT(I)=AUX1 .6/ (BET(I)*X*x (3. I4*ALOG(BET(I) %#X) ) %% ,5)
550 10 CONTINUE

560 DO 60 I=1,hkB

%62 IF (BET(I)*X=~0.1) 41,42,42

264 41 BETI(I)=BET(I) % GO TO 60

570 42 DO 50 J=1 ,NBM

580 IF (WUCI)=WL(I)~(wU(J)=NL(J)+ABS(DH(J))I/2.)) Dl451,450
5¥0 51 Ir (WUCD) =WL(I)=(WUCI)=nL (J)=ABS(Du(J))/2.)) 50,92 ,52
600 52 BETT(I)=BETT(I)+RET (J)

620 50 CONTINUE

625 60 CONTINUE

628C

629C COMPUTE TRAPPED RADIATIVE RATE

631 FH=0U.$AAV=0.

632 DO 13 I=1,NBY

633 FR=FR+(GU/GR)*1256%R (I ) **2*RG* (o 53F=8) **3*DEL*EXP ((WR=NU (1)) *i.24E-4/TG)
634 AAV=AAV+ (GU/GR) *1c oD6%K(] ) *%2*RG* (,H3E=8) **3*xDEL*EXP CIWNR=WUC)) %1 .24E~-4
6358 /TG)*AT(1)

636 IF (FR=1.) 13,620,620

637 620 GO TO 622

638 13 CONTINUE

639 622 PRINTs"FR=" ,FR$PRINTS"AT(NBM)/AU=" AT (NBM)ZAUS PRINT2" AAV/AU=%  , AAV/AU
6400

90




641C COMPUTE OPTICAL PUMPING RATES
643 ROPT=0
644 RSE=0

650 DO 15 I=1,NBM

652 RS(I)=F*ALPH(I)*ABS(DN (] )) *EXP(=BETT(I)*X)

654 RSE=RSE+RS(1)

660 RNUCI)=F*3ETC(I)*ABS(DWCT) )*EXP(=BETT (1) *X)

670 ROPT =ROPI+RNUCI)

680 15 CONTINUE

690 PRINTSWROPT=" ,ROPT

6Y1 PRINTSWRSE=" ,RSE

692C

693C COMPUTE OPTICAL PUMPING BANDWIDTH

{00 RMAX=0.

110 DO 72 I=1,NBi

2GRV CRRINET# DAY S Oy Ty 3

/30 73 RMAX=RihU(I+])

740 71 CONRTIWUE

/50 72 CONTINUE

160 DO 77 I=1,NB

770 IF (RRWUCI)=RHMAK/2.T7<¢) 16,71,18

780 78 M=1 § GO 10 79

IvO 76 CONTINUE

800 77 CONTInUE

ol0 79 DO 8¢ [=M,iB

820 Ir (KNU(1)-RMAX/Z2./2) 80,81,0¢

830 80 nN=I1% GO TO B3

840 81 CONTINUE

850 82 CONTIWUE

860 83 CONTINUE

890 PRINTSWLAMDA(M)=" 1./ (nUCM)=aL(M))

891 PRINTS"LAMDAC(I) =", 1/ (nU(N)=A4L(Iv))

y09C

910C COMPUTE STI#. EAISS. COEF. FACTOK & ABSORBTION COEFICIENT VS WAVELENGTH
920 DO 20 I=1,25

930 ALPHA(I)=0. $B8ETA(I)=0.

940 FREQ=FO+DF*FLOAT(1-1)

950 LAMDA(I)=1/FREQ

960 DO 91 J=1,NBM

970 IF (FREQ-(WU(J)=dL (J)+ABS(DH(J)/2.))) 90,90,91
980 90 Ir (FREQ=(nWU(J)=WL(J)=ABS(DW(J)/2.))) 91,92,92
Y90 92 BETACI)=BETA(I)+BET(J)

1000 ALPHACTI)=ALPHA(I)+ALPh(J)

1010 91 Continue

1020 20 CONTINUE

1030 CALL DIWMER(RG4TGO 4riyDF 40y ALPHD BETAD,ROPTD,RSD)
126< NR=(ROP[+ROPTD* () =(AU+RSD)/ (AU+RSD+RD*RG/KD)))/
1263& (AAV#+RSE+(AU+RSD)*RD*RG*ALK/ (AU+RSD+RD*RG/KD))
1265 NDI=(ROPTD+RD*¥RG*ALK*NR)/ (AU+RD*RG/KD+RSD)

