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I. INTRODUCTION

This report covers the first year's work on the NASA/LERC
research program on electrically pumped continuous wave (cw) excimer
lasers. Anexcimer laser transition 1s a transition between two elec~
tronic states of a diatomic molecule, the upper state being a bound
state and the lower state being an unbound state. Such a transition
will exhibit several advantageous features when compared with other

types of lasers. These include

° Broad band tunability (AA ~1000 to 2000 &)
) High cw saturation power (~50 kW/cmZ)
* Large high power system capability (low gain,

fewer parasitic problems),

The excimer laser transition 1s uniquely suited to meeting NASA's
ultimate cw high power laser mission requirements,

The primary cbjectives of the NASA program covered by this
report are (1) to identify potential excimer molecules for visible and
near visible cw laser operation based on electrical excitation, (2) to
predict the specific operating conditions required for such laser action,
and (3) to demonstrate cw laser gain on such a system 1n a laboratory
experiment.

To accomplish these objectives, the program was divided into

four major tasks:

Task I — Prelimmnary evaluation
Task II — Analytlic evaluation
Task III — ILaboratory apparatus

Task IV — Molecular system evaluation.

Specific objectives, procedures, and results for these four
tasks will be presented in Sections II through V. Section VI presents
preliminary conclusions and the work planned for the next year's

follow-on phase of the program.



II PRELIMINARY EVALUATION

The objective of this task 1s to 1dentify at least three molecular
excimer systems suitable for visible or near visible cw laser operation
when excited by either a self-sustained or an electron beam-sustained
discharge.

Qur procedure in addressing this task was to first select the
three candidate molecules and to then select a cw electrical pumping
technique appropriate for an experumental evaluation of two of the

excimer systems under cw conditions,

A, Selection of Candidate Excimer Molecules

Consider again the basic defimition of an excimer laser transi-
tion as a transition that occurs between two electronic states of a dia-
tomic molecule of which the lower state 1s a dissociative or repulsive
state as in Figure II-1(a}, In our selection of candidate cw excimer
systems we broaden the defimition of an excimer system to include any
molecular electronic transition that exhibits a continuum red shift rela-
tive to the transition between the associated parent atomic states,
since it 1s this feature that is fundamentally responsible for the ability
to maintain a ¢w population 1nversion on a broadened molecular elec-
tronic transition. To see this, one assumes that the molecular states
are populated in thermal equilibrium with respect to their parent atomic
states 1n accordance with the gas temperature, while the population of
the atomic states are in thermal equilibrium at the electron tempera-
ture. The population ratio between the upper and lower molecular

levels then can be written

N hv

u A{hv) o

Nf_EXp(‘I‘ 'T)’ (1)
g e

where A(hv} is the red shaift, hvo 1s the atomic transition energy, and
T and Te 1s the gas temperature and electron temperature, respect-

wvely; we have omitted degeneracy factors for simplicity, Therefore,
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ENERGY

an inversion will mamntain, under this two-temperature equihibrium

condition, if the ratio of gas to electron temperature is less than the

fractional red shift, i.e.,

T < hv ’ (2)
o

regardless of the bound or unbound nature of the molecular potential
energy curves., An example situation, which exhibits the required red
shift but does not involve a repulsive lower molecular level, 1s the
dimer transttion, illustrated in Figure II-1(b), where the red shift 15 a
result of the shift in the internuclear separations of the potential mini-

ma of two bound molecular states.

4053-1 4053 -2
DIMER LEVEL
EXCIMER LEVEL
ATOMIC RESONANCE LEVEL:
ATOMIC \
. RESONANCE
3 LEVEL
i
f Pomomman ny (LASER)
. >
] [0
& ATOMIC
3 3 GROUND
: w LEVEL
hv(LASER) \
MOLECULAR
GROUND
LEVEL
i
ATOMIC .
GROUND LEVEL
LEVEL
INTERNUCLEAR SEPARATION INTERNUCLEAR SEPARATION
a b

Figure II-1. Excimer and dimer potential energy curves. (a) Excimer,

{b) Pimer,
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The two-temperature equilitbrium condition is a sufficient but
not a necessary condition for achieving laser gain on red shifted exci-
mer and dimer transitions. For example, excimer and dimer laser
action demonstrated on the vacuum ultraviolet rare-gas excimer and
the I—I2 dimer transition, respectively, does not occur under two-
temperature equilibrium conditions. It 1s still the red shift, however,
that is primarily associated with the ability to achieve a population
inversion in these cases.

The search for potential excimer molecules began with the
abservation that every element 1n the periodic table will probably form
at least one excimer or excimer-like (1n the sense defined above) laser
transition either 1n a homonuclear or heteronuclear diatomic molecule.
Thus, our preliminary evaluation of potential excimer molecules first
involved various processes of elimination applied to the elements of
the periodic table (Figure II-2).

The first criterion applied in the elimination procedure 1s
somewhat arbitrary but motivated by the desire for expediency. Since
electrical excitation 1s to be used, it 1s required that the active medium
be 1n the gas phase. In particular, we consider only those elements
which have a vapor pressure greater than one Torr at temperatures
below 5000(3, and are reasonably abundant and nonradicactive. This

leaves us with the following elements {(see Figure II-Z2):

Group 1 H, Na, K, Rb, Cs
Group II None

Transition Elements Zn, Cd, Hg

Group III None

Group IV None

Group V N, P, As

Group VI O, 5, Se

Group VIIL F, Cl, Br, I
Group VIII He, Ne, A, Kr, Xe

A further narrowing down of the group of candidate excimer sys-
tems was then achieved through qualitative considerations on the nature

of the known excimer or excimer-like transitions on both the heternuclear

11
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diatomic molecule formed by the association of the element with a rare
gas atom as well as on the homonuclear diatomic molecule. Figure II-3
shows potential energy curves of a heteronuclear (excimer) and homo-
nuclear (dumer) candidate molecule representative of each group,
together with a brief listing of problems and advantages associated with
the use of the system as a cw excimer laser. References consulted for
the survey are listed in Table II-1, A brief narrative summary of our

considerations of these systems follows.

4388-6
EXCIMER (H Xe)
‘ H(28)
12 |~ \\ e ee————
N o Problems: Wrong
-:—_’ 8~ Wavelength
& Candidate Systems ?: No
g o ~ o~ 1300 &
[H]
4 | —
2
4 H{18)
0 \__":"—_
DIMER (H, )
16
H{28) + H(1S}
14
12 Problems:
No net gain due to photoionization
s 10 of upper laser level
8 Candidate System ?: No
i
z &
w
4 —
-
0 S,

INTERNUCLEAR SEPARATION (1072 cm) Figure II-3. Group 1 — Hydrogen.
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Table II-1, References Consulted for the
Preliminary Evaluation Task

EXIMER CANDIDATE REFERENCE

HXe 1,2

Hy 3

KXeg 4

Ko 5

HgXe 1

Hgo 6,7

Xe O 9

Xe F 10

Xeq 11

T1937
Group I: Hydrogen — The bound-free excimer transition on

the hydrogen-rare gas molecule, which correlates with the resonance
transition, will lie in the vacuum ultraviolet and therefore is not a
candidate system. The well-known bound-free transition at 3500 2 of
HZ has been lnvest;gated as a possible laser transition by Palmer
several years ago.” It was found in that investigation that photoioniza-
tion transitions from the upper laser level will not permit net gain to
be realized on this system. The associated bound-bound transitions of
HZ are in the vacuum ultraviolet and involve well depths far too deep
for the transition to be broadened into a continuum as 1s necessary to
qualify it as an "excimer-like'" transition. Hydrogen was therefore
judged as not a good candidate element for this program.

Group I: Alkali Metals — The alkali metals are known to be

excellent candidate excimer laser systems in both the A-X bound-
unbound transition on the alkali-rare gas molecules and the A-X bound-

bound transition of the alkalt dimer molecules (Figure II-4), The

14
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Low pumping threshold {flash-
lamps, discharges) Problems:
Same as excuner excepl:
Problems: can operate at slightly higher
Weak upper level binding temperatures
(~0.1 eV)
Thermal bottle-necking and Candidate System: Yes
dimer absorption at moderate
temperatures

High pressure alkali-rare gas
mixture, difficult to handle

Candidate System: Yes

Figure I1-4, Group 1 — Alkali metals: Na, K, Rb, Cs.
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dimer transition is red shifted as required and is broadened into a con-
tinuum at buffer gas pressures greater than or near one atmosphere.
The excimer laser features of these systems are discussed in detail

in Refs, 5 andl2. Possible problems assoclated with the use of these
systems for cw operation are thermal dissociation of the upper levels
resulting from the relatively shallow well depths and discharge insta-
bilities caused by the metal vapor gradients. The K—Xe/KZ system
was selected as the first of the three candidate cw excimer systems to
be chosen from the preliminary evaluation. Potassium was chosen in
favor of the other alkalis because it requires the lowest oven vaporiza-
tion temperatures of the alkalies whose excimer and dimer transitions
both lie within the range of a silicon detector. Xenon is chosen in
favor of the other rare gases because it forms the deepest excimer

state well depth (resulting in the farthest red shift).

Zn, Cd, Hg Transition Element Subgroup — These elements

have bound free transitions to the ground state on both the heternuclear
rare gas molecules and on the homonuclear dimer molecules (Figure
II-5).

In particular, Hg, has both a visible excimer trans1t1on at
4850 A and an ultraviolet excimer transition at 3350 A which have been
recognized for some time as potential laser transitions.6 Gain mea-
surements carried out on the 4850 E transition have revealed the same
problem with this transition as with the H2 exXcimer transition, i.e.,
no net gain due to vapor state absorptmn.? On the other hand, the
3350 A transition has now been shown to exhibit net gain both with

probe laser gain measurements as well as with a recent demonstration

of oscillation under optical pumping by a laser. * The ng 31 >
3350 g excimer transition was identified as ancther ca.ndldate oW g
excimer system.

The corresponding heternuclear Hg-rare gas excimer transi-
tion s not well studied. One can anticipate a weak oscillator strength

for the transition and a weak excimer state binding a relatively short

V. Schlie, private communication,
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o)
transition wavelength, probably about 2700 A, which will elevate the
pumping power required for threshold. Thus the heteronuclear Hg-rare

gas molecule 15 not admitted as a candidate system.

Group V and VI — The excimer and dimer transition involving

the Group V elements are similar to those 1nvolving the Group VI ele-
ments (Figure II-6). Of the elements 1n these groups, oxygen has
recently been particularly well studied as an excimer laser, The
recently demonstrated XeQ e-beam pumped excime? laser operzates on
a bound-bound molecular transition which correlates with the atomic
oxygen auroral transition. While this system may be well swted to
large energy storage because of the long lifetime, it is poorly suited to
cw application because of the evident self-terminating nature of the
transition, The transition correlating with the resonance transition on
both the heternuclear excimer and homonuclear dimer molecules are

in the vacuum ultraviolet and are also unsuitable for the present program.

EXCIMER (HgXe) 43868
DIMER (Hgy)
T
\
v 3,4t
I l!.\ 3 5 \'%247% Hg* + Hyg
VN e 67 P, RESONANGE 5 1
| \ - T ——————— 7] LEVEL 6P, t6" S
\ - = 1 0
> \ 12 6’ ;
= N Le—TT T 3 > a 63p 15l
> ]"-1’ 4] PU = 1] O
[v] 1 o]
[+ s — i I
w - 11 b= METASTABLEA™ O
2 i 0 “
2 : f:\/\ﬁ 2700 R T 2 [ 4850 A GREEN BAND
b N\ | 3s00 &
! 1 1
| o x'zd 6'5,+6's,
| 1 0
6's
o o INTERATOMIC DISTANCE
Problems: Advantages: 3 1
Weak oscillator strength Measured gain on I,7 =%
Short wavelength transition g

Weak upper state binding
Lack of data and theory on
potential curves Problems:
Weak upper state binding

Good wavelength

Candidate System: No Candidate System: Yes

Figure II-5, Transition element subgroup: Zn, Cd, Hg.
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£
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g 5577 A u’
w20 | 1
ot'oy
1, 20 000
i0 —
0 . o%r)
R ~—» a
1 2 3
Problems: r 108 em
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binding ~0.
'nd ng ~0.05 eV . Problems:
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Collisionally induced dipole Too 1a'rge: _cannot broaden
. Transition into a continuum
moment requires high pump- .
ing and high pressure and collisionally deactivate
lower laser level
Candidate Systems: No Candidate System: No

Figure 1I-6. Groups V and VI; N, P, As, O, S, Se.

Group VII — The halogen-rare gas excimer molecules
appeared to be one of the most promising systems of all for use as a
cw excimer laser (Figure II-7). Strong tonic-bonded excimer levels
are formed by the association of a metastable rare-gas atom with a
ground state halogen and the strongly allowed transition to the repuls-
1ve or weakly bound ground state 1s near 3000 B&. The deep excimer
state well (~4 V) will permit the use of high ¢w 1nput power densities
without upper state dissociation as occurs with the alkalr systems,
Also, because F, Br, and Cl are room temperature gases, the
experimental apparatus 1s enormously simphfied. The XeF excimer
transgition at 3450 2 was chosen as the candidate excimer molecule
from this class because it has the longest wavelength. The halogen
dimer bound-bound transition correlating with the resonance transition
1s not suitable because of the short wavelength and deep well depths,

with vibrational level spacing too large to be broadened into a continuum.
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Figure II-7, Group Vil: F, Bi, Cl, I.

