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SUMMARY

This report covers a two-year period of work on the NASA LeRC
research program on continuous wave (cw) excimer lasers. The primary
objectives of the research 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 in a laboratory
experiment.

The first‘objective was approached on the basis of fundamental
principles concerning the nature of an excimer transition. Strictly
defined evaluation procedures for the selection of suitable cw excimer
molecules were applied to the periodic table of elements. These evalu-
ations resulted in the selection of the KXe/szexcimer/dimer mclecules
and the XeF excimer molecule for further study. Self-sustained trans-
verse and capillary discharges were the pumping techniques selected to
be applied to these molecular systems.

The second objective was addressed largely with the use of computer
modeling of the discharge kinetics. The modeling was a continuously
evolving activity throughout the duration of the program. .

Early in the program the evaluation and modeling results showed
that the attainment of cw excimer laser action would require a signifi-
cant advance in the state of the art of discharge pumping of excimer
lasers, primarily with respect to the thermal dissipation problem. In
view of the required state-of-the-art advance, a multidirectional
approach to the third objective of the program was chosen wherein
each of the pumping techniques‘wduld be explored experimentally on each
of the two molecular systems selected. Thus, four separatérexperimental
apparati: were used for this purpose, and experiments were carried out
with all of them. | |

Difficulties in achiéving the cw excimer laser oscillation that we
anticipated in the evaluation and modeling, together with many materials

problems, prevented a demonstration of cw excimer laser oscillation.
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However, sufficient information was gained throughout the program to
enable us to identify a narrower set of priorities which can now be
used in any subsequent effort to deveiop cw excimer lasers., In
particular, of the four combinations of excimer systems and pumping
methods explored, the capillary discharge-pumped KXe/K2 appears the
closest to demonstrating cw excimer laser action, because of the lower
predicted pumping threshold required compared to the other molecular

system explored and to the predicted and demonstrated discharge

stability.
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SECTION 1

INTRODUCTION

An excimer laser transition is a transition between two electronic
states of a diatomic molecule: the upper state is a bound state and
the lower state is an unbound state. Such a transition will exhibit
advantageous features when compared with other types of lasers. These

include
e  Broadband tunability (AX v 1000 to 2000 A)
° High cw saturation power (% 50 kW/cmz)

® Large high-power system capability (low gain, fewer

parasitic problems).
The excimer laser transitien is. thus uniquely suited to meeting NASA's
ultimate cw high-power laser mission requirements.

The primary objectives of the NASA program covered by this report
are (1) to identify potential excimer molecules for visible and near-
visible cw laser operétion 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 in a laboratory
experiment.

Accomplishments toward these objectives are covered in the follow-
ing sections. Sections 2 and 3 cover the procedure for the selection
of suitable cw candidate excimer molecules and pumping techniques. Sec-
tions 4 and 5 are devoted to the theoretical modeling of the selected
cw excimer systems. Sections 6 and 7 report on the experiments that were
carried out on these systems, Finally, conclusions are presented in
Section 8. An appendix containing the listings of the computer programs

that were used for theoretical modeling is also contained in this report.




SECTION 2

FUNDAMENTAL REQUIREMENTS FOR A CW EXCIMER LASER SYSTEM

A. EXTENDED DEFINITION OF AN EXCIMER SYSTEM AND THE RED SHIFT

REQUIREMENT

The basic definition of an excimer laser transition is a transition
that occucs between two electronic states of a diatomic molecule of
which the lower state is a dissociative or repulsive state as in Fig-
ure 1(a). In our selection of candidate cw excimer systems we broaden
the definition of an excimer system to include any molecular electronic
transition that exhibits a continuum red shift relative to the transi-
tion between the associated parent atomic states, since it is this fea-
ture that is fundamentally responsible for the ability to maintain a
cw population inversion on a broadened molecular electronic transition.
To see this, one assumes that the molecular states are populated in
thermal equilibrium with respect to their parent atomic states in
accordance with the gas temperature, while the population of the atomic
states are in thermal equilibrium at the electron temperature. The
population ratio between the upper and lower molecular levels then can

be written
hv
= exp _A_(E\L)___g>, | W
g

where A(hv) is the red shift, hvo is the atomic transition energy, and
Tg and Te is the gas temperature and electron temperature, respectively;'
we have omitted degeneracy factors for simplicity. Therefore, an inver-
sion will result under this two-temperature equilibriﬁm condition,'if
the ratio of gas to electron temperature is less than the fractional

red shift, i.e., if

T
A
7 hg\) ’ )
e 0]
;
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Figure 1. Excimer and dimer potential energy curves. (a) Excimer.
(b) Dimer.

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, is the
dimer transition, illustrated in Figure 1(b), where the red shift is a
result of the shift in the internuclear separations of the potential
minima of two bound molecular states.

While the red shift requirement on the transition is not a neces-
sary condition-for achieving a population inversion for general pumping
conditions, it is mnecessary for maintaining an inversion under the two
temperature-equilibrium conditions assumed above; such an equilibrium
condition will tend to develop at the high electron densities and high
pressures required of excimer laser systems as cw conditions are

approached.




B. COOLING REQUIREMENTS

We have seen that the nature of an excimer laser transition under
cw conditions will likely demand that the gas temperature always remain
less than the electron temperature by at least the amount given by the
fractional red shift of the transition (Eq. (2)). 1In selecting a cw
pumping technique we must then ensure an adequate means of dissipating
the thermal energy deposited into the gas mixture by the pump. Some
general arguments can be presented at this stage as to the order of
magnitude cooling requirements for a cw excimer laser.

The stimulated emission cross sections for visible-near visible

- 2 .
17 cm . To sustain a

excimer lasers average on the order of 3 x 10
practical laser gain of 1% per centimeter required for laser action it
is necessary to sustain an excimer level population density of

v o3 x lOl4 cm—3. Visible transition excimer levels have a radiative
decay rate of v 3 x lO7 sec"l. Discharge pumping efficiencies, from
recent experiments, are near 1%. Thus, assuming a 1 to 3 eV photon,

a minimum cw input power density of " lO4 to lO5 W/cm3 must be provided
to the excimer system for it to oscillate near threshold.

Under the high-pressure conditions required of most excimer sys-—
tems the pump power coupled into the thermal energy of the gas is.com-
parable to the power coupled into the excimer transition. Thus one
must find a means of dissipating a power density comparable to the above
values if the gas temperature is to be controlled and kept below the
limit set by the red-shift requirement.

The three basic mechanisms for removing heat from the system are
fadiation, convection, and conduction. We consider now the require-

ments for each of these mechanisms to be applied to a cw excimer laser.

1. Radiation

For radiative cooling to reach the minimum required rate of
'104 W/cm2 (assuming a transverse dimension of " 0.1 to 1 cm), the active
medium would have to have an effective blackbody temperature of NV 1 V.
An excimer system in thermal equilibriﬁm at this temperature will not

exhibit a population inversion.




2. Convection

Convective cooling using gas flow at or near atmospheric pressure

is commonly used to remove heat from high average power CO, lasers such

2
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 = p - (d/vflow)’ where N is

the gas density, p is the input power demsity, is the flow

v
velocity, and d is the discharge dimension alongfigz flow direction.

It is easy to see that this technique is impractical for excimer lasers
requiring a 105 W/cm3 power dissipation. With an input power of this
magnitude at atmospheric pressure, sonic flow conditions (N = 3 x 1019
cm_3, Velow = 105 cm/sec), d would have to be < 1 mm to keep T < 1000°C.
If the lower end of the above threshold pumping range is relevant

(v lO4 W/cm3), then convection may be practical.

3. Conduction

Thermal conduction of the heat to a wall in a static gas and its

subsequent removal by flowing coolants can achieve 104 W/cmz. This

will be obtained for a helium gas mixture (independent of pressure)
‘across an assumed thermal gradient of " 1000°C, which is close to the
upper limit defined by thermal bottlenecking of the population inversion
and by the integrity of the wall material. TFor the 105 W/cm3 pumping
requirement, surface-to-volume ratios of v 10 will suffice for this
mode of cooling. Some perspective'on the use of thermal conduction to
stabilize the gas temperature of cw lasers can be established by noting

that capillary discharge pumping of CO, waveguide lasers is now rou-

2
tinely used under cw conditions at pressures comparable to the pressures
required of an excimer laser, although under significantly lower power
loading. On the other hand, capillary discharges are also used for
argon ion lasers under comparable power loading but at pressures lowef

than required for an excimer laser.




C. DISCHARGE STABILITY

Discharge #tability nonsiderations are, of course, of paramount
importance in ¢cnsidering cw operation of a discharge-pumped excimer
laser. A wide vange of discharge instabilities can occur in discharge-
pumped lasers, Many o¢f these instabilities, such as the various
thermal instaghilities, have relatively slow growth rates and can be
stabilized by cointrplling the gas temperature or gas flow., However,
there is one fairly fast-growing instability that is a particular prob-
lem with discharge-pumped excimer lasers and deserves special discus-
sion, This is the two-step ionization instability which results from
the high metastable or resonance level population required in these
systems, Collisional ionization of these levels dominates the ioniza-
tion of an excimer system pumped over laser threshold and leads to a
quadratic increase of the ionization rate with electron density. The
ionization is thus unstable when the electron loss rate varies only
linearly with electron density as is the case for attachment or
diffusion-controlled discharges., Recombination controlled discharges
are only marginally stable against two-step ionization instabilities.