1267 PRINTs"nDI=",NDI

1268 PRINTs"[vk="  NR

1270 PRINT 6

I;BUCO FORMAT (2X,5HLAMDA, |1 6X,4HGAIN, 12X ,4HBETA)
1281

1282C COMPUTE NET GAIN AND ABSORBTION COEFICIENTS VS WAVELENGTH
1290 DO 21 I=1,25

1300 GAINCI)=(ALPHA(I)*NR+ALPHD(I)*NDI)=(BETA(I)+BETAD(I1))
1310 PRINT 7, LAMDACI) 4GAINCI) ,BETACI)+BETADC(I)

1320 7 FORMAT (1X,E13.6,6X,E10.3,6X,E10.3)

1340 21 CONTINUE

1350 STOP

1360 END

ready

*
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LIST

1C SUBROUTIwnz DIMER = COMPUTES OPTICAL PUSPING KATE, STIMULATED EMISSION
2C FACTOR, AND ABSORBTIOuW COEF. VS wAVELENGTi OR ALKALI DIMEK MOLECULE
3C FROM INPUT COUDITIONS rROM OPUMPD PROGRAM

4C

5 SUBROUTINE DIMEK (RG,TGO 4¥4DF4F0,ALFHDBETAD,ROPTD4RSD) !
10 DIMENSTON H(200) ,.4U(200) ,nl.(200),8ET(200),

208 Dv(200) (RivU(200) , ALPI1(200) (k5(200) ,

308 LAMDA (30) ,ALPHD(30) (8ETAD(3D),

328 WPU(20) 4 nPL(20)

50 REAL LAMDA

57 REAL KDi REAL KDO

SyC

60C DATA FOR K=Xt

62 GU=1.3GL=1.3GR=12,i0G=4,

10 nK=14Y0BDES

72 RO=30.

75 RZERO=6.

100 NUM=10

101 DEL=Q. 7o/ LOAT Gildt)

102 NB=1Y*ilUi4

103 NBM=Nb-!

105 DiR=1.E-3

110 AU=36.9E6

120 SA=8.49E4

3 130 SB=7.183

i 139 RD=8E-30

150 WA=69.1

160 WX=92.6

170 MU=19.4838

180 DA=)7530-11600

1¥0 DX=45l106

200 UAO=11600-4516

205 KDO=6.5t=¢3

210 UX0==4516

220 REA=5S.1E-3

230 REX=3.92E~8

240 BA=|.2ZET*WAXSQRT(MUZDA)

250 BX=1te22E7*WX*S5QRT (MUZDX)

278C

279C COMPUTF R(I) AND MORSE POTENTIALS

281 DO 2 I=1,uB

290 R(I)=KRZERO+IFLOATC(I)*DEL

3 292 NU(I)=DA*(|.,-EXP(=BA*(R(])*.23E~8=REA))) **2+UA()
294 AL (1)=DX*(1.=EXP(=BX*(R([)*.93E~8=REX))) **x2+UX()
300 2 CONTINUE

304C

305C INPUT READ IN

350 ALK=2.,7E16%(273/(273+1G0)) ) *)0%*x(SB=,052%*SA/ (TGO+273))

390 X=1.

391C
; 392C CONVERT w TO PHOTONS/ (CM*%*2 *SEC* (CM) %=1 )
1 400 F=i/(1.6E=19%1,55)%| E=4
g 404C

405C CONVERT TGO TO EV

410 TG=(TGO+273)*( i/ 1. 16E4)

411C

i 412C COMPUTE RESONANCE LINE ABSORBTION COERICIENT
420 KD=KDO*EXP (DA*) ,24E-4/TG)

430 BETR=ALK*AU/ (8%3, | 4%iiIR*%2%|E10)

4318 *GU/GL

| 438C




Py il “ = S £l P i

439C COMPUTE FREQUENCY INTERVALS

442 DO 10 I=1,NBM

445 K=1

| J 450 31 DW(D)=(WU(I+K)=al (I+K)~(WUCI)=nL(I)))/FLOAT (K)
460 IF (FLOAT(K)*ABS(DW(I))=DWR) 36,35,35
462 36 K=K+|

.‘ 464 1+ (I+K-HNB) 37,37,38

{

|

|

‘

]