Group VIII — The rare gas dimer bound-unbound transitions
are well-known laser transitions, but they lie in the vacuum ultra-
violet thus requiring very large pumping thresholds, and thus are not
candidate systems for this program (Figure II-8).

Having 1dentified four specific candidate excimer molecules for
detailed theoretical modeling our next task was to assemble prelimi-
nary quantitative data on the laser transition. The four candidate exci-

mer transitions selected and their approximate wavelength are

2 2

(1) KXe “1) 1y 31~ 2 1y 8500 &

(2) K, ut - Izt 10400 A

(3)  Hg, A1y —xst 3350 A
2 >

(4) Xer “z) ;, =5 1 3450 &
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A compilation of pertinent quantitative data, including a set of potential
energy curves for these transitions, are presented in Figure II-9
through I1-11, References used for these data are the same as those
listed in Table 1I-1,

B. Selection of a CW Pumping Technique

In selecting a cw pumping technique for excimer lasers it 1s
important that one appreciates some rather general constraints con-
cerning cw operabion of an excimer laser.

The stimulated emission cross sections for visible-near visible

-17 2
c

excimer lasers average on the order of 3 x 10 m , To sustain a

practical laser gain of 1% per centimeter required for laser action it
is necessary to sustain an excimer level population density of ~3 x lO14
cm~3. Visible transition excimer levels have a radiative decay rate of
~3x 107 sec-l. Discharge pumping efficiencies, from recent experi-
ments, seem to be running near ~1%. Thus, assuming a 1 to 3 eV
photon, a mimmum cw input power density of ~104 to 105 W/cm3 must

be provided to the excimexr system for it to oscillate near threshold.

4388-11
L XE,
| \ XE+xe
— 2+
3 AL
§ 100} Y -
5 XelU} + Xe
- . Problems:
» 8or Xey 7 Wrong Wavelength
th "
& 60 Xe(l} +Xe | Candidate Systems:
3’ - No
£ af 1
11
[
o
B 20l .
Xe+ Xe
ol i

INTERNUCLEAR SEPARATION, R

Figure II-8. Group VIII: He, Ne, Ar, Kr, Xe.
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If the excimer laser is to be run in a truly steady-state cw
operating mode, the power density (less the ~1% laser power extracted)
must also be continuously removed from the systemand the gas
temperature of the active medium must be kept below ~2000°C if the
population inversion 1s to be sustained.

The only three basic mechanisms for removing heat from the
system are (1) radiation, (2) convection, and (3) conduction. We con-
sider now the requirements for each of these mechamsms to be applied

to a cw excimer laser.
1. Radiation

For radiative cooling to reach the minimum required
rate of 104 W/cmz (2ssuming a transverse dimension of~0.1 to 1 cm),
the active medium would have to have an effective blackbody tempera-
ture of ~1 eV. An excimer system 1n thermal equlibrium at this

temperature will not exhibit a population inversion.
2. Convection

Convective cooling using gas flow at or near atmospheric
pressure 1s commonly used to remove heat from high average power
CC)Z lasers such as the Hughes Peacemaker laser. In these devices
the temperature is controlled simply by the residence time of a volume
element of gas together with its specific heat: (3/2) NT=z=p . (d/v

flow) ?

where N is the gas density, p 1s the inpuf power density, 1s the

v
flow velocity, and d is the discharge dimension along the ffctSVWdirectlon.
It is easy to see that this technique 1s impractical for excimer lasers
requiring a 105 V‘f/crn3 power dissipation. With an input power of this
magmtude at atmospheric pressure, sonic flow conditions (N = 3 x 1019
cm"3, Vilow = 105 cm/sec), d would have ta be $1 mm to keep T <
1000°C. If the lower end of the above threshold pumping range 1s
relevant (~104 W/cm3), then convection may be practical, (The

alkali excimer systems are expected to have pumping requirements

near this latter value.)
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3. Conduction

Thermal conduction of the heat to a wall 1n a static gas
and subsequent removal by flowing coolants can achieve lO4 W/cmz.
This will be obtained for a helium gas mixture (independent of pressure)
across an assumed thermal gradient of ~10000C, which 15 close to the
upper limit defined by thermal bottlenecking of the population inversion
and by the integrity of the wall material. For the 105 W/cm3 pumping
requirement, surface-to-volume ratios of ~10 will suffice for this mode
of cooling. In spite of the obvious nonscalability of the thermal conduc-
tion mode, the simplicity and versatility of this mechanism motivated
the choice of a capillary discharge configuration to be used for the first
year phase of the program. Also, capillary discharge pumping of CO2
waveguide lasers 158 now routinely used under cw conditions at pressures
comparable to the pressures required of an excimer laser although
under significantly lower power loading. Capillary discharges are also
used for argon 10n lasers under comparable power loading but at pres-
sures lower than required for an excimer laser.

While full cw operation, i.e. for durations of minutes, is not
intended, experiments with pulse lengths up to a millisecond can be
carried without the need for flowing wall coolants, and this will enable
one to demonstrate cw operation conditions as far as the excimer laser

kinetics 1s concerned.
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Im. THEORETICAL EVAIL.UATION

This section summarizes modeling procedures and results for

discharge pumping of the XeF, KXe, and K, excimer systems, In the

2
case of XeF, a comparison between the results of modeling and experi-

ment 1s also presented.

AL Modeling Procedures

In each exéimer system the model follows, by means of numeri-
cal integration of the appropriate rate equations, the time evolution i1n
the discharge of several excited and ionized species, the electron and
gas temperatures, and the net small signal gain coefficient near the
peak of the excimer gain band. The time dependence of the circuit
currents and voltages is also included with a series resistance, a
series inductance, and a storage capacitor as the modeled circuit
elements.

The average electron energy is computed by solving the electron

energy equation,

J Edisch = z finelastic collision rate (‘fl'.’e))_.L X E1

1

M

+ (elastic collsion rate) x 2 (___l\/_l_e_) x Te (3)
M

where J 15 the current density, Edi is the discharge electric field,

sch

Ei is the inelastic energy loss for the 17 process, and M, . and Me are

the masses of the major component species and electron,l\/i'espectlvely.
At present, the resonance or metastable level pumping is assumed to
be the dominant inelastic process contributing to the energy equation.
For this reason, together with the fact that the molecular association
rates which pump the upper laser levels dominate the loss of the reso-
nance level population, the predicted efficiencies for converting dis-
charge power to laser power is essentially the quantum efficiency of

the transition that 1s lasing., A Maxwellian energy distribution is
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assumed. The Maxwell distribution should be a fair approximation
because of the dominance of two~step ionization processes over single
step ionization under the considered operating conditions. Only the
latter process requires electrons with energies in the tail of the dis-
tribution where a large reduction of the number of electrons from a
Maxwellian distribution is known to occur,

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

energy above thre sholdl 3,

6x10° do

,\3/2 .
R = pmm a (R T o/ ().

‘o (4)

where €, 1s the threshold energy for the excitation or ionization
process, do-/dele is the rate of rise of cross section with energy
above threshold, Snd m_ and e are electron mass and change,

Also, in solving eq. (3) we use an expression for the drift
velocity obtained from Ref. 13:

- 1/2
Varig = 2 Te/Myp)™"" (5)

The gas temperature 1s 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).

aT

G - .
at = ¥ " Baisch

2
4,38
(d1ameter) % (TG B Twall) )

/(3/2 [M]) - (thermal conductivity)

The discharge circuit response i1s governed by the familiar circuit

equations.
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:Vc(t)—Lxﬂ-RXI (7}

les ch dt

Vel®) =V e 1/C fI a (8)

where Vdisch 15 the discharge voltage, VC 1s the capacitor voltage,

v 15 the initial charging voltage, I is the discharge current, and
charge

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

tance, respectively.

1, XeXl System

The plasma, gas kinetic, and radiative processes included
in the rate equations governing the species concentrations are presented
in Tables 11I-1 through II1-3, together with source references and in
the computer code listing presented 1n Section 1 of the appendix. {In
the listing, a B at the end of the label refers to the back reaction which
15 computed by detailed balancing using the appropriate equilibrium con-
stant or Boltzmann factor for the reaction.)

The small signal gain coefficient for the XeF system 1s computed
as follows:
gain = o

o X ((Xep*] - [XeFg] x exp (-0. 074/TG)) (9)

where,

) A
0_stlm(P) - 4_”2': X (AK(P)) x Aeinst ! {10)

and AN is the measured half width of excimer band as 2 function of
pressure, A is the wavelength (3450 K for XeF¥), Aelnst is the A coeffi~
cient for the transition, [XeF*] and [Xng] are the upper and lower
laser level concentrations, and the Boltzmann function accounts for gas
heating effects on the population distribution in the lower level.

The plasma, gas kinetic, and radiative processes modeled for

KXe/K2 excimer systems are listed in Tables III-4 through III-6,

together with source references and in the computer code listing
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Table III-1. Plasma Processes Modeled for the XeF Excimer System

do

LABEL PROCESS deEO REFERENCE
R1X e +Xe Xe"+e~ 03x 10 10 ¢mZeyT 14

005 x 10716 ¢m?2 ev™! Rough Estimate
R37X e+ Xe < Xe*  +e~
R2X e +Xe=>Xe + 2 011 x 10~ 18 g2 gy 14
R38X g™ + Xe* > Xel +2e™ 5x 1016 ¢mZ ev™! Rough Estimate
R39X e+ Xe** > Xet + 2¢™ 5 x ‘IO—‘I 6 em2 ey Rough Estimate

— . _ 4

RAX | 7+ Xet, > Xe + Xe (=) 0346 x 1078 (T, 1\ )77 15

cm6 se(:_1
R4MX e+ XeMt > Xe* + M (@ =) 0346 x 108 Ty (ev))—‘/z Rough Estimate

em® gee™1

Corresponding Processes for M species = Heltum

R1 e+ MM+ 0025x 1071/ ¢m2 gv—1 14
R37 e+ Mo M ™ te 0025 x 10~/ cm2 ev—! Rough Estimate
R2 e +M—>M + 2~ 008x 10~V emZev! 14
R38 e+ M > M 26— 5x 10~ 18 ¢mZ ey™! Rough Estimate
R39 e F MU M+ 2 5x 10718 ¢mZ ey—1 Rough Estimate
R4 e+ M, > M M (@=)029x 1078 (1 )% 15
em® sec 1
REL e+ M=e" + M {(6=)55x 10716 ¢ 14

{elastic collisions)

R17 e+ Fy>F T +F (ﬁ=)91x10“10(1'e}_2 16 16
exp (—0 165/T ) em? sec ™1

R28 ¢+ XeF 5 XeF* +e” (R =) 2x 1078 cm3sec—? 17

DEL e+ Xe© 4 wall > Xe {ambipolar diffusion) 13

Da=2x10°x (3x 10'6/1M])

2/ 0.03/Tg Te

58 T1940



Table III-2.

Gas Kinetic Processes Modeled for the XeF Excimer System

LABEL

PROCESS

RATE
COEFFICIENT

REFERENCE

@3
G3X
G3MX
as
G5X
G5MX
613
14
Gex
G20X
G22
G22X
G23
623X
G24
624X
25
625X
G27X
Gat
631X
G3IMX
G32
G32X
G33

G33X

ME MMMyt
Xet 4 Xe + M Xeyt + M
et M+ M Xemt + M
M*+M+M:M2++M
Xe™+ Xe + M Xep" + M
Xe* + M+ M-» XeM™ + M
M +Xe—Xetre +M
M,* +Xe—~Xe' +e” + M
Xe‘+F2—‘XeF*+F
X92*+F2—>XeF*+F+Xe
MreF oM EF
Xet +F = Xe* +F
+ - .
MY+ FTM=MF +M
Xet e FT 4 M= deF™ + M
+ - *
My" +FT =M,  +F
Xeg+ F~ > Xey" +F
+ _ +*
M2 +F —>X92 + F
Xe2++ F™ 4+ M~ XeF*
+F+M
XeF*+F2"*XeF+F+F
M+ M* =M, e
Xe* + Xg™ =+ Xe2++ e
Xe* +M* > XeM” +d™~
M*+ My = My M+
Xe*+Xe2’->Xe2‘E‘+Xe+e_
* + -
M2*+M2 —-M?_ +2M+e

Xe,” + Xey™ ~ Xeq' + 2Xe

37x1073 1%
1210731 % 7%
58x 1073 x Tg"
12x 10733 7%
15x 10732 75"
47 x 10733 1%
20107107 %

29x 10710 1%

3Bx 10710k 7 %
§5x 1077 Tg"

17 x 1077 15"
3x 10725 7"
12x107 20 T
5x 1077 Tg"
17x1077 Tg”
3x 10725 7%
12x 10720 75%
46 x 1010 7%
10x 10710 7%

-0+
30 x 10 Tg

~10 - %
10x 10 TG

—10+ %
20 x 10 Tg

—10+ %
10x 10 T3

—10 + %
30 x 10 TG’

—10 %
347 x10 KTG"