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 in
a time that is short compared with the growth time of the
instability (TEA and Bloomline fast-discharge devices),

2. Operate the discharge at below avalanche E/P values where
the instability does not occur. This requires the use of
an external source of ionization.

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

4.’ Operate the discharge in a regime which depletes the
~ionizing species thereby saturating the twn-step ionization
rate. :
l‘P CHBIS
RIGINA
25 POOR QUALY




Approach No. 1 is a demonstrated mecans of obtaining discharge—
pumped laser action on the rare-gas monohalide excimer systems. It
is, by its definition, inapplicable to cw operation.

Approach No. 2, using an electron beam as the external source of
ionization, is currently being pursued elsewhere for high average
power operation on the rare-gas monohalide excimer lasers. It is
not applicéble to cw operation because of thermal loading of the
electron beam foil window. .

Approach No. 3 has been used for decades to stabilize low-to-
moderate pressure gas discharges. Below we sketch é;Simple first-order
stability analysis of the two-step ionization process which indicates
the conditions under which a‘ballast resistor is expected to stabilize
the two-step ionization. . '

The two-step ionization instability in én.excimer laSér is des-
cribed by ﬁne.following coupled-rate equations for electrons and the

metastable (or resonance) level population:

d

— T} = E—

it e Ri n? ng Bne (3)
d . _ ) | '
e =R o - n*/T ., %)

where n* and n, are the metastable (or resonance) level concentration

and electron concentration, respectively, R, is the rate constant (per

i
n*) for ionization of the metastable, Rm is the production rate constant
for metastables, B is the linear loss rate of electrons, and T is the
effective lifetime of the metastable.
The steady-state solution to these equations is
=(B/R, R T 5
n B/R; R ()‘

e
o

‘and

S

o 4 et LRt T



ng =R Tn_ . (6)

This solution is unstable as shown by linearizing Eqs. (3) and (4)

with respect to the perturbed solution:

=]
il

. neo + né(t) exp (at) @D)

and

3
-
|

= ng + n*' (t) exp (at) . (8)

This procedure gives

o =1/2 x 1/t x [-1+ /1 + 4BT . (9

Thus the steady‘state solutions (5) and (6) are unstable with a growth
rate given by the positive root for a. However, if there is a ballast
resistor in the discharge circuit, the rate constants Rm and Ri will

be decreasing functions of n,» 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 Boltzmann factor
(exp(—Em/Te)) compared with exp(—(Ei - Em)/Te) for Ri where Ei and

Em are ionization and metastable level energies, respectively.. Thus, in

the perturbation analysis of Egs. (3) and (4) we also write

a . (10)
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After collecting terms linear in né as before, the solution for o will

now have an added term:

: | (dR /dn ) ,
o= 1/2 |1/t -1 % 1+43—u_1+—-——‘1‘;———~—9—ne . (11)
Q

mo

To determine dRm/d n, we now make use of the fact that under condi-
tions required for pumping excimer lasers, the dominant electron energy
loss is caused by the inelastic collisional pumping of the metastable
level. Thus the energy conservation relation for electrons can be

written approximately as

J x B = n, Rn E , (12)

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, vd(v - IR)/R = o, R E (13)

where V is the maintained power supply voltage, I is the current, R is

the ballast resistance, & is the discharge gap, and V, is the drift

d
velocity.

Using I = ng Vd eA where A is the discharge area and e the electron

charge we can write

d R v, Ro. Ba Vg R

mo_ od- - _ 0 o (s RI
in ~TE RA Vye V- IR o x(v—m)' (14)

Q.

If

Using Eq. (14) 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

condition is met is. revealed in the numerical modeling for the XeF

10

R




system presented in Section 4 as well as in the observed current-voltage
waveforms in the capillary discharge-pumped XeF experiments discussed in
Section 6.

Finally, approach No. 4 can be used for an excimer system whose
active species is at a tenuous enough concentration that depletion of
the ground state occurs. This will cause a saturatibn of the growth
of n* with n, given by Eq. (1) and thereby quench the unstable growth
of ng with time given by Eq. (3). This quenching of the two-step
ionization instability is also revealed in the numerical modeling

results of the KAr excimer system presented in Section 6.

11




SECTION 3

SELECTION OF CANDIDATE CW EXCIMER MOLECULES AND PUMPING TECHNIQUES

The search for potential excimer molecules began with the
observation that every element in the periodic table will probably
form at least one excimer or excimer-like (in the sense defined in
Section 2) laser transition, either in 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 2).

The first criterion applied in the elimination procedure is some-
what arbitrary but motivated by the desire for expediency. Since
electrical excitation is to be used, it is required that the active
medium be in the gas$ phase. In particular, we consider only those
elements that have a vapor pressure greater than cne Torr at tempera—
tures below 500°C, and are reasonably abundant and nonradioactive. This

leaves us with the following elements (see Figure 2):

" Group I 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 0, 8, Se
Group VII F, C1, Br, I
Group VIII He, Ne, A, Kr, Xe

A further narrowing of the group of candidate excimer systems was
then achieved through qualitative considerations on the nature of the
known excimer or excimer-—like transitions on both the heteronuclear
diatomic molecule formed by the assoéiation;of the element with a rare
gas atom as well as on the homonuclear diatomic molecule. Figure 3 shows
potential energy curves of a héteronuclear (excimer) and homonuclear

~

(dimer) candidate molecule reprééentative of each group, together with
13
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Figure 2. ©Evaluation procedure applied to the periodic table.
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Problems: Wrong
Wavelength

Candidate Systems ?: No

Problems:
No net gain due to photoionization
of upper laser level

Candidate System ?: No

Group -1 — Hydrogen.

a brief listing of problems and advarntages .associated with the use of

the system as a cw excimer laser.

References consulted for the survey

are listed in Table 1. A brief summary of our considerations of these

systems follows.
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Table 1

EXIMER CANDIDATE REFERENCE
HXe | 1,2
H, 3
Kxg 4
Ko 5
HgXe 1
H92 ; 6, 7, 8
XeO 9
Xe F 10
Xeo 1
T1937

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

hydrogen rare-gas molecule, which correlates with the resonance transi-
tion, will lie in the vacuum ultarviolet and therefore is not a candi-
date system. The well-known bound-free transition at 3500 A of H2 has
been investigated as a possible laser transition by Palmer several
years ago (Ref. 3). It was found in that investigation that photoioni-
zation transitions from the upper laser level will not permit net ‘gain
to be realized on this system. The associated bound-bound transitions
of H2 are in the vacuum ultraviolet and involve well depths far too
deep for the transition to be broadened into a continuum as is necessary
to qualify it as an excimer-like transition.  Therefore, hydrogen was
not considered a good candidate element for this program.

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

lent candidatebexcimer laser systems in both the A-~X bound-unbound
transition on the alkali-rare gas molecﬁles and the A-X bound—bound.
transition of the alkali dimer molecules (Figure 4). The dimer transi-
tion is red shifted as required and is broadened into a continuum at
buffer gas pressures. greater than or.near one atmosphere. The\ekcimer
laser features of these systems are diScussedvin detail in Refs. 5

and 12. Possible problems associated with the use of these systems for '

16



EXCIMER (K)(‘e)

16 | 2 i | ]
14 :\ AN2.3/2 ”%’3}1’2 N
2|y -
- W -
] -
g 8 |- ~ i
™ 6 - — g
e "o
x4 \Anss00A 7] %
5 2 —\J as = >
1/2
0© 0 Se— —_ — 9
2 2 i
& 21 X'Z4, 7 Z
-4 - —|
-6 +— -
o | SPECIES: K-Xe Ko
_10 | 1 14
8 13 18
Advantages:
Good wavelength (near IR — Advantages:
visible) . Same as excimer except:
Strong oscilllawr strength potentially broader wave-
No competing photoexcitation length range and operation
processes at lower pressure
Low pumping threshold (flash-
lamps, discharges) Problems:
Same as excimer except:
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 4. Group 1 — Alkali metals: Na, K, Rb, Cs.

cw operation are thermal dissociation of the upper levels resulting
from the relatively shallow well depths and discharge instabilities
caused by the metal vapor gradients. TheK—Xe/K2 '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
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alkalis because it requires the lowest oven vaporization temperatures
of the alkalis 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 heteronuclear rare-gas
molecules and on the homonuclear dimer molecules (Figure 5).