e

¢ 466 37 GO TO 31
470 33 Dw(I)=DEL*(hi=(iUCI)=dL(1)))/(RO=-RCI))
480 35 CONTIWUE
487C
488C COMPUTE STIMULACED EMISSION FACTOR VS R
_ 490 ALPH(I)=0.5%AU*R (1) %% 2% (1 /KD)* (05 3E=8) %%3/ (WU (1) =HL (I )) %2
i 500& *EXF ((WR=WUCI))*1 ,245-4/TG)*DEL*( 1/3E10)/ABS(Dy( 1))
505& *GU/GR
207C
S08C COMPUTE ABSORBTION COEF VS R
k| 510 BET(I)=(0.5*AU*R( ) %*2*ALK*( D, 53E=8) **3*ALK/ (nU (1) =L (1)) %*2) *EXP(=4L (1)
| 5208 *1.24E=4/TG)*DEL*(1/3E10)/AS5(DM(I))
5218 *GU/GG
! 530 IF (BET(D) =BETR) 10,¥,9
’ 540 9 BEI(I)=BETR
] 220 10 CONTINUE
| 631C
632C COMPUTE OPTICAL PUMPING KAT&S
640 ROPT=0.
P 642 RSD=0
650 DO 15 I=1,LBM
1 692 RS(1)=r*ALPii( 1)*ABS(DACT) ) *EAP (=BET (1) *X)
| 694 RSD=RSL+RS (1)
660 RUCI)=F*BET (1) *ABS (D0 (1)) *EAr (=BET (1) *X)
070 ROPT =ROPT+RiU(I)
630 15 CONTIWUE
6¥0 PRIWT3"ROPTD=Y ,ROFT
6% PRINTS"RSD=", RSD
692C
693C COMPUTE OPTICAL PUMFING BAKL«IUTH
700 RMAX=0.
710 DO 72 I=1,NBM
(20 TF (RNUCI#1)-RMAK) (1,472,713
730 73 RMAX=RNU(I+1)
740 71 CONTIWUE
750 72 CONTINUE
760 DO 77 I=1,NB
710 IF (RNUCI)=RMAX/Z2.72) 16,77,18
780 78 M=I % GO TO 79
790 76 CONTINUE
800 77 CONTINUE
810 79 DO 82 =M, B
820 IF (RNUCI)=RMAX/2.72) 80,81,82
830 80 N=I3 GO TO 83
840 81 CONTINUE
850 82 CONTINUF
860 83 CONTINUE
890 PRINT$"LAMDA (MD) =", 1./ (WU (M) =NL(M))
891 PRINTS"LAMDA (ND)=", 1./ (WU(N)=AL(N))
909¢C
910C COMPUTE STIM. EMISS. COEF. FACTOR & ABSORBTION COEFICIENT VS WAVELENGTH
920 DO 20 I=1,25
930 ALPHD(1)=0.$BETAD(1)=0.
v40 FREQ=FO+DF*FLOAT (I=1)
¥50 LAMDA(I)=1/FREQ
960 DO 91 J=1,NBM
» 970 IF (FREQ=(WU(J)=dL (J)+ABS(DK(J)/2.))) 90,90,91
980 YO IF (FREQ=(WU(J)=iL(J)=ABS(DN(J)/2.))) 91,92,92
990 92 BETAD(I)=8ETAD(I)+BET(J)
1000 ALPHD(1)=ALPHD(I)+ALPH(J)
1010 91 CONTILUE
¥ 1020 20 CONTIWUE
1030 ROPTD=ROPT
1040 RETURN
1050 END
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C KXECP = PULSED K-XE LASER
REAL MASE , MASXE sMASM M1 4M2,MI K K3X,K5X,K41 ,NEN,NE d
REAL LAMDE,LAMDD,KAEX,KADI KXEX,KXDI
REAL NEP
REAL J
REAL LENGTH
REAL KPLUS,KNT,KEL
' REAL L
4 EXTERNAL FUNC
COMMON/STOR/XE,PO,CPI ,CXI,NE,NEP,L,A,R,DT,E,
+ EPI1,EX1,CEL,MASE MASXE ,V,LENGTH,P1,CPI1,CPI EPI
COMMON/STE/TE
C CONSTANT DATA (DATA IS FOR K=XE)
MASE=0.5E63% E=1.6E=-193 MASXE=131%1840%.5E6
R=0
C=2.7E-9
| D=1
i A=27
LAMDE=.85E-4
LAMDD=1,.04E-4
AP=3.69E7
REX=3.7E-8
RDI=5.4E-8
4 RDIE=4. 4E"8
| DRDFE=.53E-8/(579)
& DRDFD=1E-8/(.04E4)
DRDFDE=.4E-8/(1.,388E3)
VEA=-,079
VEX=.062
VDX==.262
EP' =].,6 |
EPI=4.34
i EPX1=1.46
: EPDI=1,46
EPDI=4.19
CP1=6E-15
CPI=.5E~16
CP11I=5E~16
CPHI=.05E-18
CEL=5.5E=-16 %
CDIF=I1E~15
SA=8.49E435B=7.13
LENGTH= | . )
K=160E19