All gas kinetic rates were obtained
irom Ref 17 or from scaling
arguments applied to rates given
mn Ref 17
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Table III-2, Continued

RATE

LABEL PROCESS COEFFICIENT REFERENCE
G33MX XeM* + XeM* = XeM™ + M7Xe 4. o= 20x 10105 %

G34 M* + XeF* > XeM* +F +e~ 10x 107107 %

G3ax Xe* + XeF* — Xeg' + F +e™ 30 x 107107 %

G36X Xeo™ + XeF* = Xey " + XeF + o~ 30x 107107 %

G35MX XeM" + XeF " + XeM™ + XeF +¢™ 20x 10710 7%

G40 FrF+M>Fy+M 1x10-—32TG‘A

G41 F+Xe+MoF XetM 2x 107327 %

G44 F+Xe* + M~ XeF*+ M 6x 10732 7%

Equihbrium Constants for Processes
3X,5X, and 41

K3X 1x 10723 exp (0 6/Tgl Rough Estimate
K5X 1x 10723 exp (1 6/Tg) Rough Estimate
K41 1x 10723 6xp (0 074/Tg) Rough Estimate

30
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Table I1I-3, Radiative Processes Modeled for the XeF Excimer System

LABEL PROCESS RATE REFERENCE

AX2 Xe** > Xe + he 4% 107 sec™ Rough Estrmate,

AXED1 Xe,* =+ Xe+ Xe+hy | 4x107 sec™ 17

AXEF XeF* > XeF + hv 2x 107 sec™1 17

AMX XeM™* = Xe + M + hy 10 x 107 sec™ Rough Estimate

AM, M** = M + hy 32 x 107 sec™ T Rough Estimate

AMD1 My* > M+ M +hp 32 x 107 sec™! Scaled from Xey™
value tn Ref 17

T1945

Table III-4, Plasma Processes Modeled for the KXe/K.;, Excimer System

LABEL PROCESS (:1_(;"0  REFERENCE

RPI e~ + KKV +2e™ 05x 10718 cm? v~ 14

RPI e KoK +e™ 6x 10715 ¢mZev—! 14

RPII e+ K> K+ 2 5x 1016 gmZ ey Rough Estimate

RECP e+ K +eT s K +e™ (a=)228x 10728 (1)~ %9 16 (cesium)
cm6 sec™ !

RECPX e+ K XeT = K* + Xe (@a=)33x107° (Te}_0 67 Rough Estimate
em3 sec™ !

RECPD e+ K2+—> K*+ K (@=)33x107° (Te)_0 67 Rough Estimate
em® sec™!

CEL e +Xe+e +Xe (0r=)55x10_16cm2 14

T1941
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Table I1I-5. Gas Kinetic Processes Modeled for the
K_Xe/KZ Excimer System

EQUILIBRIUM CONSTANTS

LABEL PROCESS RATE CO%F;FI(HENT REFERENCE

KXEX K+ 2 Xe = K Xe + Xe 22x 10723 exp (-0 05/Tglem® | Rough Estmate

KXDI K+ K+ Xe & Ky + Xe 18x 10722 exp (0.56/T g)om® 5

KAXI K* +2 Xe 2 K Xe* + Xe 2 2x 10723 exp (0 074/T glem® 18

GPD K* + K+ Xe < Ky + Xe 8x 10730 ¢n® sec™? 5

KAXI KV +2Xe T K Xe + Xe 22 x 10723 exp (0.074/T g} em® 18

KADI K* 4 K+Xe T Ky +Xe 65x 10723 exp (0735/Tghem® | Rough Esumate

CDIF Heavy particle elastic 1x 10710 cm2 Rough Estimate
Cross section

T1942

Table III-6. Radiative Process Modeled for the KXe/Kz Excimer System

LABEL PROCESS RATE REFERENCE
AT K*>K+hy Trapped Rate 20
{computed)
AP KXe* ~ KXe + hy 369 x 107 sec™ ! 19
AP Ky™ = Ko +h 369 x 107 sec™ ! Rough Estimate
T1943
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presented in Section 2 of the Appendix. In this system, under the
conditions we consider ([Xe] ' 1 x 1020 cm_s) the gas kinetic rates
dorninate over electron collisional rates in controlling the population
of the molecular states. We therefore assume thermal equilibrium at
the gas temperature to be maintained between the molecular states and
their dissociation products. An exception is the A state of KZ for
which radiative losses are included since they can compete with the
dissociation rate.

The small signal gain coefficient for the KXe/Kz system 1s

computed from the quasi-state theory of line broadening as in Ref. 21:

exp (-V, o (M/Tg)

gain (M) =0 _,. M {IRXex] x
stim, ex (Keq A, Ex x 3/2
-2 x[K] x [Xe] x exp (—VX’EX(?\)/TG)
. -V /T
b o K] x EX?K( b0 )izc’)
stim, D1 eq A, Di x )
2
- 0.25 x [K]” x exp (—Vx, Dl(?\)/TG) (11)
_ 2 2 dR ()
0-stlm(?\)Ex - (AE/ZC) * ® REX * Tqv |Ex (12)
Di o} B}

where A and v are the transition wavelength and frequency, c is the
speed of light, Ry, is the internuclear separation on the excimer or
dimer band corréjsiponding to the wavelength, X\, A.E is the Einstein A
coefficient assumed equal to the resonance line at coefficient for both
the excimer and dimer bands, V(M)s are the potential energies of the
molecular state measured relating to their dissociation products, and
Keq,A, wx and Ke A, Di are the equilibrium constants for the excimer

and dimetr A states. This notation follows that used in Ref. 21.
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The computer program listings in the appendix show how 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 Ihscussion

1. Discharge Stability Considerations

Discharge stability considerations axre, of course, of

paramount important in considering cw operation of a discharge
pumped excimer laser. There 1s a wide range of discharge instabili-
fies that can occur i1n discharge pumped lasers. Many of these instabil-
ities, such as the various thermal instabilities, have relatively slow
growth vates and can be stabilized by simply controlling the gas tempera-
ture or gas flow as 1s necessary in any case discussed above. How-
ever, there is one fairly fast growing instability that is a particular
problem with discharge pumped excimer lasers and deserves special
discussion. This is the two-step 1onization instability which results
from the high metastable or resonance level population required 1n
these systems., Collisional ionization of these levels dominates the
jonization of an excimer system pumped over laser threshold and leads
to a quadratic increase of the ionization rate with electron density.
The ronization is thus unstable if the electron loss rate varies only
linearly with electron density as 1s the case for attachment or diffusion-
controlled discharges, Recombination controlled discharges are only
marginally stable against two-step ionization nstabilities.

There are only four basic ways to achieve excimer laser
threshold without encountering the above instability:

1. Establish the threshold input power in the discharge

1 a tume that is short compared with the growth

time of the instability (TEA and Bloom line fast
discharge devices).
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2. Operate the discharge at below avalanche E/P
values where the 1nstability does not occur.
This requires the use of an external source of
ionization.

3. Stabilize the instability with a current limit-
ing element in the discharge circuit, such as
a ballast resistor,

4, Operate the discharge in a regime which de-

pletes the ionizing species thereby saturating
the two-step ionization rate,.

Approach No. 1 is a demonstrated successful means of obtain-
ing discharge pumped laser action in the XeF and KrF excimer systems.
It is clearly 1napplicable to cw operation. Approach No. 2, using an
electron beam as the external source of ionization, is an approach cur-
rently being pursued elsewhere for high average power operation on the
rare gas monohalide excimer lasers. It is considered marginal at best
for cw operation because of thermal loading of the e-beam fo1l window.

Approach No., 3, of course, has been used for decades to
stabilize gas discharges. It is the approach chosen for this program
for stabilizing the XeF capillary discharge and is the anticipated
approach (through the use of distributive resistive electrode) to stabiliz-
ing the transverse XeF discharges in the forthcoming phase of the
program.

Approach No. 4 can be used for the alkali excimer system
because required alkali concentration (which is the ionized species) is
enough to permit ionization saturation effects to occur.

Approaches 3 and 4 are the chosen mechanism for stabilizing
the two-step ionization instability in this program. The numerical
modeling results, in fact, dramatically reveal the stabilizing effects
of both of these mechanisms., In the case of ballast resistor stabiliza-
tion a simple model 1s presented below which exposes more clearly
the basic physical requirements for this method of stabilizing the two-

step ionmization instability.
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The two-step ionization mmstability in an excimer laser is
described by the following coupled rate equations for electrons and the

metastable (or resonance) level population:

d bk

a Me T Ri 2 Be ™ Bne (13)
%- 0 =Rgn_-n /T, (14)

e

where n and n, are the metastable (or resonance) level concentration
a.rid electron concentration, respectively, Ri 1s the rate constant (per
n") for iomzation of the metastable, R . is the production rate constant
for metastables, B is the linear loss rate of electrons, and 1s the
effective lifetime of the metastable.

The steady-state solution to these equations is
n_ = pa/R1 R_T (15)

and

n =R__Tn ; (16)

This solution is unstable as shown by linearizing eqs. (13) and (14)

with respect to the perturbed solution:

1
n_ = neo + ne(t) exp (at) (17)
and
K K sl
no=n_ +n (t) exp (at) . (18)

This procedure gives

a=1/2x 1/ x [-—1:!:\/}."]'4[31' l . (19)

Thus the steady state solutions (15) and (16) are unstable with a growth

rate given by the positive root for ¢ . However, if there 15 a ballast
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resistor in the discharge circuit, the rate constants Rm and Ri will be
decreasing functions of L and one must include this dependence in
the linearized stability analysis. The most sensitive dependence will
be on Rm since it contains the most strongly varying Bolltzmann factor
(exp(-Em/Te)) compared with e=:><p(-(Ei - Em)/Te) for R, where Ei and
Em are ionization and metastable level energies, respectively. Thus,
in the perturbation analysis of eqs. (13) and (14) we also write
d R
R =R +- mon . (20}

m m dn e
o e

1
After collecting terms linear in n,as before, the solution for will

now have an added term:

\/ (dRm/dne)
e=1/211/v -1x\/1+4p7 (1 + Tneo . (21)

]

To determine dRm/d n, we now make use of the fact that under
conditions required for pumping excimer lasers, the dominant electron
energy loss is due to the inelastic collisional pumping of the meta-
stable level. Thus the energy conservation relation for electrons can

be written approximately as
JxE=n R_E , (22)
e m m

where J and E are the current density and field in the discharge, If

there is a ballast resistor in the circuit this equation can be written
eN_ V4V -IR)/f =n_R_E (23)

where V is the mawntained power supply voltage, I1s the current, R is
the ballast resistance, £ is the discharge gap, and Vd is the drift
velocity.

- Using I = neVd eA where A is the discharge area and e the elec-

tron charge we can write
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d

_Rr{l._:___.v..i R.A.VE:— mo = - mo X(-..ﬂ_)

dne JZEm d V- IR neo Vv - IR
(24)

Using eq. (21) we see that stability is achieved if RI/(V - IR) 2 1, i.e.,
the drop across the ballast resistor must be equal to or greater than
the discharge voltage. The onset of discharge stability when this con-
dition is met is revealed in the numerical modeling for the XeF system
as well as 1in the observed current voltage waveforms in the capillary
discharge pumped Xe¥ experiments.

2. Modeling Results for the Capillary Discharge Pumped
XeF System

A typical result of the numerical integration of the
modeling equations governing discharge pufnp1ng of the XeF excimer
system 1s shown in Figure III-1. The curves are discharge current and
voltage and the excimer level population density versus time. In the
inset of the figure a typical experimental observation of the same
temmporal profile is shown for comparison,

As can be seen, the qualitative features of experimentally
observed waveforms are well reproduced by the theory. The time
scale over which these features occur is shorter for the theoretical
case because of the high currents reached in modeling. In both the
experimental and theoretical waveforms three distinct phases of the
temporal development are revealed, An initial transient phase, an
intermediate steady state phase and a final terminated-fluorescence
phase.

The mnitial phase in which the excimer fluorescence reaches its
peak value is the transient period during which the discharge field and
electron temperature attain their peak values. These values are
limited primarily by the discharge circuit inductance. This is the dis-
charge phase during which XeF excimer laser action is being achieved
in the TEA and bloomline fast discharge devices. While it may be

possible to achieve laser action in the capillary discharge during this
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phase through optimization of the discharge risetimne, what happens
during this transient phase 1s immaterial for cw operation, and thus
we give this possibility no further consideration.

The 1ntermediate steady-state phase of the discharge is the
desired cw operating regime. Although not shown in the plot, the
modeling results confirm that the gas temperature rise has been
stabilized by thermal conduction to the wall during this phase. Also,
as can be seen, the discharge is stable during this period, the two-
step ionization instability having been stabilized by the 25 kQ ballast
resistor, The magnitude of the excimer fluorescence and discharge
current during this and the preceding transient phase of the discharge
are lower in the experiment than those predicted by theory by factors
of ten. The fluorescence during this phase would have to be increased
by about a factor of ten to give a practical laser gain coefficient of
~1% per centimeter.