In particular, ng has both a visible excimer transition at 4850 Z
and an ultraviolet excimer transition at 3350 A which have been recog-
nized for some time as potential laser transitions (Ref. 6). Gain
measurements carried out on the 4850 K transition have revealed the same
problem with this transition as with the H2 excimer transition, i.e.,
no net gain as a result of upper state absorption (Ref. 7). On the
other hand, the 3350 2 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
Hg A3

2
didate cw excimer system,

1u -> X'Z; 3350 & excimer transition was identified as another can-

The corresponding heteronuclear Hg rare-gas excimer transition is
not well studied. One can anticipate a weak oscillator strength for
the transition and a weak excimer state binding a relatively short transi-
tion wavelength, probably about 2700 K, which will elevate the pumping
power required for threshold. Thus the heteronuclear Hg rare-gas mole-
cule is not admitted as a candidate system.

Groups'V and VI — The excimer and dimer transition involving the

Group V elements are similar to those involving the Group VI elements
(Figure 6). Of the elements in these groups, oxygen has recently been
~particularly well studied as an excimer laser. The recentlyfdemon—‘
strated XeO electron-beam pumped excimer laser‘operates on a bound-bound
molecular transition which correlates with the atomic oxygen auroral

transition. While this system may be well suited to large energy

7.: : 8 . k3 .
V. Schlie, private communication.
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DIMER (Hgy)
|
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- ‘\ \?/---------ﬁ_._.1 4 . LEVEL 53"1*5150
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, L : W 2700 X o 2 H 4850 & GREEN BAND
i i -\ | 3500 & , ;
- b 1 0 x's§ 6'Sp+6 Sg
6
0 S0 INTERATOMIC DISTANCE
Problems: Advantages: 3 1
Weak oscillator strength Measured gain on "1 —~ 'Z
Short wavelength transition g
Weak upper state binding Good wavelength
Lack of data and theory on
potential curves Problems:

Weak upper state binding

Candidate System: No Candidate System: Yes

Figure 5. Transition element subgroup: Zn, Cd, Hg.
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DIMER (O,)
» T 1 1
’ -8
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mg 40 6
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g 2 § S
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10 r— 12
0 N . 0% ‘
' R—> 0 e T P L
1 2 3
Problems: r 108 cm
Extremely weak upper state ‘
b_mdmg ~0.05 eV ; . Problems:
Evidently a self terminating . .
transition Lower level vibration structure
~ Collisionally induced dipole Too 1a.r.ge: .cannot brc?aden
' moment requires high pump- Transition into a contmL}um
ing and high pressure and collisionally deactivate
g ghp , lower laser level
Candidate Systems: No K . Candidate System: No

Figure 6. Groups V and VI: N, P, As, 0, S, Se.
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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 heteronuclear excimer and homonuclear dimer molecules are
in the vacuum ultraviolet and are also unsuitable for the present
program. ;

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 7). Strong ionic-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 repulsive or weakly
bound ground state is near 3000 A. The deep excimer state well (v 4 eV)
will permit the use of high cw input power densities without upper state
dissociation as occurs with the alkali systems. Also, because F, Br,
and Cl are room-temperature gases, the experimental apparatus is enor-
mously simplified. The XeF excimer transition at 3450 K was chosen as
the candidate excimer molecule from this class because it has the
- longest wavelength. The halogen dimer bound-bound transition correlat-
ing with the resonance transition is not suitable because of the short
wavelength and deep well depths, with Vibrational level spacing too
large to be broadened into a continuum.

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

Having identified four specific candidate excimer mclecules for
detailed theoretical modeling, our next task was to asseﬁbly preliminary
quantitative data on the laser transition. The four candidate excimer

transitions selected and their approximate wavelength are

“The halogen-mercury molecular systems are analogous to the halogen
rare-gas system with Hg* playing the role of the alkali. Lasing of the
Hg~Cl excimer transition recently has been demonstrated at " 5580 A
(Ref. 13). : -
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Discharge pumping Problem:
F, Be, Cl gasses at STP Same as for Group V and VI
dimers '
Problems:
Discharge stability? Candidate System: No

Candidate System: Yes

Figure 7. Group VII: F, Bi, Cl, I.
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INTERNUCLEAR SEPARATION, R
Figure 8,  Group VIII: He, Ne, Ar, Kr, Xe.
(1) :KXe 2y > 2y 8,500 A
1/2,3/2 1/2

2) X, gt sdsty 7 10,400 A

(3) Hg, A 1u > x'z’ | 3,350 A

L) XeF 2z. .. + 23 3,450 A

( e 1/2 1/2 L

A compilation of pertinent quantitative data, intluding a set of poten-
tial énergy curves for these transitions, is presented in Figures 9
through 11. References used for these data are the same as those listed
in Table 1.

The primary criterion used in the selection of a pumping technidue
was the aBility to meat the cooling and discharge stability requirement
pointed out in Section 2. The cooling requirement might be met (if

4

pumping threshoids are < 10 W/cm3) with both a thermal cdnductivity

22
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KXe-

EXCIMER FORMATION REACTION:
2
KPy 3 1/p) + 2Xe —KXel“mry/5 3/5) + Xe

(RATE = 8.2 +10732 ¢mP sec™)
N, 2 .2
LASER TRANSITION: 277,15 3/, =~ 25,5
TRANSITION WAVELENGTH: A = 8200 - 9000 A

UPPER LEVEL LIFETIME: T =27+ 1078 sec

STIMULATED CROSS SECTION: o ] T

v-v
: o
FRACTIONAL RED SHIFT -

=0.092

Yo

(EQUALS MAXIMUM Tg/Te FOR
2-TEMPERATURE INVERSION)
1+
(RATE =8+10730 emB sec™1)
Tet 1o+t
2y~ Zg
X = 9300 - 10,500 A
T=x25" 10"8 sec
o =1+10718 ¢m?2

V—l/o

=019
VO

Laser transition data: Kxe, K2.
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438814 Excimer formation reaction:

DIMER (Hg»)
92 Hg(*P)) + Heg('S ) + X —Hg,(A%1 ) + X
o] 2 u
1w 1a-30 6 -1
e rmzASO: Hg* + Hg (Rate =1 x 10 cm  sec )
2 RESOVeLCE e3P, +67s, Laser transition:
s 3, 46" Hg,(A”1 ) —Hg, (X' %)
2 ! Po* 6 S 2 u 2 g
Q
E ~ | TMETASTABLE A30; Transition wavelength:
'E-}J 2 | 4850 A GREEN BAND \ =3000 - 3600 &
-\g 3500 A UV BAND Upper level lifetime: T = 0,22 psec
s 6's,+6's, u
0 2 Stimulated emission cross section:
INTERATOMIC DISTANCE ¢=0.97 x 10-18 CmZ
. . i, VRV
Fractional red shift: , °© . .34
o]
Pigure 10. Laser transition data: ng.
4388-15R1
XeF
I T T v o
70 \r i’e +F EXCIMER FORMATION REACTION:
Xe(3Pg) + Fy — XeF{2 Sq0) + F
~ 60 |- — (RATE = 2:10°9 cm3 sec™!)
S [ -
Mg 50 23 1/2 Xe" +F LASER TRANSITION: XeF{?54/9) ~ XeF(2 Sq/2)
© 40 + ’27r3/2 1  TRANSITIONWAVELENGTH: X = 3250 - 3500 A
> 30 |- Xe+F" —] X -9
2 354 mm LASER . UPPER LEVEL LIFETIME: T,=50 - 109 sec
Y 20 - TRANSITION 221/2 STIMULATED EMISSION CROSS SECTION:
W0 2qr ' 7 =05 +10"17 gm2
o L 1/2.3/2 . Xet+F ,
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\1/1 | 11 1 1 xB=00] racrionaLreD sHiFT 2% <058
0 v K
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INTERNUCLEAR SEPARATION, A :

Figure 11. Laser transition data: XeF.




stabilized capillary discharge and with a convectively stabilized
transverse discharge. The latter technique can be scaled to meet cw
power levels sufficient to meet NASA mission requirements, but the
former technique can not be scaled. The capillary and transverse
discharge techniques were chosen and applied to both the XeF excimer
system and the K Ar/K2 system. The capillary discharge was chosen for
its simplicity in potentially offering an expedient first demonstration
of cw excimer laser action; the transverse discharge was chosen for

its ultimate scalability.

Ballast resistor stabilization of the two-step ionization was
applied to the XeF discharge, while no such stabilization techniques
were required for the K Ar/K2 system because of the occurrence in
that system of a ground staté depletion and resonance level saturation
effect. For the XeF capillary discharge a simple-series ballast resistor
was employed in the discharge circuit in the usual manner while for the

transverse XeF discharge experiments, a resistive electrode was used.
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SECTION 4

THEORETICAL EVALUATION OF OPERATING CONDITIONS
FOR THE XeF EXCIMER SYSTEM

This section summarizes theoretical modeling procedures and results
for discharge pumping of the XeF excimer system. Modeling and experi-

mental results are compared.