g
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AX2=4E73AP=3.69E73AXEDI=4E7
CSTME=AP/2*L AMDE *#*2 *RE X % 2%*DRDFE
CSTMD=AP/2*L AMDD**2*RD] ** 2xDRDFD
CSTMDE=AP/2*LAMDE *#*2%*RD Ex* 2%DRDF DE

C INITIAL CONDITIONS
WRITE(S5, 50)
50 PORMAT(ZX 2HXE,2X,2HTG,2X, IHW,2X, I1HV,2X, IHC,2X,2HDT, 2X,6HIPRINT,
+2X,4HTMAX, 2X, 5HDELAY)
ACCEPT* XE Tb WyV,C,DT, IPRINT,TMAX,DELAY
PO=2.7E!6*(273/(273+TG))*lO**(SB—.OSZ*SA/(TG+273))
TG=(TG+273)*(1/1.16E4)
TGO=TG
F=W/(1.6E=19%EPI)*(1.24/EPI-.2)
KXDI=1.8E=22*%EXP(.56/TG)
KXEX=2.2E=23*%EXP(=-.05/TG)
PX=KAEX*PO*XE
PD=KXDI*P0O%**2
PX=KXEX*PO*XE
PI=F*CPHI*POXDELAY
P'='O.*PI
AT=AP*1 .6/(3.3E=15%P0%*D)
IFCAT=AP) 18,17,17
17 AT=AP
18 CONTINUE
NRITE(S5, 82) PO,PD,PI
82 FORMAT(2X,7P0=’,E10.3,5X,’PD=’,E10.3,5X,’PI=7,E10.3)
WRITE(5, 80)
80 FORMAT(4X,4HTIME ,6X 45HVDISC,5X,1HJ,9X,2HNE,8X,2HPI,
+8X,3HPX1,7X,3HPDI)
WRITE(5, 35)
85 FORMAT(7X,1HP,9X,2HP1,8X,5HGAINE ,5X,5HGAIND,5X,5HBETAE,5X,5HBETAD,
+5X, 2HTE)
C T1HE STEP
20 ISTEP=ISTEP+I
T=T+DT
IF(T=-TMAX) 21,21,22
21 CONTINUE
C CIRCUIT RESPONSE
P=PO=(P1+PI1)
NE=PI
V=V=DTxJ*A/C
IERR=03 IND=13EPS=0.01
TE=SOL.(IND,FUNC,.1,5.,EPS, IERR)
IFCIERR) 142,1
I WRITE(5,%) [ERR3sGO TO 30
STOP
2 COUTINUE




C KATE CONSTANTS - ELCTRONIC

VD=SQRT (2*TE/MASXE)*3E10

J=NE*E*VD
VDISC=V-R*J*A~L*AXE*VD*(NE-NEP) /DT
NEP=NE

RC=6.38E7*(SQRT(2%TE)) **3
RPI=RC*EXP(=EPI/TE)*(I+EPI/(2*TE) ) *(NE*CP 1) %P
RPIB=RP1/P*EXP(EPI/TE)*P1*,.33
RPI=RFN(EPI)*(NE*CPI)*P
RP1I=RFN(EPI-EP1)*(NEXCPI1I)*P]
RECP=PI %2, 28E~20*NEXTEx*(=4,39) *NE
RECPX=3.3E-5*TE*x*x(~-,67) *PXI *NE
RECPD=3 .3E-5*TE**(-.67) *xPDI*NE