TFor cw operation a more serious problem than the low value of
observed fluorescence is the observed and predicted termination of
fluorescence. This occurs in both the experimental and theoretical
cases long before the discharge capacitor 1s drained and has been
traced to the consumption of fluorine by the XeF excimer level pump-
ing reaction itself (reaction G18X). We have identified, therefore, a
fundamental constraint to cw operation of an XeF excimer laser. The
basic requirements for overcoming the fluorine consumption problem
can be appreciated by examining the rate equation for FZ' Replenish-
ment of Fz at the required rate by gas flow is not practical 1in a capil-

lary tube so the rate equation 1s written for a static gas.

d[F,] C * 2
dt diss [xe] [FZ] B I‘I‘ec: [FI” [He] = 0
[l )
4 x 1021 crn_3 sec_l (for 0.2%/cm gain) (25)
and
T 1.5x 10_33 <:m3 sec_1 .

Trec
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To achieve a minimum practical laser gain of O. 2%/cm the

pumping rate (consumption rate) must be 24 x 1021 cm_3 sec_l. For

=

molecular recombination to stabilize the F, concentration at~[F2]
1017 c:m-3 where stable discharge operation is presently being achieved
(higher F, concentration will lead to mmpractically high discharge volt-
ages to overcome the higher attachment loss), a 50% dissociation frac-

20 cm~3 s required, In

tion and a third body concentration of ~3 x 10
principle, the requirement of a high buffer gas pressure is not incom-
patible with the operation of cw capillary discharge pumping of this
excimer system since neither thermal conduction nor the two-step
1onization instability is dependent on buffer gas pressure. Experi-
mentally, however, attempts to elevate the buffer gas (helium) pres-
sure above ~100 Torr have led to filamenting of the discharge.

The FZ consumption problem and consequent requirement of
operating at 1 to 10 atm of buffer gas pressure at present is the most
outstanding problem for cw capillary discharge pumping of the Xel
excimer system. Conclusive evaluation of this problem is expected to
be completed 1n the early phase of the second year's contract period
for this program.

3. Modeling Results for the Capillary Discharge Pumped
KXe/K2 Excumer System

The results of three computer runs of the capillary dis-
charge pumped KXe/Kz model are presented in Figures III-2 and
IIT-3. The series inductance, L, is assumed equal to zero in these
runs.

The two results presented in Figure IiI-1 are for a discharge
through a 10 atm K-Xe mixture at two different temperatures, As 1s
the case for optical pumping, the lower temperature result shows most
of the gain occurring on the excimer band (8500 _{0&), while 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 ~107tt
V/(cm x [K] ecm” 3) is required to give practical gain coefficients of

~1% cm.
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Figure III-2. Theoretical modeling results for avalanche sustained
discharge pumping of the K-Xe/K, system. (a) Low
temperature results, (b) High temperature resuits.

The results in Figure III-2 are for an infinite storage capaci-
tance and no ballast resistor. These results illustrate an important
feature of the discharge kinetics, Unhke the rare gas monochalides the
alkali rare gas discharge in the modeling appears to be intrinsically
stable against ionization instabilities. This stability is apparently due
to two causes: first, the ground state potassium population 1s depleted
during the discharge, resulting in a saturation of the ionization and, to
a lesser extent, the discharge is recombination stabilized rather than
attachment stabilized, (Ambipoelar diffusion 1s negligible at these

pressures,
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Figure II-3. Capillary Kz pumping: low pressure case,

The low pressure modeling results in Figure III-2 show gain
only on the dimer band, of course, and the magnitude of the gamn coeifi-
cient is an order of magnitude lower than that of the high pressure case
under otherwise similar conditions because of the reduced contribution
of the three-body resonance level associations reaction (reaction GPD).
Also, in the modeling, a ballast resistor is necessary to stabilize the
1onization instability, probably because the low pressure discharge is
wall stabilized (linear loss rate of electrons) rather than recombina-
tion stabilized as in high pressure case. However, 1t is not yet cer-
tain that a2 divergence of the numerical integration procedure is not
involved in this case.

In all three cases modeled gas temperature is adequately con-
trolled by thermal conduction to the capillary tube wall, as originally

anticipated 1n the preliminary evaluation phase of the program,.
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LV LABORATORY APPARATUS

The objective of this task is to design and fabricate experimental
apparatus for the purpose of evaluating the potential laser systems
recommended from our theoretical studies. As discussed in Sections
IT and III, this analytical work identified the potassium-xenon (KXe),
or argon, excimer, potassium dimer (KZ), and xenon fluoride (XeF') as
promising laser species to meet the NASA high-power laser require-
ments for continuous operation in the visible wavelength spectral
region. Electrical discharge excitation in a small bore capillary tube
was also predicted to be the best pumping technique to use for pre-
liminary experimental evaluation of these systems.

Both the alkali excimer-dimer and the rare gas halides pose
significant materials problems which must be considered in the design
of apparatus. Potassium is chemically reactive with many materials
and must be heated to ~300°C to achieve sufficient density for laser
oscillat.ion. Molecular fluorine is difficult to handle because it is one
of the most powerful oxidizing agents known, With these factors in
mind the gas handling apparatus shown in Figure IV-1 was designed and
fabricated for use with the XeF laser system, This apparatus is con-
structed primarily of stainless steel tubing and incorporates stainless
steel packless valves and fluorine compatible pressure gauges. The
entire system was passivated with fluorine-helium mixtures and pure
fluorine prior to use for discharge measurements, Nitrogen trifluoride
(NF3) presents less of a materials problem and was also used in this
apparatus as a fluorine source for reaction with excited xenon atoms,

The discharge tube and electrical pulse circuit are shown photo-
graphically in Figure IV-1 and schematically in Figure IV-2, Stain-
less steel cylindrical cavity electrodes as shown in these figures were
found to be more satisfactory than simple tunsten pin electrodes which
were used in our first XeF discharge experiments. The discharge
tube was situated within an optical cavity as shown in Figure IV-1.
Alignment of the optical cavity was achieved with the use of a He-Ne

laser and conventional alignment techniques.

45

; K FROT
FRECELING pAGE BLANK.




M11457

Figure IV-1. Rare-gas halide capillary discharge laser

apparatus.
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APPARATUS
TO SHORT PULSE
LASER MIRROR SUPPLY

QUARTZ
BREWSTER
WINDOW

PREIONIZER COIL

L N T, T . T WIS, ) ONR, A

CAPILLARY
TUBE

HOLLOW
CATHODE

DISCHARGE

DISCHARGE
+ (L ALIOn BALLAST RESISTOR

I——Ml\o—-—{ -

DISCHARGE 0-20 | /1D
POWER SUPPLY: k[V O vn A TRON

Figure IV-2. Schematic diagram of XeF capillary discharge tube and
pulse circuit,
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We have also designed and constructed an apparatus for
conducting discharge experiments with potassium—raré gas mixtures at
temperatures between 250 to 300°C. A schematic drawing of the high
temperature apparatus is shown in Figure IV-3., Separate ovens are
used for the discharge tube and potassium reservoir in order to elimi-
nate condensation effects in the discharge tube. Homgeneous mixtures
of potassium vapor and rare gases are prepared in a 100 cm3 stain-
less steel cylinder. Partial pressures of potassium are controlled by
the temperature of this reservoir which contains enough potassium to
produce satuated vapor pressures. The small volume discharge tube
is then filled by gas expansion from this chamber; the precise potas-

sium dimer (K_,) absorption at 6328 2 and resonance line absorption

2) =
by atomic potassium at 7665 A and 7699 Ao A photograph of this
apparatus is shown in Figure IV-4. The remainder of the electrical
and gas handling apparatus for the potassium experiments is shown in
Figure IV-1.

All of the discharge experiments conducted on this program
have been done with the apparatus shown in Figures IV-1 and IV-2 and
will be discussed in the following section. Absolute fluorescence mea-
surements were conducted with a variety of gas mixtures and electri-
cal parameters in order to evaluate discharge characteristics and
laser potentialities. The optical configuration used for this purpose
is shown schematically in Figure IV-5. A calibrated photodetector and
optical filter were used to measure the side light emission from a
well-defined volume in the discharge tube. These measurements can
then be used to determine excited state populations of XeF and the
maximum optical gain coefficient, @, with the assumption that the
lower laser level is unoccupied. The relationships used to obtain this

information are given below.
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Figure IV-3. Schematic diagram of potassium rare gas discharge apparatus.
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Figure IV-4. Photograph of potassium rare gas apparatus in final stages of
fabrication.
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where
P'I‘ = total optical power emitted from volume, V
ID = photodetector current
F = geomtrical collection fraction (1.37 x 10_3)
Sp = detector sensttivity (10 W/A at 3450 &)
T = average trans1§is sion of filtexr (0,464 from
340 A to 3500 A)
A = Einstein gpontaneous emission coefficient
(2.0 % 107 sec'l)
AN = full width at half maximum of XeF emission

band (105 A).

Use of the appropriate constants with thehexpressmn abhove shows that
an upper state XeF concentration of 3,76 x 1013 cmh3 15 required to
give a small signal peak gain coefficient of 1 x 10_3 cm-l.

Spectral emls;mn profiles were measured with a 1/4 m mono-
chromator equipped with an optical multichannel analyzer detection sys-
tem. The fluorescence spectrum of XeF obtained with this apparatus is
shown 1n Figure IV-6. An NF3:Xe:Ar = 1:1:10 maxture at a total pres-
sure of 30 Torr was used in the quartz capillary discharge tube to

obtain these data.

Figure IV-6.

Spectral profile of
Xel® excimer fluores-
cence from capillary
discharge tube.
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v, EXPERIMENTAL RESULTS

A Introduciion

This section contains the results of Task IV — Molecular
System Evaluation. The objective of this task 1s to experimentally
evaluate the two excimer systems recommended mn Task II (KZ/KXe
and XeF') with the apparatus designed under Task III (see Section IV).
We describe measurements taken on the XeF capillary discharge
apparatus. Operation of the Kz/K}{e metal vapor capillary was delayed
because of leak problems and no data have yet been obtained. It is
anticipated that the metal vapor experiment will be operational early
in the next contract period.

The primary measurements carried out were tests for gain
and laser action, the determination of operating conditions, limiting
processes, and scaling information, These latter two points are dis-
cussed 1n Section III, Since laser action was not achieved on XeF,
additional tests were made to determine why 1t did not perform as pre-
dicted, with the objective of gaining new knowledge of the XeF system
in order to improve the analysis of Task II (Section III).

Data obtained from the XeF apparatus included discharge volt-
age, discharge current, and absolute fluorescence intensity measured
as a function of gas mixture, pressure, and external circuit param-
eters (e.g., capacitor and ballast resistor size), Upper state XeF*
populations and small signal gain were calculated from the fluorescence
data according to the procedures outlined in Section IV.

Experiments were performed with two different size capillaries:
(1) 2 15 cm long x 0.3 cm diameter tube, and (2) a 1.6 cm long by
0.1 cm diameter tube. Tube 1 was used in the 1nitial experiments and
was designed to provide a gain path long enough for laser action and a
bore size large enough to permit easy mirror alignment, Tube 2 was
used 1n the second phase of the experiment prumarily to obtan a better
understanding of the system kinetics. This tube was designed to pro-

vide more efficient gas cooling and higher E/P than tube 1.
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Several unsuccessful attempts at pulsed laser action were made
with Tube 1 under conditions where the fluorescence measurements
indicated peak gains of 8 x 10-'3 cm_l. The modeling studies indicated
that the gas temperature was too high and E/P too low to produce an
inversion. The high fluorescence yields observed were apparently
dominated by thermal excitation,

Tube 2 was then used to obtain additional data under more favor-
able operating conditions (lower temperature, higher E/P) which were
then used as mnput to the modeling study. The pulsed and cw perform-
ance of Tube 2 was not significantly better than Tube 1, Pulsed gains

3 -1
cm = for ~2 psec durations. Continuous wave

were typically 0.8 x 10°
gains were typically 1 x 10_5 <::rn—1 and limited in duration only by the
thyratron turnoff characteristics and fluorine consumption as discussed

in Section III,

B. Experiments With Tube 1

The initial experiments with Tube 1, the 15 cmjlong x 0.3 cm
i,d. tube, were carried out with a 50 to 200 kQ resistor in series with
the discharge capacitor to investigate the quasi-cw behavior of the sys-
tem. Later experiments were performed with R = 0 to examine the
short pulse behavior., A summary of the experimental conditions and

main results of these studies 15 shown in Table V-1,

1, Quasi-CW Experuments With Tube 1

Both He and Ar were tried as diluents and NF3 wa s
employed as the fluorine source. The He mixtures typically exhibited
slightly better (~20%) fluorescence intensities than comparable Ar mix-
tures. A typical mixture ratio used in these experiments was 1:1:2/
NFB—Xe«He. Uniform quasi-cw discharges of 100 psec duraction could
be readily obtained at total pressures 10 Torr, at current densities of
1to 10 A/c‘_'rn2 and E/P values of ~100 V/em Torr. At pressures
higher than ~10 Torr, the discharge would detach from the capillary
wall and run a twisting course through the tube. The fluorescence

intensity would be decreased by a factor of ~Z when in this mode.
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Table V-1,
15 em

Operating Conditions and Main Results of
ILoong x 0.3 em 1.d. Tube Experiments

Mixtures

Pressures

Apparatus

Long Pulse Experiments

Short Pulse Experiments (R —0)

NFgz.Xe'He=0.1—-15:1-3 1.67 10
NFg3 Xe:Ar=1-15:1-3:10

NFg.Xe =1:4-9

0.5 — 10 Tarr

C =260 and 780 pF
R =0 to 200 KQ
20 0 kV charging voltage

XeF* of order 101 — 1012 ¢m—3 (a~ 100 cm”'T)
Fluorescence Pulses ~ 50 + usec long

Current Densities J ~ 1 —10 A em?2

Steady State E/P ~ 100 V/em — Torr

XeF* Peak Values of 1 to 3 x 1014 cm™3

Apparent Gainsofa=26 —80x 103 ¢m—]
Fluorescence Pulses ~ 0.5 usec long

Current Pulses ~ 0 2 psec long, J = 100 to 4000 A cm?
E/P Low {Unmeasured)

Laser Action Tried With 1 to 4/NFg — Xe Mixture

Attempt Unsuccessful Because of Gas Heating

T1938
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Typical data appear in Figure V-1, Fluorescence intensity,
total discharge current, and total anode-cathode voltage drop are shown.
After 15 to 20 psec of fluctuations, the discharge reaches a steady
state operating mode at ~1 A/cmz and ~120 V/cm-Torr. The steady

state XeF* population 15 ~3.8 x 10]’l cm-3 corresponding to a gain of

"“10-5 cm_l. Gain of this magnitude are too small for laser action in

Tube 1.