A. MODELING PROCEDURES

By means of numerical integration of the appropriate rate equations,
the model follows the time evolution in 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 = 2 (inelastic colllslqn rate (Te))i X Ei
Me
+ (elastic collision rate) x 2 ﬁ; x Te , (15)
where J is the current density, E,. . is the discharge electric field,

disch
Ei is the inelastic energy loss for the i process, and MM and Me are

the masses of the major component species and electron, respectively.
The metastable level pumping is assumed to be the dominant inelastic
process contributing to the energy equation.
A Maxwellian energy distribution is assumed. The Maxwell distri-
“bution should be a fair approximation because of the dominance of two=
step ionization processes overzsingle-step‘ionization under the considered

operating conditions. Only the latter process requires electrons with




energies in the tail of the distribution where a large reduction of the
number of electrons from a Maxwellian distribution is known to occur.

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

energy above threshold (Ref. 14):

9 3/2 Eo
] <E; Te exp (—EO/Te) 1+ 7Te | ° (16)
o ,

where EO is the threshold energy for the excitation or ionization

6 x 102 do

R(Te) = (e/me)/ﬂ'EE

process, do/defe is the rate of rise of cross section with energy
o
above threshold, and m, and e are electron mass and change.
Also, in solving Eq. (15) we use an expression for the drift

velocity obtained from Ref. 14:
- 1/2 '
Vdrift = (2 Te/M”) . ‘ (17)

The gas temperature is calculated by assuming that all of the
discharge power goes into gas heating and that heat is removed only

by thermal conduction to a wall (assumed cylindrical).

dT
G . J+* E /(3/2 M ) - (thermal conductivity)

dt disch

X A8 2 x (T, - T ) = (18)
diameter N6 wall’ ° :

The discharge circuit response is governed by the familiar circuit

equations.

=V () -Lxdr-RxT a9

Vdisch dt

28
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V.(t) =V - 1/¢ f1 dt , (20)

charge

where Vdisch is the discharge voltage, VC is the capacitor voltage,
VCharge is the initial charging voltage, I is the discharge current,

and R, L, and C are the series resistance, inductance, and storage
capacitance, respectively.

The plasma, gas kinetic, and radiative processes included in the

rate equations governing the species concentrations are presented in
Tables 2, 3, and 4, together with source references and in the computer
code listing presented in Section 1 of the appendix. (In the listing,
a B at the end of the label refers to the back reaction that is computed
by detailed balancing using the appropriate equilibrium constant or
Boltzmann factor for the reaction.) ’

The small signal gain coefficient for the XeF system is computed

as follows:

gain = Ocrim ¥ ([XeF*] - [XeFgl] x exp (—O.O?é/TG)) (21)
where,
3
A “A
Ostim(P) - 4T o X <;A(p)> X Aginst ? (22)

and AA is the measured half width of excimer band as a function of
pressure, A is the wavelength (3450 A for XeF¥*), Aeinst is the A
coefficient 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 computer program listings in the appendix show how the coupled
rate equations governing all of the above processes are integrated

" numerically using a time step chosen by the user and altered, if desired,

N
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Table 2. Plasma Processes Modeled for the XeF Excimer System
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: do
LABEL PROCESS deeo . COMMENT
RIX | e +Xed Xe*+e™ 03x 10710 ¢cm2ev—1 15
0.05 x 10—16 cm2 ev—! Rough Estimate
R37X e+ Xe o Xe** +e”
R2X e” +Xe—>Xe +27 011 x 1076 2 ey~ 15
R38X e+ Xe* > Xe + 2 5x 10716 cm?2 ey ! Rough Estimate
R39X e+ Xe* > Xet + 2™ 5x 10_16 emey! Rough Estimate
RAX | e+ Xet)o Xe® + X (@=) 0346 x 1078 (T, (o) 1% 16
. cm6 sec"1
R4MX e” + XeM” > Xe* + M (a =) 0.346 x 1078« (Te (eV))—‘é Rough Estimate
cm6 sec™ ! B
Corresponding Processes for M species = Helium
R1 e AMIM* e 0.025x 1017 ¢m2 ev! 15
M137 e AEMIM  +e” 0.025x 10717 cmZ ev—! Rough Estimate
R2 e +M->M+ 2~ 0.08x 10717 cmZev—! 15
R38 e +M*>Mt 26~ 5 x 10'""‘3 emZev1 Rough Estimate
R39 e +M* > M+ 2~ 5x 10~ 16 cm2ev ! Rough Estimate
R4 e+ My > M* + M (a=)0.20x 1078 (1 )% 16
cm6 sec_1 v
REL e +M=>e” +M (o =) "5‘5x10~_16cm2 15
(elastic collisions)
R17 | e +Fy>F +F H(B=)9.1x 107107 )=216 17
‘ a ' exp (—0.165/T ) emS sec™!
R28 e + XeF £ XeF* te (R_=)2x1 (‘)_B‘cm‘3 sec™! ’ 18
" DEL e” + Xel + wall > Xe (ambipolar diffusion) 14
Da=2x10% x (3x 10'8/{m])
-4/ 0.03/Tg": Te
T1940




Table 3.

Gas Kinetic Processes Modeled

for the XeF Excimer System

LABEL

PROCESS

RATE
COEFFICIENT

COMMENT

G3
G3X
G3MX
G5

G5X

G13
G14
G18X
G20X
G22
G22X
G23
G23X
G24
G24X
G25
G25X
G27X
G
G31X
G31MX
G32
G32X
G33

- G33X

M*+m+M;’M2++—M
Xet + Xe + M Xegt M
Xet + M+ M2 xem™ + M
MMM M M
Xe" +Xe+M I Xey" +M
Xe* + M+ M= XeM* + M
M*+ Xe=Xet+e™ +M
My® +Xe= et +e” + M
Xe'+F2*‘XeF’+F
Xey" + Fyp = XeF " +F + Xe
MY L FT M+ E
Xet 4 F™ = Xe" +F

+ — .
MY+ FT M- MF" +M
Xet 4+ F7 4+ M =~ XeF" +M
+ e »
M2 + F -—.oMZ +F
Xeo+ F7 = Xey" +F
M, +F™ - Xe, +F

2 €2

+ - »
Xe, +F7 M - XeF
+E+M
XeF" +Fp-> XeF +F +F
M* MMy e
Xe'+‘Xe'—>X92++g”
Xe* +M* - XeM* +d™

M* 4 My* =My 4 M+e”

Xe* + Xeo" =+ Xey' + Xe +e”

LN +. -
M2'+M2 *My +2Mt+e

Xe2‘ + Xey' - Xe2++ 2Xe

3.7x 1031 & TGV’
12x 1073 %
5.8x 1073 x 7%
12x 10™33 TGV2
15x 107327 %

47 x 107337 %
20x 107107 %
20x 107107
34,7 % 10710 7
35x 10710 7"

5x 1077 g™

jad

17x1077Tg
3x10725 1"
12x 10727
5x 1077 14"

17x 1077 TR
3x 107257 "
12x 10725 7"
46 x 107101 %
10x 107107 %

10+ %
30x 1077 Tg"

10x 107107 %
20x 107107 %
10x 107107 %

30 x 10710 7%

All gas kinetic rates were obtained
from Ref, 18 or from scaling
arguments applied to rates given
in Ref. 18,
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Table 3. Continued

LABEL PROCESS COEFFICIENT COMMENT
G33MX XeM" + XeM® > XeM* + M¥Xe 4 o~ 20x 10710 75%
G34 M* + XeF* = XeM" +F + e~ 10x107107,%
G34X Xe* + XeF* = Xe," +F +e” 30x 107107
G35X Xey" + XeF" - Xey " + XeF +¢~ 30x 10710 7,%
G35MX XeM* + XeF* - XMt + XeF +¢™ 20x 107107 %
G40 FHF+M—Fy+M 1x 107327,
Ga1 F+Xe+MF Xe+M 2x 107321 %
Gaa F+Xe'+ M- XeF* +M 6x 107327 %

Equilibrium Constants for Processes

3X, 5X, and 41

K3X 1x 1078 exp (0.6/Tg) Rough Estimate
K5X 1x 1078 exp (1.5/T) Rough Estimate
K41 1x 1078 exp (0.074/T)

Rough Estimate

32
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Table 4. Radiative Processes Modeled for the XeF Excimer System

LABEL PROCESS RATE REFERENCE

AX2 Xe** > Xe + hv. 4 x 107 sec™! Rough Estimate

AXED1 Xeq* - Xe + Xe thw | 4x107 sec™? | Ref. 18

AXEF XeF* = XeF + hv 2 x 107 sec™! Ref. 18

AMX XeM* = Xe + M + hv 10 x 107 sec"1 Rough Estimate

AM, M** > M+ hy 32 x 107 sec™! Rough Estimate

AMDT | Myt MM+ hy 32107 sec! Scaled from Xe,"
value in Ref. 18

T1945

during the course of the computer run. The computer program is run on

a PDP10 computer,

B. RESULTS AND DISCUSSION

The XeF excimer model was used to predict the operating conditions
for a XeF excimer laser in both a low-pressure and high-pressure regime.
The low-pressure modeling results were of interest primarily for the
capillary discharge and resistive electrode discharge pumping tech-
niques, while the high-pressure modeling results were generated primarily
to evaluate the feasibility of what we have termed the avalanche initiated
discharge (AID) approach to cw operation of the system. Typical model-
ing results for both these regimes are discussed below.