C RATE CONSTANTS - GAS KINETIC

SQRTG=SQKT(TG)
KAEX=2,2E~23*EXP(.074/TG)
KADI=6.5E=23*EXP (. 735/TG)
KXEX=2.2E~23*%EXP(-.05/TG)
KXDI=1.8E=-22*EXP(.56/TG)
GPX=XE*8E~32*XE*P|
GPXB=XE*8E-32/KAEX
GPD=P*( XE*BE-30%P1)
GPDB=(XE*3E-30) /KADI
GPXI=(XE*8E-32%XE)*P]
GPXIB=(XE*8E-=32%PXI)/KAEX
OPDI=(XE*3E-30*P)*P[
GPDIB=(XE*3E-30%PDI)/KADI

C DIFFUSION RATES

KPLUS=2E3*(3E16/(XE))*SQRT(.03/TG)
KEL=VD/(VDISC/LENGTH)
DXE=SORT(2*TG/MASXE ) *3E10/(3*(XE)*CDIF) *(4.8/D) %%2
DAPOS=KPLUS*TE*(4.8/D) **2

DP=DXE*1.8

C RATe EQUATIONS

v
8

C UAS

P1=P1+DT*(RP 1 +RECP+RizCP X+RECPD=RP I 5=AP+(PX14PD1)~DP*P1)

IF (P1/P=3%EXP(=EPI/TE)) 8,9,9

PI=F*3%EXP(-LPI/TE)

CONTINUE

PX=KXEX*pP*Xt

PD=KXDI %P **2

PI=PI+DT*(RPI4RP | I+RP2I+GPN*P+P*CPHI*F-RECP-rECP X-RECPD=DAPOS*PI)
PX1=GPX/ (GPXB+AP)

PXI=KAEX*PI*XE

PD1=GPD/(GPDB+AP)

PDI=KADI*P*P]

TEMFERATURE

TC=TG+DT* (NE*VD*VDISC/LENGTH=(4,8/D) #%2*K*(TG-TGO) ) %2/ (3*XE)




C UAI

C uuT

30

90

95
3

22
200

42
250

41

N

BETAE=CSTME* 2*P* XE*EXP(=VEX/TG)/3E10+CSTMDE*P* % 2%E XP (-VDXE/

+TG)*.25/3E10
BETAD=CSTMD*P**2xEXP(-VDX/TG)*, 25/3E10

GAINE=CSTME*(PX1*EXP(=VEA/TG)/ (KAEX*1.5) =2 %P *XE*EXP(-VEX/TG))/3E10

+=CSTMDE* (P *x*x2*EXP(~VDXE/TG)*.25)/3EI10

GAIND=CSTMD*(PDI*EXP(=VDA/TG)/(KADI*12) ~P#**2*EXP (=VDX/TG)*.25)

+/3E10
PUT

IFCISTEP/ZIPRINT-FLOATC(ISTEP) /FLOAT(IPRINT)) 31,30,31

CONTINUE

WRITE(L,*) TG

HRITE(5,90) T,VDISC.J,NE,PI,PX1,PDI
FORMAT(7(E10.2))

WRITE(S5, 95) P,P1,GAINE,GAIND,BETAE,BETAD,TE
FORMAT(3X,7(E10.2))

CONTINUE

GO TO 20

WRITE(5, 200)

FORMAT(2X, 19H>0, GO ON---<0, END)

ACCEPT*,Z

IF(Z ) 41,41,42

WRITE(S5, 250)

FORMAT(2X,28HNEWN VALUESs DT, TMAX, IPRINT, F)
ACCEPT*,DT,TiAAX, IPRINT,F

ISTEP=0

GO TO 20

STOP

EdD

FUNCTION FUNC(TE)

REAL NE,MASE MASXE,LENGTH,NEP,L
COMMON/STOR/XE4PO4CP1,CX1,NE,NEP,L4A,R,DT,E,

+ EPI4EX1,CEL MASE MASXE ,V,LENGTH,P!,CP11,CPI EPI
VD=SORT(2*TE/MASXE)*3E10
RC=6.38BE7*(SQRT(2*TE) ) **3
RP1=RC*XEXP(~EPI/TE) *(1+4EP1/(2%TE))*CP1*P0O
REL=(CEL*XE*SQRT (2*TE/MASE ) ) *3E | 0% ( 2*MASE/MASXE ) *TE
FUNC=(V=R*A*EXNE*VD-L. *AXE*VD*(NE-NEP)/NT) /LENGTH

+ =(1/VD)*(RPI*EPI+REL)

RETURNEND

FUNCTION RFNC(Y)

COMMON/STE/TE
RFil=6,38E7*(SQRT (2*TE ) ) **3*EXP(=Y/TE)*( 1+Y/ (2*TE))
RETURNEND

97