5117-45
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2, Short Pulse Experiments with Tube 1

a. Fluorescence Optirization — As the ballast

resistor {R) is decreased the current pulse shortens, the imtial cur-
rent rises and the fluorescence changes from a quasi-cw to a pulsed
character. The peak fluorescence increases with increasing current
all the way to the point where R = 0 and the current is linited prumarily
by the circuit irductance. The 1ncrease 1n fluorescence obtained by
going from R = 100 or 200 k@ to R = 0 was typically a factor of ~200.

Further increases 1n the fluorescence intensity were obtained
by varying the muxture ratio and gas pressure. It was found that the
fluorescence increased with increasing NF3 and de‘::reasmg He diluent.
Ultimately, conditions were found where peak XeF populations of
3x 1014 cmu3 and gains of 8 x 1073 cmdl were observed. This corre-
sponds to a single pass gain of 12% in our 15 cm tube.

Figure V-2 shows fluorescence and current traces for this
maximum gain condition 1n the 3 mum tube. The fluorescence from
this 1:4/NF3—Xe mixture at 7 Torr has an FWHM of ~300 nsec. The
current pulse 1s also ~300 nsec wide and reaches a peak value of
~700 A/cmz. The discharge voltage was unmeasurable because of
noise, but the E/P was probably 50 V/cm-Torr. In Figure V-2 the

fluorescence trace 1s displaced 2 divisions to the right relative to the

current trace.

b. Laser Action Experuments — Laser action was

attempted with this 1:4/NF

3-Xe mixture at pressures of 1 to 10 Torr.
The optical cavity consisted of two 50 c¢m radius mirrors spaced 40 cm
apart. The mirrors were made of quartz and coated with multilayer
dielectric films to give high reflectivity and 0. 1% transmission near
3500 &. This stable cavity was carefully aligned with an external He-
Ne beam. A photomultiplier equipped with & narrow band 3500 R filter
was placed ~40 cm from the output window in the ocutput beam path,

The apparatus was carefully apertured so that the phototube saw only
the light emitted through the output murror. The detector system was

sensitive enough to easily see the nonlasing XeF* spontaneous emis--

sion obtained when the rear laser mirror was blocked,
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1— 4/NF3 — Xe 7.0 Torr

780 pF AT 20 kV

NO DISCHARGE RESISTOR

TIME 0.5 usec/civ

FLUORESCENCE (TOP)  1.03x 10%4 XeF* cm—3/div
XeF* PEAK = 3.0 x 1014 cm_3

@ pPEAK = 8x 10—3 cm_1
CURRENT (BOTTOM) 100 A/dw

o~ 2
IPEAK_ 700 Afem

Figure V-2. Optimi od flucrescence for
3 mm tube experiments.

The onset of laser action with the above system would have been
observable as a drastic (several orders of magnitude) change 1n the
photomultiplier signal level. By comparing the detector signals
obtained with the rear laser mirror blocked and unblocked, even
extremely weak laseing action should have been observable.

No change in the phototube signal was observed despite pres-
sure and current variations as well as mirror excursions performed
about the He-Ne alignment condition. Laser action with a 1, 5:3.0:

10/NF_-Xe-He mixtures was also tried with a similar lack of success.

3
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As was explained in Section III, the lack of laser action is
probably due to a high gas temperature and low E/P brought on by the
hmgh current densities required to give apparent gains of practical mag-
nitude., The high fluorescence yield 1s not due to selective excitation of
XeF¥, but instead 1s the result of thermal pumping which also pc;pulates

the XeF ground state.

¥

c. Experiments With the 1.6 cm Long x 0.1 cm 1.d,
Tube (Tube 2) — Quasi-cw as well as short pulse

operation was also examined 1n the 1 mm tube. Current densities were
usually kept below 50 to 75 A/cmz to prevent sigmficant gas heating,
A summary of the experimental conditions and main results of the 1 mm

tube studies are shown 1in Table V-2,

1, Quasi-CW Experiments With Tube 2

a, Measurements on NF3 and FZ Mixtures — The
first experiments with the smaller tube were directed toward quasi-cw
operation., Both FZ and I\TF3 were used as fluorine sources and He was
used as a diluent. A typical mixture investigated was 0. 2:1:1/NF3(F2)—
Xe-He. Data for this mixture ratio are shown in Figure V-3 (with NFB)
and Figure V-4 (with FZ.)' Total anode-cathode voltage drop, Xel=
fluorescence intensity and total discharge current are shown as func-
tions of total pressure. Operating pressures were usually limited to
below 30 to 40 Torr by the discharge not breaking down,

The NF3 data (Figure V-3) show that after atilziniha-,é 50 to 100
pmsec high fluorescence period with XeF* = 1,5 x 107" em 7, the dis-
charge voltage and current reach a steady-state and produce a quasi-cw
XeI* population for ~0.5 msec., The termination of the fluorescence
15 caused by the turnoff of the thyratron and 1s not due to kinetics
effects. Rough calculations indicate that the fluorescence could remain
at these levels for several milliseconds before NF3 consumption effects

become significant.
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Table V-2. Operating Conditions and Main Results of
1.6 cm long x 0.1 cm i.d. Tube Experiments

Mixtures NF3:Xe'He =01to1:1:1-2

F2:Xe:He =0.21:1

Pressures 0.5-40Torr
Apparatus C =260and 780 pF
R =51to 500 K2

20 kV Charging Voltage

Long Pulse Experiments

Steady State XeF* of 2 —4 x 1011 ¢m—3 Observed for
0 5 msec Durations in NF3 and F2 Mixtures

Steady State Gains=05 x 1079 ~10x 102 cm™!
J=1-5Acm?
E/P = 60 to 250 V/cm — Torr

Short Pulse Experiments (R > 5 K$2)
Peak XeF* of ~3 x 1013" em™3 (@~ 0.8x10~3 ecm=~T)
Fluorescence Pulses 1 to 20 usec Long
J=5—50A cm?

Discharge Runs at High E/P (400 to 700 V/em — Torr)
for ~ 5 usec at Start

Discharge Then Makes Transition to Lower E/P {80 to 300 V/cm — Torr)

Maximum Fluorescence Occurs During High E/P Initial Phase

T1939
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Figure V-3(a). Quasi-cw operation in typical
NF3 mixture.
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Figure V-3(b). Continued.
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Figure V-4(a). Quasi-cw operation 1n typical F
mixture.
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Figure V-4(b), Continued,
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The steady state fluorescence scales approximately linearly

as the total pressure from a value of 1.2 x 1()11 cm_3 at 7.5 Torr to

3.7x 1011 crn-3 at 23 Torr. The corresponding quasi-cw gains are
0.3 =x 10~5 c:m_l and 1,0 x 10_5 cm_l, respectively. Steady state E/P
falls from 250 V/cm-Torr at 7.5 Torr to 135 V/cm-Torr at,23 Torr,
Current densities are about 2 zf‘sh/crn2 for all three cases shown.,

It should be noted that the current does not decay as fast as is
indicated 1n Figure V-3. About half of the decay is caused by the
0.06%/sec droop (36% in 600 psec) of the Pearson 2100 Rogowski co1l
used in these measurements. This spurious decay is quite evident
at the end of the discharge where the current trace is observed to
undershoot the baseline.

The Fz data (Figure V-4) show similar time and pressure
variations. After an initial transient, a 0.5 to 0.7 msec quasi-cw
fluorescence level 1s observed during a period of nearly constant dis-
charge current and voltage. The steady state fluorescence again
scales approxmmately linearly with pressure from 1 x 1011 cm—3 a
15 Torr (05..27 X 10-5 cm—1 gain) up to 4.5 x 1011 <:In_3 at 40 Torr

(1.2 x 10~ cm-l gain). The mixtures containing }.7‘2 thus produce

t

about one-half as much fluorescence as corresponding ones containing
NF3. This may be a result of the visually poorer discharge uniformity
obtained with the FZ mixtures. Whereas the NF3 mixtures were uni-
form across the entire tube bore, the ¥, mixtures were noticeably
brighter at the tube center than they were near the tube wall, The
steady state E/P was also lower in the F, mixtures, decreasing from

80 V/cm-Torr at 15 Torr to 60 V/ecm-Torr at 40 Torr.

b. Fluorine Atom Recombination Experiment - As

discussed 1n Section III, a significant factor limiting cw operation is
cons‘llmptlon of the fluorine source by the reaction Xe¥* + FZ(NF3) —
XeF + F(NFZ). One way to circumvent this problem 1s to add a large
amount of diluent to the mixture to enhance the three body recombina-
tion reaction F + F + He -"'Fz + He. To see if this recombination reac-
tion would have any effect upon the fluorescence level observed during

quasi-cw operation, a 0. 2:1:40/F2-Xe—He mixture was studied at
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pressures up to 200 Torr., A 0,2:1:40 mixture at 200 Torr has the same
Fz and Xe concentrations as a 10.7 Torr 0, 2:1:1 mixture, but 40 times
more He to act as a third body.

Figure V-5 shows the 200 Torr operation of this mixture.

The gas broke down easily, but the discharge was filamentary in nature
with only about one-half of the bore filled with a bright discharge
directly down the tube center. The nonuniformaity in the case was much
worse than i1n the previous 0.2:1:1 mixture. As before, the discharge
lasted for ~0.7 msec at constant voltage and approximately constant
current until the thyratron shutoff. E/P was 6.25 V/cm-Torr (258 V/
cm-Torr Xe), and assuming that the current and XeF* population were
uniformly distributed throughout the tube, these had values of 2.5 A/cmz
and 2,35 x .'LO11 cm_B, respectively.

This XeF* population is about a factor of two greater than that
observed 1n 0,2:1:1 mixtures at 10 to 15 Torr, indicating that the added
He may be having a positive effect. However, the filamentary nature
of the discharge makes these results suspect. The "filament'" could
be an Y"arc" with a high curreunt density and a thermeally excited popula-~
tion, similar to the high current experiments with the 3 mm tube,.

Further studies are required before a definite conclusion can be made

on the efficacy of the recombination approach.

2. Short Pulse Experiments With Tube 2

a. Current Density Limitations — As the current

is increased in the 1 mm tube (Tube 2), the 1nitial fluorescence intensi-
ty also increases. The current cannot be increased indefinitely, how-
ever, since eventually gas heating becomes excessive and any hope of
obtaining a XeF 1nversion is destroyed by a lowered E/P and thermal
filling of the XeF ground state. We therefore conducted several
experiments in an effort to determine an upper limmit on the current
density below which high E/P and good XeF* fluorescence could be
obtained simultaneously. This limit is found to be ~50 to 75 A/c:rn2

for the mixtures studied.
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0.2-1 —40;’F:2 — Xe — He
200 Torr
A

FLUORESCENCE |

20 mA/div

FLUORESCENCE =
1.18 x 1012 e~ 3/dw

%&? Sl ..wﬁwm
5 kV/dw l ﬁi-ﬁ’" :

3 100 psec/div

Figure V-5, Operation at 200 Torr with high helium concen-
tration,
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At current densities below this limit, high E/P is observed for
~5 psec at the beginning of the current pulse, After this initial high
E/P phase, the discharge then makes a transition to lower E/P and
continues to operate there until the thyratron shuts off, The high E/P
phase is characterized by E/Ps in the range 400 to 700 V/cm-Torr,
while 80 to 300 V/cm-Torr 1s typically observed during the low E/P
phase. The maximum XeF#* fluorescence is observed during the low
E/P phase. The maximum XeF#* fluorescence 1s observed during the
high BE/P phase. The exact values of E/P obtained depend upon mix-
ture ratio and pressure. E/P generally increases with decreasing
pressure and 1ncreasing NF3(F2).