A typical low-pressure modeling result is presented in Figure 12.

In this case, experiments in the capillary discharge tube were carried
out under the same conditions; the corresponding experimental results
are shown in the inset. The curves are discharge current and voltage

and the excimer level population density versus time. -
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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 theo-
retical 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 initial 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 by the discharge circuit inductance. This is the discharge
phase during which XeF excimer laser action is being achieved in the
TEA and Bloom line fast-discharge devices (although at higher buffer
gas pressures). Although it may be possible to achieve laser action
in the capillary discharge during this phase through optimization of
the discharge risetime, what happens during this transient phase is
immaterial for cw operation.

The intermediate 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 because the two-step
ionization ﬁas stabilized by the 25 k2 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 Vv 1%/cm.

For 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 is drained and has been
traced to the consumption of fluorine by the XeF excimer level pumping

reaction itself (reaction G18X). We have identified, therefore, a
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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 F Replenish-

9
ment of F2 at the required rate by gas flow is not practital in a

capillary tube so the rate equation is written for a static gas:

d[F2] : 9
= *x - =
dt I1diss [ie ] [FZ] I1rec [F]™ [He]
4 x 1021 cm_3 sec—l (for 0.2%/cm gain) (23)
and
T = 1.5 x 10—33 cm3 sec_1 .
rec
To achieve a minimum practical laser gain of 0.2%/cm the pumping
rate (equal to the consumption raté) must be > 4 x 1021 cmm3 sec_l. For

molecular recombination to stabilize the F2 concentration at [FZ] = ,
10l7 cm_3 where stable discharge operation is presently being achieved '
(Higher F2 concentration will lead to impractically high discharge
voltages to overcome the higher attachment loss), a 50% dissociation
fraction and a third-body concentration of W 3 x 1020 cm'-3 is required.
In principle, the requirement of a high buffer gas pressure is not
incompatible with the operation of cw capillary discharge pumping of
this excimer system, since neither thermal conduction nor the two-step
ionization instability is dependent on buffer gas pressure. Experi-
mentally, however, attempts to elevate the buf fer gas (helium) pressure
above v 100 Torr have led to filamenting of the discharge.

The XeF excimer model was also used to evaluate the AID approach.
This approach to cw operation is based. on a concept analagous to

A. Hill's "Poker'" discharge pumping of high pressure CO, lasers (Ref. 19).

2
In this technique the pumping is repetitively initiated with avalanche
discharges whose pulse length is shorter than the growth time of the

fastest discharge instability (in our case the two-step ionization
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instability of Xe), and maintained between the avalanche pulses by an
afterglow driven by a sub-avalanche field. Figure 13 shows the current
and gain during the avalanche pulse and during an afterglow which was
maintained by an avalanche field. Less relative stretching occurs on
the gain pulse than on the current pulse, because the net attachment
rz~e of the electrons in the afterglow can be made only slightly
smaller than the afterglow time of the XeF excimer pumping process which
occurs even in the absence of a subsequent sub-avalanche field. If
lasing were occurring, the relative stretching would be much greater,
but an afterglow time of more than a few hundred nanoseconds does not
appear possible. Avalanche pulse repetitive rates on this time scale
would be impractical. '

An important process that could affect this approach and was not
included in the computer model is electron detachment from negative

fluorine ions caused by heavy particle collisions:

F +m > F+e +m (24)

Kdet

where m represents a heavy particle. Thevdetachment rate depends .on the
ion temperature, Ii as follows (Ref. 20):
-10 1/2

K =1.3 . 10 T.
det i

exp (-4.2 (Ti)) cm3/sec . (25)
Unfortunately, for the detachment rate to be comparable to the attach-
ment rate and thereby significantly affect the afterglow time, the

afterglow field (which is controlling Ti) would have to be higher than
an avalanche field (Ref. 8) which would, of course, bring back the two-
step ionization instability. Thus the AID concept was scrutinized and

ultimately abandoned as a means toward developing cw XeF excimer lasers.
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SECTION 5

THEORETICAL MODEL OF OPERATING CONDITIONS FOR THE K Ar/K2 SYSTEM

The modeling of the K Ar/K2 excimer/dimer system parallels the
procedure used for the XeF system. The model follows, by means of
numerical integration of rate equations, the time evolution in the
discharge of several excited and ionized species, the electron and
gas temperatures, and the net small-signal gain coefficients near the
peak of the excimer and dimer gain bands. The average electron energy,
collisional rate, and drift velocity, the gas temperature, and the cir-
cuit response are computed on the basis of Eqs. (15) through (20)

presented in Section 4.

A MODELING PROCEDURES

The plasma and gas kinetic processes included in the rate equations
governing the species concentrations are listed below. The rate con-
stants, cross sections, and equilibrium constants for these processes

can be found in the computer code listing included in the appendix,

‘and, together with a source refereﬁce, in Table 5. An R label refers

to a plasma process and a G label refers to a gas kinetic process. In
the listing, a B at the end of the label refers to the back reaction,
which is computed by detailed balancing using the appropfiate.equilibrium
constant or Boltzmann factor reéction. The particular case presented

refers to a potassium-xenon mixture.

~

Plasma Processes Modeled

RPIL e +K > K+ 2e

RPI e” + K T OKx+e

- : + -

RPII ’ , e + K* > K+ 2e
' - + - ' o -
RECP e + K +e > K¥* 4+ ¢
RECPX T+ K Xe' > K% + Xe
RECPD e + K2+' > K* + K
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Table 5.

Cross Sections, Rate Constants, Equilibrium Constants

and Source References Used for Discharge Pumped
K—Xe/K2 Modeling

Parameter Value Comments
Inelastie clectron collision cross sections: initial
slope of cross sections with respect to encrgy above
threshold )
cr1 6 x 1075 cn?rev Ref, 15
Pt 0.5 % 10718 cnP/ev Ref, 15 -
CP11 3 x 10“15 cmZ/eV Ref. 21 (sodium)
Rccombinauion coefficients
Three-body REGP 2,28 x 10-2(’ x [K+] X 1Nv]2 X To(_a':’g) cm-3 stzc—l Ref. 22 (cesium)
Dissociative — (K xa+)
RECPK 1% 1078 % (kee™) 5 [ve] en™ see” Ref. 21 (sodium)
Dissociative = (K})
T hpen ~8 B -3 . -1 . N
RECPD 1x 107 x (K] x [Ne] em ~ see Ref, 21 {sodium)
Photoionization cr(;ss sectlon
CPHT 2.5 x 10-19 cm2 Ref. 5

Eldetron elastic cross section

CEL

3 x 10—]5 ('mz

Rough estimate

Heavy particle elastie cross section

CDIF 1x 10-15 v.:m2 Rough estimate
Gas kinetlc rates )
GPn 8 x 1()“3'l ® [Xe] x [K]) = [K¥) cm-:‘ ﬁcc-l Ref. 5
Equilibrium constants
KAEX 2,2 x 10722 x exp (0,074/7g) e Ref, 23 (rubidium)
KXDT 1.8 % 20722 x exp (0.56/18) om® Ref. 5
KADT 6.5 % 10727 x axp (0.735/Tg) en® Ref. 5
5947
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Gas Kinetic Processes Modeled

GPX K+ 2 Xe Y K Xe + Xe
GPD K + K + Xe % K, + Xe
GPX1 K* + 2 Xe Y K Xe* + Xe
GPD1 K¥ + K + Xe % K% + Xe
GPXI K" + 2 Xe K Xe + Xe
GPDI KP4 R+ % % K2+ + Xe

Radiative Processes Modeled

AT K* -+ K + hv (trapped)
AP Ko > K + hv

AP KXe¥* > KXe + hv

AP Kz* -> K2 + hv

0 cm_3), the gas

Under the conditions we consider ([Xe] = 1 x 102
kinetic rates dominate the electron collisional rates in controlling
the population of the molecular states.  Therefore, we assume thermal
equilibrium between the molecular states and their dissociation products.
An exception is the A state of K2, for which radiative losses are
included since they can compete with the dissociation rate.

~The small-signal gain coefficient for the KXe/K2 system is computed

from the quasi-static theory of line broadening as in Ref. 24:

éxp (-v /T
A, Ex G
gain (A) = o . (A) {[KXe*] x ~ > -
; stim,ex (heq A,Ex x 3/2
- 2 x [K] x [Xe] x exp (-VX Ex(}\)/TG)
exp (-V, Di(A)/TG)
+ 0o . () {KE] x 2 :
stim,Di 2 (heq A,Di x 12)
- 0.25 x [K]” x exp (—Vx,Di(A)/TG) (26)
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2 2
()\)Ex = (AE/ZC) X X REx x Q%%%l Ex 27)

Di Di Di

gstim

where A and v are the transition wavelength and frequency, ¢ is the
speed of light, REx is the internuclear separation on the excimer or

Di
dimer band corresponding to the wavelength, A, AE is the Einstein A
coefficient assumed equal to the resonance line at coefficient for both
the excimer and dimer bands, V(\)s are the potential energies of the
molecular state measured relative to their dissociation products, and
Keq,A,Ex and Keq,A,Di are the equilibrium constants for the excimer
and dimer A states. This notation follows that used in Ref. 24.

B. RESULTS AND DISCUSSION

During the development of the KAr/K2 model at Hughes Research
Laboratories the results of another model of a discharge-pumped NaXe/Na2
system became available (Ref. 12). This model used a full Boltzmann
equation analysis of the electron energy distribution. Although such
an analysis is a more accurate approximation of the electron energy
distribution than our assumed Maxwellian distribution, it is also’
more costly and time consuming. Also, it was anticipated that for
the cw domain of operating condition of the alkali excimer systems,
the actual energy distribution would be very close to a Maxwellian
because of the high electron desnities and the effects of super-elastic
collisions. As a check on the validity of the Maxwellian'approximation

for the cw regime we applied our model to the NaXe/Na, system to make

2
a comparison of results with the full Boltzmann code model.

In aéplying our model -to theNaXe/Na2 system we changed the
pottasium resonance level and ionization level energies, the resonance
level A coefficient, and the vapor pressure constants to those for
sodium but left the cross section unchanged. A comparison of the two

models under these conditions is shown in Figure 1l4. Although the

results of the two models do differ during the transient phase of the
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discharge, they are in close agreemenﬁ during the steady-state phase,
which is the region of interest for cw operation. Together with cost
effectiveness, this result provides a good justification for our use of
the Maxwellian electron energy distribution approximation in our model
of the K Ar/K2 system.

It is important to note that a steady-state regime is reached in
spite of the fact that the discharge is dominated by two-step ionization
and occurs without the use of a ballast resistor as would be required
for the steady-state operation of the XeF system. In this case the
two-step ionization instability is evidently being suppressed by the
depletion of the ground state and by the quadratic dependence on
electron density of the recombination rate as discussed in Section 2.

We applied our model to the K Ar/K2 system for the conditions of
the experiments both in the capillary discharge and the transverse
discharge. In these cases a finite storage capacitance was used in
the circuit response portion of the model. Typical results are shown
in Figures 15 and 16. The corresponding experimental results (discussed
further in Section 7) are included.

In the case of the transverse discharge the predicted current
densities and fluorescence 'levels are more than an order of magnitude
greater than the observed experimental values. The theoretical peak of
fhe laser gain on the excimer and dimer bands for this case are on the
order of 2 x 10_3 c:m—l and 1 x lO_2 cm_l, respectively. Possible
explanations for the large discrepancy between theory and experiment
‘is discussed in Section 7. '

In the case of the capillary discharge, the theoretical and experi-
mental values appear to be in better agreement, although there is a
measurement problem for the fluorescence.

In both the transverse and-capillary discharge results, the predicted
small-signal gain pulse has a shorter duration than the fluorescence as
a result of gas heating. This is problematic for cw operation. However,
this result is based on .the extreme assumption that all of the dischérge
power goes into gas heating and is also presumably far from optimal
operating conditions for cw operation.
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Finally, the K Ar/K2 theoretical model was used to predict the
absorption coefficient in the unexcited K Ar/K2 vapor so that experi-
mental measurements of the absorption could provide a check that equili-
brium vapor pressures were being attained. An example calculation of
the absorption coefficient versus wavelength, compared with experiment,
is shown in Figures 17 and 18 where the agreement is good. The
experimental techniques used to obtain the absorption data are discussed

in Section 7.
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SECTION 6

DISCHARGE EXPERIMENTS ON THE XeF EXCIMER SYSTEM

A. CAPTILLARY DISCHARGE

1. Apparatus -

The rare-gas halides pose significant materials problems which
must be considered in the design of the apparatus. Molecular fluorine
is difficult to handle because it is one of the most powerful oxidizing
agents known. The gas-handling apparatus shown in Figure 19 was
designed and fabricated for use with the XeF laser system. This
apparatus is constructed 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 measure-
ments. Nitrogen trifluoride (NFj) presents less of a materials problem
and was 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 19 and schematically in Figure 20. Stainleés
steel cylindrical cavity electrodes as shown in these figures were found
to be more satisfactory than the simple tungsten pin electrodes that
were used in our first XeF discharge experiments. The discharge tube
was situated within an optical cavity as shown in Figure 19. Alignment
of the optical cavity was achieved with the use of a He-Ne laser and
conventional alignment techniques.

To evaluate discharge characteristics and laser potentialities,
absolute fluorescence measurements were conducted with a variety of
gas mixtures and electrical parameters, The optical configuration used
for this purpose is shown schematically in Figure 21. 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
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of XeF and the maximum optical gain coefficient, o, with the assumption
that the lower laser level is unoccupied. The relationships used to

obtain this information are given below:

S
=D
Pr=w T
P
oo A T
(Xel™) =3ex ¥
2
a = (XeF¥)
4T7c AN
where
PT = total optical power emitted from volume, V
ID = photodetector current
F = geometrical collection fraction (1.37 x 10_3)
SD = detector sensitivity (10 W/A at 3450 Z)
T = average transmission of filter (0.464 from 340 A to 3500 R)

A = Einstein spontaneous emission coefficient (2.0 x lO7 sec—l)

AV full width at half maximum of XeF* emission band (105 A)

Use of the appropriate constants with the expression above shows that
O13 cm~3 is required to
give a small-signal peak gain coefficient of 1 x 10_3 cm-l.

an upper state XeF comncentration of 3.76 x 1

Spectral emission profiles were measured with a 1/4 m monochromator
equipped with an optical multichannel analyzer detection system. The
fluorescence spectrum of XeF obtained with this apparatus is shown in
Figure 22. An NF,_ :Xe:Ar = 1:1:10 mixture at a total pressure of 30 Torr

3 ‘
was used in the quartz capillary discharge tube to obtain these data.
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s Experimental Results

Data obtained from the XeF apparatus included discharge voltage,
discharge current, and absolute fluorescence intensity measured as a
function of gas mixture, pressure, and external circuit parameters
(e.g., capacitor and ballast resistor size). Upper-state XeF* popula-
tions and small-signal gain were calculated from the fluorescence data
according to the procedures outlined in Section 6.A.1.

Experiments were performed with two different size capillaries:

(1) a 15-cm-long x 0.3-cm-diameter tube, and (2) a 1.6-cm-long by
0.l-cm-diameter tube. Tube 1 was used in the initial experiments and
was designed to provide a gain path long enough for laser action and a
bore siée large enough to permit easy mirror alignment. Tube 2 was

used in the second phase of the experiment primarily to obtain a better
understanding of the system kinetics. This tube was designed to provide
more efficient gas cooling and higher E/P than tube 1.

Several unsuccessful attempts at pulsed laser action were made
with tube 1 under conditions where the fluorescence measurements indi-
cated 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.
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Tube 2 was then used to obtain additional data under more favorable
operating conditions (lower temperature, higher E/P) which were then
used as input to the modeling study. The pulsed and cw performance of
tube 2 was not significantly better than tube 1. Pulsed gains were
typically 0.8 x 10_3 c:m_l for v 2 psec durations. Continuous-wave |
gains were typically 1 x 10_5 cm~l and limited in duration only by the

thyratron turnoff characteristics and fluorine consumption as discussed

in Section 4.A.

3. Experiments With Tube 1

The initial experiments with tube 1, the 15-cm-long x 0.3-cm-i.d.
tube, were carried out with a 50-to-200 k{2 resistor in series with the
discharge capacitor to investigate the quasi-cw behavior of the system.
Later experiments were pefformed with R'= 0 to examine the short pulse
behavior. A summary of the experimental conditions and main results

of these studies is shown in Table 6.

a. Quasi~CW Experiments With Tube 1

Both He and Ar were tried as diluents and NF3 was employed
as the fluorine source. The He mixtures typically exhibited slightly
better (v 20%) fluorescence intensities than comparable Ar mixtures.

A typical mixture ratio used in these experiments was 1:1:2/NF3~Xe—He.
Uniform quasi-cw discharges of 100 pusec duration could be readily
obtained at total pressures v 10 Torr, at current densities of 1 to

10 A/cmz, and E/P values of " 100 V/cm 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 v 2 when in this mode.

Typical data appear in Figure 23. Fluorescence intensity, total
discharge current, and total anode-cathode voltage drop‘are shown.
After 15 to 20 psec of fluctuations, the discharge réaéhes_é steady¥
state operating mode at N 1 A/cm2 and v 120 V/cm—Torr. The steady-state

XeF* population is v 3.8 x 10ll cm-3 corresponding to a gain of ’\J-lO—5

cm ~. Gain of this magnitude is too small for laser action in tube L.
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Table 6.