This dual mode of operation 1s 1llustrated by photographs 1, 2,
and 3 of Figure V-6. This figure shows discharge voltage and current
for decreasing values of ballast resistor. An initial ~5 psec voltage
hump (the high E/P phase) is followed by a relatively flat voltage trace
(the low E/P phase). Despite the fact that the current density varies
from ~10 A/crn2 in photograph 1 to ~40 A/cmz in photograph 3, all
three cases exhibit E/Ps of ~400 V/cm-Torr during the first phase
and ~125 V/cm-Torr during the second,

This collapse of the initial high E/P is primarily a result of
consumption of NFB(FZ) as discussed in Section III. Since this effect
is proportional to current density, one would expect the high E/P phase
to shorten drastically at high current densities, This, in fact, is
observed. At current densities above 50 to 75 A/cmz most mixtures
exhibit a high E/P phase of only several hundred nanoseconds duration.
This effect is illustrated by photographs 4 and 5 of Figure V-6, where
initial current densities are ~150 and ~ 350 A/cmz, respectively. The
E/P 1in these mixtures falls almost immediately to low values of
~80 V/ecm-Torr. At current density of this level, excessive gas heat-

ing will also have a detrimental effect upon the XeF* inversion,
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5117-37

01 A/ B
R = 100 k&2

5 kV/div §2
0.2:1:1/NF3 — Xe — He

15 Torr
1.0 mm BORE

20 kV CHARGING VOLTAGE
5 kV/div

I——D 5 ec/div “

Figure V-6(a). V-1 data for NF, mixtures illustrating cur-
rent density limit.
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5 kV/div g2

A

R=10k§2

v
1 Aldwv

0.2.1 1/NF3 — Xe — He

15 Torr

1.0 mm BORE

20 kV CHARGING VOLTAGE

5 kV/div §

R=5k8{2

1 Afdwv E

5117-38

5 psec/dv

———gp 2 usec/div

Figure V-6(b). Continued.
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b. Discharge Stability — In Section III a stability

condition was derived winch indicated that the discharge will be stable
as long as the voltage drop across the ballast resistor 1s greater than
the voltage drop across the discharge. The data shown in Figure V-7
tend to support this stability condition,

This series of oscilloscope traces shows the V-1 charagteristic
of a 0, Z:I:I/NF3~Xe-He mixture as a function of pressure for a fixed
charging voltage (20 kV} and fixed ballast resistor {50 k). In photo-
graphs 1 through 3, the peak discharge voltage 1s well over half of the
total 20 kV on the discharge capacitor. Itis 15 kV, 13 kV, and 11 kV
in photographs 1, 2, and 3, respectively. The ballast resistor thus
hags ~5 kV, ~7 kV, and ~9 kV across it 1n the corresponding cases.
The discharge should be unstable, and indeed the discharge current
does exhibit a factor of 2 type fluctuations in the first 10 psec of each
trace.

In photographs 4 and 5, ‘however, these fluctuations are absent.
In these cases the peak discharge voltages are 8 kV and 5 kV corre-
sponding to ballast resistor voltage drops of ~12 KV and ~15 kV. These
voltages satisfy the stability criterion and indeed the V-I characteris-
tics of 4 and 5 do come to a steady state more rapidly with less severe

fluctuations than do cases 1, 2, and 3.

c. Fluorescence Measurements — With the 50 to

75 A/cmz limit in mind, variations in system parameters were carried
out 1n order to maximize the XeF* fluorescence. The Xe¥F=* population
was found to be a weak function of current density, pressure, and mix-
ture ratio. Typically, the peak fluorescence would vary by only fac-
tors of 2 to 4 for fairly large excursions in operating conditions. The

use of FZ in place of NF, also produced only small differences in

3
performance.

Figure V-8 illustrates how the XeF* fluorescence varies with
pressure for a typical NFs-XeuHe mixture. The optimum pressure
for this mxture is ~10 Torr where XeF* = 3,3 x 1013 cm"3 (r.e., gain
o~ -3
=0.9x 10

cant only during the initial part of the current pulse (high E/P phase),

cm_l) is obtained. The fluorescence, which 1s signifi-
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25 Torr
T
x iR A :
%;‘:m:,_:ﬁﬂ
0.2 Aldv ===
w i‘%@gﬁf*& Y
= : ST T F e e =
Y opsin f .,,jt-:»_:;;- .
20 Torr

02.1 1/NF5— Xe — He
B0 kf2 LOAD RESISTOR
1.0 mm BORE

20 kV CHARGING VOLTAGE

15 Torr

| I—P 5 usec/div

Figure V-7(a). V-I data for NF, mixture illustrating the
discharge stabi:lity condition,
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Figure V-7(b). Continued.
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10 Torr |

Figure V-8,
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ALL TRACES: 05 1: 1/NF3 — Xe — He 15 Torr
2 psec/dw
FLUORESCENCE (TOP = 3.3x 103 cm™3/dw

CURRENT (BOTTOM) =02 A/dw

Pressure dependence of fluorescence from a typical NF_ mixture



varies by only about a factor of two over the range 5 to 20 Torr. The
current density varies from ~25 A/crn2 at 20 Torr to ~65 A/cmz at
5 Torr,

Figure V-9 shows oscilloscope traces of the maximum fluores-
cence obtained for four different X:1: l/NF3
0.2, 0.35, 0.5, and 1.0. These mixtures produced the highest fluores-

~Xe~He mixtures with X =

cence of any evaluated during this part of the study. In this series, the
operating pressure has been varied with constant charging voltage

{20 kV) and a fixed ballast resistor (25 k2) until maximum fluorescence
was obtained for each mixture.

Despite the wide variation in NF_, concentration, the optimum

fluorescence obtained 1s very nearly the3same for all mixtures: XeF*
235 1013 corresponding to ~0.8 x 1073 et gain., As indicated
previously, this lack of a strong dependence upon operating conditions
appears to be a general characteristic of the XeF* capillary system
and is not restricted to this particular set of mixtures.

Figure V-10 shows typical short pulse cperation with FZ, at two
different current levels 15 A/cmz (top) and 30 A/czn2 {bottom). Despite
these relatively modest current densities, the discharge does not
exhibit the 1nitial high E/P phase observed in NF3

mum E/P 1n this mixture is ~200 V/cm-Torr. The fluorescnece ob-

discharges., Maxi-

served is also somewhat lower than in the NF3 mixtures. As in the

quasi-cw experiments, the F, mixture discharges were visibly nonuni-

2
form with the center being considerably brighter than the regtons near
the walls. This lack of discharge uniformity is undoubtedly linked to

the relatively poor performance of these mixtures,
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1b Torr 14 Torr
D.2.1.1!NF3—Xe—He 0.35-1 1INF3—Xe—He

TALL TRACES 2 psec/dw
FLUORESCENCE (TOP) = 33x 1013 em™3/dw
CURRENT (BOTTOM) = 0.2 A!dw

0511/NF3—Xe—-—He ' 11T!NF3—Xe—He
10 Torr 10 Torr

.

Figure V-9. Optimized fluorescence in 1 mm bore tube for several NF mixtures,



0.2:1:1/F2 — Xe - He
15 Torr

5 kV/div §

FLUORESCENCE =
2.94 x 1012 cm“3/dw i

0.2 Aldivk

FLUORESCENCE =
5.89 x 1012 em—3/diy

5 kV/div

0.2 Afdw
5 psec/div

Figure V-10. Fluorescence and discharge mea-

surements for a typical F, mixture.
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VIi. PRELIMINARY CONCLUSIONS AND FUTURE WORK PLAN

A, Preliminary Conclusions

At this point in the program we are n a position to make some
preliminary conclusions regarding the expected performance charac-
teristics of a capillary discharge pumped cw excimer laser. In both
the XeF and the K_Xe/KZ excimer systems the discharge electric field
required for achieving a practical gain coefficient of ~1% per cm is
predicted to be high, ~10 to 40 kV/cm, If the field is to be applied
axially along the capillary tube it will be necessary to use multistage,
individually ballasted discharge paths as shown in Figure VI-1 1n
order to limit the required power supply voltage to ~10 to 40 kV, This

type of discharge configuration is used routinely for CO, waveguide

lasers, The ballast resistors will need to have a voltagze drop compat -
able to or greater than the discharge voltage on each segment so that
all segments will draw equal current and run in a stable mode.

In both the XeF and KXe/Kz excimer systems the efficiency is
predicted theoretically to be near the quantum efficiency (~30% for XeF
and ~90% for KXe/KZ). In the case of XeF the optimized experimental
efficiencies appear to be runnmng about a factor of 10 below quantum
efficiency. At lasing threshold we expect the mput current density to
be NlOZ A/crn2 for the XeF system and ~1 A/cmz for the KXe/Kz sy S~
tem. For cw operation both systems will likely have to run at a total
pressure of between 1 to 10 atm. For adequate gas temperature cool-
ing the capillary diameter will be required to be ~1 to 3 mm (a lower
figure likely applying to the higher threshold XeF system), with at
least half of the gas being helium. Flowing liquid coolants, of course,
will also be necessary to control the temperature of the tube wall.
Assuming that an efficiency of 10% can be reached for both systems,
the expected cw power output for near threshold operation should be
~10 to 100 W for the capillary discharge pumped KXe/KZ system and
~100 to 1000 W for the capillary discharge pumped XeF system,
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Figure VI-1. Projected capillary discharge configuration for cw exci-
mer laser,

B. Future Work Plan

The capillary discharge technique in use for the present phase
of the program was chosen as the most expedient means to demonstrate
and gather basic data for cw operation of an excimer laser system,
This technique is not dimensionally scalable. Thus, the appropriate
goals for the future 12 month phase of the program in meeting the over-
all objectives of the NASA high power laser program are

1. Identify and show theoretical feasibility of a cw

pumping technique which can be applied to at
least one excimer system recommended from
the current program and which can be scaled

to produce cw output power sufficient to meet
NASA's future mission requirements

2. Demonstrate feasibility of the above concept
in a laboratory experiment,

According to the discussion in Section II the only option other
than thermal conduction for achieving the 104 to 105 W/cmz heat
removal rate required of a cw excimer laser is convection. For the
alkali excimers this 1s a viable approach to more scalable cw opera-

tion since residence lengths as long as 10 cm at 1 to 10 atm pressure
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sonic flow can be tolerated. In the case of the XeF system the
maxiumum residence length required could be as short at 1 mm, which
would not offer any improved scalability features over the capillary
discharge. However, there is a particular feature in the XeF excimer
system pumping kinetics that permits consideration of a2 new non-
quilibrium convection and radiative cooling mechanism ifor achieving
scalable cw operation of this system at low pressure.

In the case of the XeF excimer lasers, gas flow can be used in
a unique way to permit power extraction throughout a dimension >1 cm
in the flow direction. The method is to utilize a unique feature of the
kinetics of these excimer systems which will permait one to use low
pressure gas flow to spatially separate regions of the flow where electron-
heavy particle thermalization has occurred (downstream region) from the
region where the electron and gas temperature are still disparate (up-
stream region)., The unique feature is the fast two-body excimer forma-

tion rate, e.g.,

Kex + FZ —+XeF + I , (26)

which at low pressures ~1 to 10 Torr can proceed rapidly enough to
quickly reach lasing threshold and, 1n particular, proceeds at a rate
faster than the electron-heavy particle thermalization rate which

occurs primarily via vibration-to-translation transfer collisions. The

9 -3

. - -1
rate for the former process is ~10 " cm ~ sec ~ while the V-T trans-
fer rate is at least two orders of magnitude smaller,

Assume a 10:1Xe: F 3

o, mixture at a density of 1017 cm” ~ and

flowing at a speed of "’105 cm/sec. Energy is fed into the electrons at
the head of the plasma jet and establishes an electron temperature of

~4 eV (typical of pulsed static Xe¥, discharge pumped excimer lasers},

2
These electrons quickly establish comparable reservoirs of electronic

1014 3

and vibrational level energy [F‘z] =

P

level energy [Xe¥x] =

1014 em -, At these densities and at the above flow velocity, reaction

cIm.

(26) will establish an excimer level population sufficient for lasing in
about 0.1 mm, i.e., at essentially the upstream boundary of the plas-

ma jet, while V-T transfer and thermalization will not be complete
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until several centimeters downstream (see Figure VI-2)., In this
latter region the gas will become hot (Tg ~ 1 eV) and radiative cooling
can occur thus giving the added benefit of helping to minimize the heat
exchanger bulk in a recirculating system.

Finally, the fluorine consumption problem associated with cw
low-pressure operation of this system 1s removed as the gas flow is
adequate to replenish the fluorine at the required rate.

In principle, the above concept 1s stmilar in many respects to
many chemical lasers but differs of course in the sense that power
must be put into the medium by means of a discharge, If, as antici-
pated, laser power extraction can occur throughout plasma jet volumes
on the order of 1 cm3, a gamn path of 50 to 100 cm could provide net
cw laser power levels in the range that would meet NASA's ultimate
mission requirements.

Whethetr one uses equilibrium or nonequilibrium gas flow to
establish cw operation of an excimer laser with gas residence length
of 1 cm, one must in etther case first demonstrate stable operation of
a transverse discharge ina static gas for times ~10 psec which roughly
corresponds to the sonic flow residence time of gas in the discharge.
This will be done1n the forthcoming phase of the program for both the
KXe/KZ and Xel" systems prior to any experiments utilizing gas flow.