Operating Conditions and Main Results of

15-cm-Long x 0.3-cm-i.d. Tube Experiments

Mixtures

Pressures

Apparatus

Long Pulse Experiments

Short Pulse Experiments (R —0)

NF3:Xe:He=0.1—-1.5:1-3:1.67-10
NF3:Xe:Ar=1-1.5:1-3:10

NFg3:Xe =1:4-9

0.5—-10Torr

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

XeF* of order 1011 — 1012 ¢cm=3 (a ~ 10~8 em™1)
Fluorescence Pulses ~ 50 + usec long

Current Densities J ~ 1 — 10 A cm2

Steady State E/P ~ 100 V/cm — Torr

XeF* Peak Values of 1to 3 x 1014 cm—3

Apparent Gains of a = 2.6 — 8.0 x 10—3 cm™!
Fluorescence Pulses ~ 0.5 usec long

Current Pulses ~ 0.2 usec long, J = 100 to 4000 A cm?
E/P Low (Unmeasured)

Laser Action Tried With 1 to 4/NF3 — Xe Mixture

Attempt Unsuccessful Because of Gas Heating

N

T1938
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§117-48

FLUORESCENCE

1:1:2/NF 5~ Xo — He 0.2 A/div

6.0 Torr
100 k2 LOAD RESISTOR
FLUORESCE' : 1.82x 10'2 em™3/div

0.2 A/div

5 kV/div

———p 5 usec/div

Figure 23. Quasi-cw operation of a typical NF; mixture in the
3=-mm tube.

b.  Short Pulse Experiments with Tube 1

(1) Fluorescence Optimization — As the ballast resistor (R)
is decreased the current pulse shortens, the initial current rises, and
the fluorescence changes from a quasi-cw to a pulsed character. The
peak fluorescence increases with increasing current to the point where
R = 0 and the current is limited primarily by the circuit inductance.
The increase in fluorescence obtained by going from R = 100 or 200 k{2

to R = 0 was typically a factor of v 200.

GE I®
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Further increases in the fluorescence intensity were obtained by
varying the mixture ratio and gas pressure. It was found that the
fluorescence increased with increasing NF3 and decreasing He diluent.
Ultimately, conditions were found where peak XeF* populations of
3x lO14 cm_3 and gains of 8 x 10_3 cm~l were observed. This corresponds
to a single-pass gain of 12% in our 15-cm tube;

Figure 24 shows fluorescence and current traces for this maximum
gain condition in the 3-mm tube. The fluorescence from this 1:4/HF.-Xe

3
mixture at 7 Torr has an FWHM of v 300 nsec. The current pulse is

also v 300 nsec wide and reaches a peak value of v 700 A/cmz. The dis-
charge voltage was unmeasurable because of noise, but the E/P was
probably v 50 V/cm-Torr. In Figure 24 the fluorescence trace is
displaced two divisions to the right, relative to the current trace.
(2) Laser Action Experiments — 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-cm 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 Z. This
stable cavity was carefully aligned with an external He-Ne beam. A
photomultiplier equipped with a narrow band 3500 2 filter was placed
v 40 cm from the output window in the output beam path. The apparatus'
was carefully apertured so that the phototube saw only the light emitted
through the output mirror. The detector system was sensitive enough to
easily see the nonlasing XeF* spontaneous emission obtained when the
rear laser mirror was blocked. 7

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

No change in the phototube signal was observed despite pressure
and current variations as well as mirror excursions performed about
the He-Ne alignment condition. Laser action with a 1.5:3.0:10/NF3—XeeHe

mixture was also tried with a similar lack of success.
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5117-44

1- 4/NF3 — Xe 7.0 Torr

780 pF AT 20 kV

NO DISCHARGE RESISTOR

TIME: 0.5 usec/div

FLUORESCENCE (TOP):  1.03x 10'% XeF* em™3/div

i = 14 -3
XeF PEAK =3.0x 10 cm

a PEAK =8x 10—3 C"‘l_1

CURRENT (BOTTOM): 100 A/div

2
'PEAKz 700 A/cm

Figure 24. Optimized fluorescence for
3-mm tube experiments.

The lack of laser action is probably due to a high gas temperature
and low E/P brought on by the high current densities required to give
apparent gains of practical magnitude. The high fluorescence yield is
not caused by seltective excitation of XeF*, but instead is the result
of thermal pumping which also populates the XeF ground state.

(3) Experiments With the 1.6-cm-Long x 0.1-cm-i.d. Tube

(Tube 2) — Quasi-cw, as well as short pulse operation, was also examined
in the 1-mm tube. Current densities were usually kept below 50 to

75 A/cm2 to prevent significant gas heating. A summary of the experi-
mental conditions and main results of the 1 mm tube studies are shown

in Table 7.
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Table 7. Operating Conditions and Main Results of

l.6-cm-long x O0.1l-cm-i.d. Tube Experiments

Mixtures

Pressures

Apparatus

Long Pulse Experiments ,
-Steady State XeF* of 2 — 4 x 101 cm=3 Observed for

Short Pulse Experiments (R >'5 K2)

NF3:Xe:He =0.1t01:1:1 -2
F2:Xe:He =0.2:1:1
0.5—40Torr

C =260 and 780 pF
R =5 to 500 KQ
20 kV Charging Voltage

0.5 msec Durations in NF3 and F2 Mixtures

Steady State Gains=0.5x 1072 — 1.0x 1075 ¢m~!
J=1-~5A cm2
E/P =60 to 250 V/cm — Torr

Peak XeF* of ~3 x 1013 ¢m—3 {a ~0.8x 103 cm“)
Fluorescence Pulses 1 to 20 usec Long
J=65-50A cm2

Discharge Runs at High E/P (400 to 700 V/cm — 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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c. Quasi~CW Experiments With Tube 2

(1) Measurements on NF, and F, Mixtures — The first experiments
) =) L

with the smaller tube were directed toward quasi-cw operation: Both Fz

and NF3 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 are shown in Figure 25 (with NF3) and Figure 26 (with Fz). Total
anode-cathode voltage drop, XeF* fluorescence intensity and total dis-
charge current are shown as functions of total pressure. Operating
pressures were usually limited to below 30 to 40 Torr by the discharge
not breaking down.

The NF3 data (Figure 25) show that after an initial 50 to 100 usec
high fluorescence period with XeF*% = 1.5 x 1012 cm_s, the discharge
voltage and current reach a steady state and produce a quasi-cw XeF*
population for N 0.5 msec. The termination of the fluorescence is
caused by the turnoff of the thyratron, not by kinetics effects. Rough
calculations indicate that the fluorescence could remain at these levels
for several milliseconds before NF3 consumption effects become significant.

The steady-state fluorescence scales approximately linearly as the

11 -3
c

total pressure from a value of 1.2 x 10 m =~ at 7.5 Torr to

3.7 x lOll c:m—3 at 23 Torr. The corresponding quasi-cw gains are’

0.3 x lO_5 cm"1 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/em~Torr at 23 Torr.
Current densities are about 2 A/cm2 for all three cases shown.

It should be noted that the current does not decay as fast as is
indicated in Figure 25. About half of the decay is caused by the
0.06%/usec droop (36% in 600 usec) of the Pearson 2100 Rogowski coil
used in these measurements. This spurious decay is evident at the
end of the discharge where the current trace undershoots the baseline.

The F, data (Figure 26) shows similar time and pressure variations.

-T2
After an initial transient, a 0.5 to 0.7 msec quasi-cw fluorescence

level is observed during a period of nearly constant discharge current
and voltage. The steady-state fluorescence agaih scales approximately

linearly with pressure from 1 x 10ll cmf3 at 15 Torr (0.27 x 10_5 cm“l
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6117-40

0.2:1:1/NF3 — Xe — He
FLUORESCENCE = 4.71 x 10" ! em~3/div

5 kV/div

23 Torr

FLUORESCENCE

.....

20 mA/div

5 kV/div

15 Torr

FLUORESCENCE
20 mA/div
100 usec/div

Figure 25. Quasi-cw operation in typical

NF,} mixture.
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5117-41

0.2:1:1/NF3 — Xe — He
FLUORESCENCE: 4.71x 10" " em™3/div

5 kV/div

7.5 Torr

FLUORESCENCE

20 mA/div

100 usec/div

Figure 25. Continued.
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5 kV/div

40 Torr:

FLUORESCENCE

20 mA/div

5 kV/div

25 Torr:

FLUORESCENCE

20 mA/div

Figure 26.

0.2:1:1/F2 — Xe — He

FLUORESCENCE = 1:12 x 10'2 em ™ ¥/div
W T e P | TR

M. R
ST
. gy 3
B )

2 i HH T

R YTy

100 usec/div

F, mixture.

5117-46

Quasi-cw operation in typical



0.2:1:1/F2 — Xe — He
FLUORESCENCE = 1:12 x 10'2 em™3/div

5117-47

5 kV/div

15 Torr

FLUORESCENCE

20 mA/div

100 usec/div

Figure 26. Continued.
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gain). The mixtures containing F, thus produce about one-half as much

fluorescence as corresponding ones containing NF This may be a result

of the visually poorer discharge uniformity obtained with the F2 mix-
tures. Whereas the NF3 mixtures were uniform across the entire tube
bore, the F2 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 F2 mixtures, decreasing from 80 V/em-Torr at 15 Torr to 60 V/cm-Torr
at 40 Torr.