In total, the activities planned for the forthcoming year are

1. Achieve spontaneous emission brightness levels

adequate for lasing KXe K2 or XeF 1n
2 cw capillary discharge Parallel activities

a 10 psec static transverse [ for first six months
discharge

2. Construct and achieve cw |
laser action in a long gain- Ny
path capillary discharge Parallelactivity

| for second six months

3. Construct and achieve A
several millisecond laser
action in a fast flow trans-
verse discharge.
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Figure VI-2. Low pressure XeF excimer plasma jet concept.
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At the end of this second year effort on the program we expect to have
identified both an excimer molecular system and cw pumping technique
which is dimensionally scalable to cw power levels on the order of one

megawatt and to have carried out a small s cale demonstration of lasing
such a system 1n the laboratory,
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APPENDIX

Section 1

C REFL - DISCHARGE PUMPED XREFL LASER .
REAL MASE  MASXE,YMASH, M1 22 1] s KGK3XLKBX K41 G NED, NEE
REAL NFP Y .
\R’EAL
REAL “
REAI. LENGTH .
REAL ¥PLUS,KJI,KETL
REAL L
REAL MD1,MDI¥D
EXTERNAL FUHC
COUMMON/STOR/ M KE ik HER ,CM1 ,CX 1, XKEFG,ENIT ,EXT jEXEFU,CEL,
+HIAASKF  HASM,V  LENGTH, A L. R,DT,E,FI
C CONSTANT DATA
MASE=0.5F6% E=1.6E-193 MASXE= Iji+1840* 5E4
L=nN
C=10NNE-9
D=.1
A=3.14%(D/2) *%2
C =HELIU#
HASH=4%1840%,5E6
EXI=8.33 E¥X2=0.03 EXI=12.03
EMI=22.5 EM2=23.3 EMI=24.5
EXERU=3.,]
CX1=.3E~-143 CX2=,05E~163 CXI=.11E~i6
CX1I=8E~-165 CX2I=hE-158 .
CMi=,02BE~-173 CM2=.025E-173 CMI=.0N8E~-17
CH1I=BE=-165 CHM2I=BE-14 . .
CEL=5.5FE-16 )
CDIF=1k-15

LENGTH=
K=1440FE 19
NEO=1E10
TGO=. 03 ‘ '
AX2=AFT3 A¥2=32E7 AXED | =4ET+ AWDI-S?ET,A (EF=2ET7 s AMX=10E7
¢ INITIAL CONDITIONS . )
WRITE(5, 50) .
50 FORMAT(2X, 1HM,5%,2HFL,5X, 2HXE,5X, 2HVD, 5%, 14R,5Y, 2HDT,
+5X, 6HIPRINT, 5%, AHTHAX 5X , 24VS)
ACCEPT#,¥ ,FL,XE, VA, R,DT,; IPRINT, THAX, V3
TG=TGO
V=VO0
WRITE(S, 80) | :
80 FORMAT(4X, AHTTHE, 6X, SHVDISC 5K, IHJ 9%, 2HNE, 8%, 3HENT,
+7X, 2HKT , 8X, 3HXET) N
WRITE (5. 85) : .
8% FORMAT(7X,2HFL,8X,3HXE1, TX, 4HXEFU, 6X, 4HXEFG, 6X, 4HGAIN,0X , 2HTG,
+8X, 2HTL)
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CTI4E STEP PR
.20 ISTFP=1STEP+I"
T=T+DT :
s IFCIZTHAX) 21421, 22
21.CONTINGE © . -
C CIRCUITRESPONSE
NE= NED+MI+XFI+MDI+XEDI+XEMI-FNL
VO=VO-DT*J*A/C  ~
IE (VO=VS) 4,5,5
5 V=V0: GO TO & - -
V=VS
"6 CONTINUE
TERR=03 IND=1 5EPS=0.02.
IF (ISTEP=1) 10,10,8
8 IF (TE=.5) 9,9,10
9 TE=.55 GO TO 2 -
10 CONTINUE
_TE=SOLH (IND, FUNL..4.AO.,LPS 159&) :
IF(IERR) 1,2,1 S
1 TE=.4 )
2 CONTINUE. .
C RATE CONSTANTS: -~ ELCTRONIC,

i

VD=SORT (J*TE /HASMY*3ETD """ w52’
=NExE+VD ‘

VDISC=VY —R*J*A-L*A*F*V')HNE-NEP)/DT

NEP=NE - e e

a s

RC=6+ 3BE X (SQRT( 22TE) J %43 . 7+ s
RI=RC*EXP (=EMI/TE) % (1. +hMl/(2*TF))*(NF*CMI*M} .
R1B=(R1/IY*EXP(EM] /TE) x4 14,25
R1X=ROXEXP(~EXL/TE) *(1. +EXI/(2*IE))*(NL*CXIﬁXF)
R1XB=(R1X/XE)*EXP(EX 1 /TE) «XE1%.25 -
R3T=RCXEXP(~EM2/TE) *( 1, +EM2/ (24TE) ) x (NECU21A)
R37B= (R37/M) *EXP (EM2/TE) *H2% 11 -,
R37X-RC*EXP(-EX2/TE)*(I.+EX2/(2*IF))*(NE*szkxﬁ)
R37XB=(R3TX/XE)*EXP (EX2/TE)*XE2%. 1 . ° .

R38=RCXEXP (+ (EMI-EM1) /TE) % (1. +(EMI- EMI)/(?kTL))*\
+(NEXCM T#M1 )
R39= RC*EXP(~(FMI~FM2)/T&)*(I.+QEMI-EM2J/(2*TE))*

+(NE#*CH2I%M2) .

R38X=RC*EXP (- (EXI—EXI)/EE)*(I +(EXI~EX1)[(?*IE))r
+*(NE*CXII*XEI)

R30X=RCHEXP (~(EX[-EX2)/TE) % (1 +(EXJ—EX7)I(2*TF))
+% (HEXCX2 1 *XE2) «

R2=RCAEXP (—EM L/TE ) (1 ; +bMI[(?*IE})*(NE*CMT*%)
R2X=RC*EXP(<EXIATE) *(1. +EXI/(2*TE))*(NF*CXI*XF)
R4= . 20E=B+MD I+NE/(SQRT(TE)),, siv:
R4X-.346E-6*XFDIwNE/(SQRT(TE))
R4ifX= s 346E~T#XEM I*NE/(SORT(TETY ... *
R17 =0, IE—IO*TE**(—?.I@)*PXPG-.léG/TF)*NE*FL
R28=2E~8*XEFUMNE, * - ‘
RO8R=2E-BREXP(-E KEFU/TE ) #NERXERG '~ | - 7. . -
REL-(NE#CFL*M*SQRIszTE/MASFlﬁ*@EPO*(Q*MASEIMASML*TF

s 'Jr PRI Y

- . --‘»
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http:RIXB=(RIX/XP)*EXP,(F-XI/TE)*kF-I*.25
http:IERR=O;Ii4D--'];EPS=0.02

C RATE CONSTANTS - GAS KINETIC
SQRTG=S0RT(TH) .
K3¥=1 ,E=-23*xEXP(.6/TG)
KbX=1.E-23*EXP(1.5/TC)
Kal=1,E-234EXP{.074/TG)
G3=pi*3. TE-31 *MxMI%5Q0TGC
G3X=XE*12E~3 1 %iixXF [ *SORTG
GIUX=M+D.8E=-31+«M*XETI+SORTS
G3XE=12E-31%XE*XEDI /K3 K+SORTG
GhH=M% | 2E-33%xMxM1*xSORTG
GHX=M&x 1 BE=324XE*XE 1 #SNR[J
CHMA=M*4TE-33 %M+ XE | £30RTG
GBXB=15E-32%XE*XED1 ZKSX%SQRTO
GI3=29FE =1 0%x41 *XEXSORTG
Gld=29F ~10+MD1 *XExSNQTS
Gi8=03 G18X=34.7E~10*SMTC*XE 1 +FL
G20=035 G20X=35E~10%xXEDI *FL*SQRTG
G22=8E-7+xMIxFNT%50RTG
G2 X=1TE-T*XETXFNT®SNRTG
G23=3E-25% U % NI «M*xSORTG
G233 X=12E-20%XE I*xFNI#*Y+SQRTC
G24=5E-7T+*MDI#F I *SQRTG
G2AX=1TE-T*XEDI *FNI*SORTG
G25=3E-25«MD [*FNI*M*xSNRTG
G25X=12E-25*%XEDI*FNI*"+SQRTG
G2TX=A0E~10x XEFUXFL#SNR TG
G3l=10E~-10%M1%%x2%S0RTG
G31X=30E-10%XE1 *#%2 %501 T0
G3I¥X=20E=-10*%XE1xM1 xSNRTG
G32=10E~1*1 *MD1 *SORTG
G32X=30E-10%xXF1*xXED1%SORTG
G32MX=20E~1"xM1*{ED 1 *SORTG
G33= 1 0E~19%4¥D 1 «x2*SNRTG
G33X=30E-10*#XEDI**2%SNRTG
G33MX=20E~10*XEM] +%2%SNRTG
Gl4=10E~10*8 1 *XEFU*SQRTG
G34X=30E-10x K E 1 #XEFUxSIRTS
G34MX=0
G35=1NE~10%*4D1xXEFU%xSORTG
G35 X=30E~104XEDI % XEFUXSQRTG
G3BMX=20F—1 O*XEMI * XEFU%SQRTG
GaN=F* 1 E-32%F*xM*SNRTG
G41=M*2E-32«XExF*xSORTG
G4l B=2E-32%M*XEFG/K Al
G44=6E-3 2%F* XE1 =}&SQRTS
CSTIM=2.6E—-17

C RDIFFUSIN RATES
KPLUS=, 44FE3% (3ET18/{ XE+H1 ) )%SQRT( . 03/TG)
KHI=2E3x(3El 6/ (XE+%))*xSQRT(.N3/TG)
KEL=VD/ (VDISC/LENGTH)
DPLUS=12%(3E 16/ (XE+M) ) *SQRT(TG/.03)%%3%x(4,8/D) *+2
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DNT=30%(3E1 6/ {XE+M) I*BNRT(TG/. D3y %,%x3%(4.8/)) %2
DEL=SORT(2%TE/HASE) #3E10/(3*CELX(XE+M) ) % (A, /D) %42
DRE=80RT{2*TG/MASKEIA3E1 N/ (3% (M+XEYXCDTFY*(4.8/D) k%2
DM=DXE«SQRT (MASXE/HASY)
DARPOS=NELUS-KPLUS*{DPLUS*kXET-DAT*FNI-DEL*NE)Y /
F(KPIUS*XET+KHT#*FUT+KEL=NE)
DANEG=DNI +KN I+ (DPLUSHXET ~DNI*FUH T =NELENS ) /{KPLUS ¥ XET+KH TFNT +
+KEL*NE)
C RATE EQUATTONS
=PI+ TR (R +R4A+G224GER=GE-G18-R1B=G13~-G31 =[1{*x}])
M2=M2+DTH(R3T+R4-AM2X12-RT IR) ]
HI=MI+DTH(R2 +C3IB+RIBHRIV-5G3I-G22-G23-DAPOSKU]T)
XE1=XE1+DTH (RIX+R4 4G22 X +GoXE=GDX~G1 8~ | {R-031 {~R3IBA-IAExXET)
KE2=XE2 +DTx(R3TX+R4X-AXE2%XE2-R3T7R)
KEI=XKET+DTH (R2X+03AB+GIMEBHGI3+61 44238 {+RIQU-GIK-3IUK-G22,-623XK
+-DAPOS+AE 1)
MDT=¥DT 40T (634631 +G32+0533+5G34+335-R14~524-G25-5335-DAP0S< 40T
XEDI=XFD1+DT* (GO X+G24X-AXEDXXED1 =G5 XB)
KEDI=XDI+DT*(GIL+G3 1 K+G32X+G33X+G34N+538X-RAN~-G24X—3522X~G3XE
+=DAPOS*XEDT)
XEMI=XEMT +)TH (GEMX+C2 4N X - AN« EM T ~GHK¥R)
XEMI=XUMT+DTH(G3MX+G3 14X +G3 2UX+GI3MA+GI 4MX+GI5 YK —RAMA -G 24U K-G2 B ¥~
+GE3BXB-DAPOSH*XEMT)
FNI=FHI+DTw{R1T7-522-0G22X~G23-6G23X ~5G24~-324%-G25~G25 - DANEG*FHT)
FI=FI4NT*(R1 7B+0u4N~R1T7=G13-G18X-620-G22 )
XEFG=XEFG+DTx (AXEFXEFU+R28+G2T X+635+G4 1 +G35X-1233-7341 1)
XEFU=XZFU+DT* (G BL+0G20+623 X+G25X+R22B-AXEF* XEFU~-G2TX -R23-G3 4-G3 4K~
+G35-G35X)
FeF4DTA(RITHGIBX+G20X+G22+522X+G2A4+G2AX +5254+525 42+« G2 T A+G34+334 X+
+418
+ =GA44~-C41=-2%540)
wAS TEMFERATURE
TC=TG4HDT*2/ (3% 2 (HEAVN* (VDISC/LENGTH) - (4.3/D) #%2%Kx (TG~-TG )
C GAIN
CAIN=CSTIM*{ AEFU-XEFG*EXP(-.074/TG))
UUTPUT
IFCISTEP/IPRINT-FLOAT(ISTERP) /FLOAT(IPRINT)) 31,30,31
30 CONTINUE
WRITE(H,90) T,VDISC,J,IE,FHI  MI XET
00 FORMAT(T(E10.2)0)
WRITE(S, 05) FL,XEt  XEFJ,,XEFG,GATH, TG, TE
95 FORMAT(3X,7(E10.2))
31 CONTIIIUE
GO TO 20
22 WRITE(5, 200)
200 FORMAT(2X, 19H>0, G0 OQHN-~—-<N, END)
ACCEPT*,Z
TE(Z ) 41,41 ,42
42 WRITE(S, 250)
250 FORMAT(2X,28HIEN VALUES: DT, THaX, TPRINT)
ACCEPT*, DT, THMAX,IPRINT

)

<
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41

51
52

53

ISTEP=0

GO TO 20

STOFP

END

FUNCTION FUHNC(TE)

REAL M,M1,0d2 ,NE, MASE , MASM ,LENGTH  NEP, L
COMMON/STOR/M, XE GNEIEP,CHMI1 ,CX1 ,XEFG, B 1 KX ,EXEFU,CEL,
+MASE  MASM,,V,LENGTH , A, L, kR, DT, E,FI.

VD=SORT (2*TE/MASM)*3EI0
RC=6.38BE7*(SORT(2+*TE) ) +x3

IF (TE-.4) 51,52,52

R1=0.3% RIX=0.3 GO TO 53

CONTINULE
RI=RC*EXP(-E#I/TE)* (1 .+EMTIZ(24TE ) ) * (CH 1 %)
RIX=RC*EXP(-EX1/IE)* (1. +EX1/(2%TE} )%= (CX1%XE)
CONTINUE

R17=9,, 1E~10*TE#*%(=2.14)*EXP{, 165/TE)*FL
R28BB=2E~8XEXP(-EAFFU/TE) *XEFG
REL=(CEL*M*SORT(2+TE/MASE) ) x3E10* ( 2%MASE/HASH) #TE
FUNC=(V=R¥ ARESNEXVD-L* A*E VDX (NE-NEP) /DT) /L ENGTH
+ =(1/VD)*(RIXXEX1+RIXEMI+R 1 7T*TE+R28BBXEXEFU+REL)
RETURNSEND
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Section 2

RXLCP - PULSLD RK-XLC LASGLR

REAL MASE,ASXKL,MASE, 81 ,Mm2,41 ,K,K3X,K5X,%41,HE0 , N8
KEAL LAMDE ,LAMDD ,KAEX,KADL ,FXFX,K¥DI

REAL WLP
wEAL J
KEAL LENGIL

KEAL KPLUS,hRI,KLL

REAL L

EXTERNAL PFUnC

COMLION/STOR/KE,PB,CPL1,CX] ,NE,5CP,L,A,R,DT,E,
+ LPl,EX1,CEL,ASY,MASYXE,V,L.ENGTH,P1,CP1T,CPI ,EPI
COMMUN/STE/IL

C CuwSTANT DATA

MASE={ .,5K6;
k=9
C=2.7E-9
D=1

A=27

C KL=ARLNON
LAMDL=]1.44E~

AP=3.69E7
REX=3.7E~8
RDI=5.4E-8
KDIE=4,4E-8

E=1.6E-19; MASXE=131*%1848*.5E6

4

DRDFE=.53E~8/(579)
DEDFD=1C-8/(.04E4)
DROFDE=.4E-8/(1.388E3)

VEA=~,479
VEX=.662
VDA==-.65
VDA=~,202
VDXE=-.540
Epl=1.61
EpP2=3.5
EPI=4,34
EPX1=1.46
EPXI=4.1Y9
EPD1=]1.46
EPDI=4.1Y9
CPl=6E-15
CPz=6E~16
CPI=.5E-16
CplI=5E-16
CPA1=6E-15
CPXI=.5E-16
CPDI=6L-15
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http:EPDI=4.19
http:EPD1=1.46
http:EPXI=4.19
http:EPXI=1.46
http:EPI=4.34
http:EPI=1.61
http:VDA=-.66

CPDI=.5E-16

CPHI=.B5E-18

CEL=5.5E-16

CDIF=1E-15

S5A=8.49E4;383B=7.18

LENGTH=1

K=166ELlY9
AX2=4E7;AP=3,65E7;AXED1=4E7
CSTHUE=AP/ 22X LAMUE** 2*REX** 2*DRDFE
CSTMD=APR/2* LAMDD**2*RDI**2*¥DRDFD
CSTMDE=AP/2* LAMDE**2*RDIE** 2*DRDFDE

C INITIAL CONDITIONS
WRITE (5, 58)
54 FORMAT(2X,2HXE,2X,2HETG,2X;18wW,2%,1Hv,2X,1HC, 2%, 26DT, 2X,6HIPRINT,
+2X,4HTHMAX,2X,58DELAY)
ACCEPT* ,XE,TG,w,V,C,DT,IPRINT, TMAX,DELAY
PR=2,7E16% (273/(273+7G) ) *10** (SE-.0B52%SA/(TG+273))
TG=(1G+273)*(1/1.16E4)
TCH=TG
=W/ (1,6E~19%EPI)*(1.24/8PI~.2)
KADI=1.8E~22*EXP (.56/TG)
KXEX=2,2E~23*EXP (-.05/TG)
PA=RXEX*PH*XE
PO=KXDI*PR**2
PA=KXEX*PU*XE
- - PI=F*CPHI*PA*DELAY -
P1=16.*pP1l
AT=AP*1 .6/ (8.3E-15*Py*D)
- - IF-{AT-AP)-18,17,17 -
17 AT=AP
18 CONTINUE
- wR1TE{(53 82) P9,PD,PI -
82 FORMAT(2X, P0=",E10.3,5X, PD=",E10.3,5X, "PI=",E10.3)
WRITE (5, 80)
-——86--FORMAT (4% ,4RTIME ,6X,58VDISC,5X,1HT, 9% 2HNE, 8X, 2HPY,
+8X,3HPX1,7X,3HPD1)
WRITE(5, 85)
- 85 FORMAT(7X,1HP,9X,2HP1,8X;5HGAINE,5X , SHCAIND,S5X,5HBETAE,S5X, SHBETAD,
+5X, 2HTE)
C TIME STEP
28 ISTEP=ISTEP+1 -
1=T+DT
IF{T-TMAX) 21,21,22
21 CONTINVE
C CIRCUIT RESPONSE
P=pP¥-(P1+PI)
NE=BI -
Y=V-DI*J*A/C
IERR=¢; IND=1; EPS=0.081
TE=S0LN {IRD ;FUNC,.1,5.,EPS,IERR)
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http:IERR=0;IND=1;EPS=0.01
http:SA=8.49E4;SB=7.18

IF{IERR) 1,2,1
1 WRITE({5,*) ILRR GO 1O 38
e sTop -
2 CONTIINUL
C KATE CONSTANTS - BLCYTRONIC
VD=SQRT (2*‘'E/MASKXE) *3E16H
J=NE*FE*VYD
VDISC=V-R*J*A-L*A*¥L*VD* (NE-N£P) /DT
NEP=NE
KC=6.33E7* (SQRT(2*TE) ) **3
EP1=RC*EXP(~LP1/TE) * (1+EF1/(2*TE)) * (NC*CPLl) *F
KP1B=RP1/P*EXP(EP1/TE)*p1*_.33
RPI=RFN (EPI)* (NE*CPI)*P
RP1I=KFN(EPI-EP1) * (NE*CP1I)*pP1l
RPX1=RFN(EPX1) * (NE*CPX1) *P¥
RPAIB=RPE1/PX*EXP (EPX1/TE) *PX1*.5
RPXI=RFN(EPXI) * (NE*CPX1)*PX
RPD1=RFR (EPDL) * (NE*CPD1) *PD
RPD1B=RPD1/PD*LAP (EPDL/TE) *PD1*1.
REDI=RFN (EPDI)* (KRE*CPDI) *PD
KLCP=PI*2,28E~26*HD*TE** (~=4.39) *NE
RECPX=3.3E~5*TD** (~.57)*PAXI*NE
RECPU=3.3E=S5*Te** (= 67) *LDI*NE
C RAYL CONS1ANES - GAS KIRNEPIC
SORLG=SQORT (TG)
KAEX=2.2E-23*EXP(.B74/7G)
RADI=6.5E-23*EXP(.735/TC)
KAEX=2,2E-23*EXP (~.065/7G)
KXDI=1.8E-22*EAP(.56/1G)
GPX=XE*BE-32*XE*P1
GEXB=XLC*81-32/KAEX
GPU=P* (XE*8E-3£*P1)
GPDB= (XL*3E-38) /KADI
GPXI=(XE*BE—-32%5k) *PI
GPX1B=(XE*8L~-32*PXI)/KAEX
GCPDI=(XBE*8E-3y*p) *pT
GEUIB=(XE*YE-38*PDI) /KADI
C DIFFUSIGN RATES
KPLUS=2E3* (3E16/{XL) ) *SQORT(.83/0G)
KkL=VD/ (VDISC/LENGTH)
DXE=SQRYI (2*1G/MASKE) *3E1H/ (3% (XL} *CDIF)* (4.8/D) *%3
DAPCS=KPLUS*TE* (4.8/D) **2
DP=DXE*1.8
C RATE EQUATIOHNS
- P1=p1+DT* (RP1+RECP+RECPX+RECPD-KP1B~-AP* (PX1+PD1) ~DP*L1)
IF (Pl1/P-3*EXP({-EP1/TD)) 8,9,9
9 pPl=P*3*EXP(~LP1/TE)
- 3 CORTINDE
PA=KXEX*P*XE
PD=KXDI*p*x*2
PL=PI+DT* (RPI+RPLI+RP2I+GPN*P+P*CPHI*F~RECP-RECPX~RECPD~DAPOS*P]I)

94


http:RPIB=RPI/P*EXP(EP1/'IE)*P1*.33

PA1=GPX/ (GPXB+AP)
PXI=KAEX*PI*XE
PRl =GP0 /A GPBEHAP - s e e Teose e mome
PDI=KADI*p*p]
C GA3 TEMPERATURE
e —— - PGERGHET*- NE* VD* VDI SC/LENGTH= {4 . 8 /0) ¥* 2%K* (TG-TGO)) *2/ (3*XE)
C GAIN
BETAE= CSTML*2*P*XE*EXP( JLX/TG)/3El@+CSTMDE*P**2*EXP{ ~VDXE/
e G 2, 25/ 3E18 e
BETAD= CSTMD*P**2*EXP(“VDX/TG)* 23/381@
GAINE=CSTME* (PX1*EXP{-VEA/TG)/ (KAEX*1.5)~ 2*P*XE*EXP{-VEX/TG))/3Elﬁ
e - A= E S PMPER* (P** 2% BUP(-VDXE/TG) *.25) /3E1G -
GAIND=CSTIMD* (PD1*EXP (-VDA/TG)/{KADI*12} -P**2*EXP (~-VDX/TG) *.25)}
+/3E16
- C-OUepPUE - i -
IF(ISTEP/IPRINT*FLOAT(ISTEP)/FLOAT(IPRINT)) 31,39,31
30 CONTINUE
— - wmee WRIEE (5,%) 1G - -— -
WRITE(5,94) 7T,vDblsC,J,NE,PI, le PDl
90 FORMAT(7(El8.2))
----—WRIEE(5, 95)-b,P1;GAINE,GAIND,BETAE,BETAD,TE
95 FORMAT(3X,7(E19.2))
31 CONTINUE
- - -GH-P0 28 - -
22 WRITE(S, 264)
298 FORMAT(2%,19H>E, GO ON---<§, END)
- --ACCEPT*,Z -
IF{Z ) 41,41,42
42 WRITE(5, 254)
256- FORMAT {2X,28HNEW VALUES: DT3; TMAX, IPRINT)
ACCEPT* ,DT,TMAX, IPRINT
ISTEP=§
GO TU 2y
STOP
41 END
FUNCTION FUNC(TE) -
REAL NE,MASE,MASXE,LENGTH,NEP,L
COMMON/STOR/XE ,P# ,CP1,CX1,NE,NEP,L,A,R,DT,E,
+ EP1,EX1,CEL,MASE,MASXE,V,LENGTE,P1,CP1I,CPI,EPI
VD=SQRT (2*TE/MASXE) *3ELD
RC=6.38E7* (SQRT (2*TE) ) **3
RP1=RC*EXP(-EP1/TE) * (1+EPL/(2*TE) ) *CP1*P0Q
REL=(CEL*XE*SQRT (2*TE/MASE) ) *3E10* (2* MASE/MASXE) *TE
FUNC= (V-R*A*E*NE*VD-L*A*E*VD* (NE~NEP) /DT) /LENGTH
+ =(1/VD)* (RPL*EP1+REL)
RETURN; END
FUNCTION RFN(Y)
COMMON/STE/TE
RFN=6. 38L7*(SQRT(2*TE))**B*EXP(—Y/TE)*(1+Y/(2*TE))
RETULN ; END

EX$

OUTPUT FILL: KXETV.FOR:15 [New version]
4
p=
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http:GAIND=CSTMD*(PD1*EXP(-VDA/TG)/(KADI*12)-P**2*EXP(-VDX/TG)*.25