(2) Fluorine Atom Recombination Experiment — A significant

factor limiting cw operation is consumption of the fluorine source by
the reaction Xe* + FZ(NFB) -+ XeF* + F(NFZ). One way to avoid this
problem is to add a large amount of diluent to the mixture to enhance

the three-body recombination reaction F + F + He =+ F_, + He. To see if

this recombination reaction would have any effect upin the fluorescence
level observed during quasi-cw operation, a 0.2:1:4O/F2-Xe—He mixture
was studied at pressures up to 200 Torr. A 0.2:1:40 mixture at 200 Torr
has the same F2 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 27 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 nonuniformity in the case was much worse
than in the previous 0.2:1:1 mixture. As before, the discharge lasted
for v 0.7 msec at constant voltage and approximately constant current
until the thyratron shut off. E/P was 6.25 V/cm-Torr (258 V/em-Torr
Xe), and assuming that the current and XeF* population were uniformly
distributed throughout the tube, these had values of 2.5 A/cm2 and
2;35 X 10ll cm—3, respectively. )

This XeF* population is about a factor:of two greater than that
observed in 0.2:1:7 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 "arc" with a high current density and a thermally excited

population, similar to the high current experiments with the 3-mm tube.
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53471

0.2-1- 40/F2— Xe — He
200 Torr

4

FLUORESCENCE

20 mA/div

v

FLUORESCENCE =
1.18 x 10'2 em—3/div

5 kV/div

100 usec/div

Figure 27. Operation at 200 Torr with high helium
concentration.

Further studies are required before a definite conclusion can be made

on the efficacy of the recombination approach.

d. Short Pulse Experiments with Tube 2

(1) Current Density Limitations — As the current is increased
in the 1-mm tube (tube 2), the initial fluorescence intensity also
increases. The current cannot be increased indefinitely, however,
since eventually gas heating becomes excessive and any hope of obtain-
ing a XeF inversion is destroyed by a lowered E/P and thermal filliag

of the XeF ground state. We therefore conducted several experiments
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in an effort to determine an upper limit on the current density below
which high E/P and good XeF* fluorescence could be obtained simultane-
ously. This limit is v 50 to 75 A/cm2 for the mixtures studied.

At current densities below this limit, high E/P is observed for
" 5 usec 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 is typically observed during the low E/P
phase. The maximum XeF* fluorescence is observed during the low E/P
phase. The maximum XeF#* fluorescence is observed during the high E/P
phase. The exact values of E/P obtained depend upon mixture ratio and
pressure.  E/P generally inéreases with decreasing pressure and
increasing NF3(F2).

This dual mode of operation is illustrated in Figures 28(a), (b),
and (c). These figures show discharge voltage and current for decreas—
ing values of’the ballast resistor. - An initial v 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/cm2 in Figure 28(a) to " 40 A/cmz'in Figure 28(c), all
three cases exhibit E/Ps of ™ 400 V/cm-Torr during the first phase and
" 125 V/em-Torr during the second.

This collapSe of the initial high E/P is a result of consumption
of NF3(F2). 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/cm2 most mixtures exhibit a high E/P phase of only several
hundred nanoseconds duration. This effect is illustrated in TFig-
ures 28(d) and 28(e); where initial current densities are v 150 and
" 350 A/cmz, respectively. The E/P in these mixtures falls almost
immediately to low values of v 80 V/cm-Torr. At current density of this
level, excessive gas heating will also have a detrimental effect upon

the XeF* inversion.
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6117.37

0.1 A/div

R = 100 k{2

(a)
5 kV/div

0.2:1:1/NF3 — Xe — He

15 Torr

1.0 mm BORE

20 kV CHARGING VOLTAGE

5 kV/div

b
R = 50 kQ2 -

0.2 A/div

5 kV/div

5
v

0.2 A/div

R =25 k2
(c)

L—’ 5 usec/div

Figure 28. V-I data for NF, mixtures illustrating
: - P
current density limit.



5117-38

5 kV/div

[

R =10k (d)
1 A/div
0.2:1:1/NF3 — Xe — He
15 Torr
1.0 mm BORE
20 kV CHARGING VOLTAGE
5 kV/div
A
(e)
R =5k
v
1 A/div

2 usec/div
Figure 28. Continued.

(2) Discharge Stability — In Section 2 a stability condition

was derived which indicated that the discharge will be stable as long
as the voltage drop across the ballast resistor is greater than the
voltage drop across the discharge. The data shown in Figure 29 support
this stability condition.

This series of oscilloscope traces shown the V-1 characteristic of
a 0.2:1:1/NF3—Xe—He mixture as a function of pressure for a fixed
charging voltage (20 kV) and fixed ballast resistor (50 k). In Fig-
ures 29(a), (b), and (c), the peak discharge voltage is well over half

of the total 20 kV on the discharge capacitor. It is 15 kV, 13 kV,

I3
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5117-36

5 kV/div ' "

(a)
25 Torr
0.2 A/div
\"
(b)
20 Torr
0.2:1:1/NF3—X0—H0 ‘
50 k2 LOAD RESISTOR
1.0 mm BORE
20 kV CHARGING VOLTAGE , .
15 Torr (c)

Figure 29. V-I data for NFy mixture illustrating the
discharge stability condition.



5117.36

(d)

0.2 A/div

0.2:1:1/NF3 — Xe — He

50 k2 LOAD RESISTOR
1.0 mm BORE

20 kV CHARGING VOLTAGE
v

(e)
5 Torr

5 usec/div

Figure 29. Continued.

and 11 kV in Figures 29(a), (b), and (c), respecitvely. The ballast
resistor thus has v 5 kV, v 7 kV, and v 9 kV across it in the corres-
ponding cases. The discharge should be unstable, and indeed the dis-
charge current does exhibit a factor of 2 type fluctuations in the
first 10 usec of each trace.

In Figures 29(d) and (e), however, these fluctuations are absent.
In these cases the peak discharge voltages are 8 and 5 kV corresponding
to ballast resistor voltage drops of v 12 and v 15 kV. These voltages

satisfy the stability criterion and indeed the V-1 characteristics of

2 1B
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73 ()BE.}G?“SOAR Q\; hh\ﬂ
0



Figures 29(d) and (e) do come to a steady state more rapidly with less
severe fluctuations than do cases of Figures 29(a), (b), and (c).

(3) TFluorescence Measurements — With the 50 to 75 A/cm2

limit in mind, variations in system parameters were carried out to
maximize the XeF* fluorescence, The XeF* population was a weak func-
tion of current density, pressure, and mixture ratio. Typically, the
peak fluorescence would vary by only factors of 2 to 4 for fairly
large excursions in operating conditions. The use of F, in place of

2
NF, also produced only small differences in performance.

’ Figure 30 illustrates how the XeF* fluorescence varies with pres-
sure for a typical NF3—Xe—He mixture. The optimum pressure for this
mixture is v 10 Torr where XeF* = 3.3 x,lO13 cm“3 (i.e., gain = 0.9
X 10_3 cm_l) is obtained. The fluorescence, which is significant only
during’the initial part of the current pulse (high E/P phase), varies
by only about a factor of two over the range 5 to 20 Torr. The current
density varies from " 25 A/cm2 at 20 Torr to "~ 65 A/cm2 at 5 Torr.

Figure 31 shows oscilloscope traces of the maximum fluorescence

obtained for four different X:1:1/NF_-Xe-He mixtures with X = 0.2, 0.35,

0.5, and 1.0.  These mixtures producgd the highest fluorescence 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 k) until maximum fluorescence was
obtained for each mixture.

Despite the wide variation in NF,_, concentration, the optimum

fluorescence obtained is nearly the szme for all mixtures: XeF*
=3 x 1013 corresponding to ™ 0.8 x 10—3 cm—l 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 particulér set of mixtures.

Figure 32 shows typical short pulse operation with F2 at two
different current levels 15 A/cm2 (top) and 30 A/cm2 (bottom).  Despite
these relatively modest current densities, the discharge does not

exhibit the initial high E/P phase observed in NF, discharges. Maximum

3
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5117-43

ALL TRACES:
2 usec/div

FLUORESCENCE (TOP
CURRENT (BOTTOM)

0.5:‘!:1/NF3 — Xe — He

= 33x10'3 em—3/div
0.2 A/div

"

10 Torr

Figure 30. Pressure dependence of fluorescence from a typical NF

mixture.
3
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Figure 31.

5117-42

15 Torr 14 Torr
0.2:1:1/NF3—Xe—He 0.35:1:1/NF3—Xe—He

ALL TRACES: 2 usec/div
FLUORESCENCE (TOP) = 3.3x 10'3 em™3/div
CURRENT (BOTTOM) = 0.2 A/div

0.5:1:1/NF3—Xe—He I:I:‘I/NF3—Xe—He
10 Torr 10 Torr

Optimized fluorescence in 1 mm bore tube for several NF3 mixtures.



0.2:1:1/F2 — Xe — He
15 Torr

5117.486

FLUORESCENCE =
2.94 x 10'2 em™3/div

0.2 A/div
FLUORESCENCE =
5.89 x 1012 cm—s/div

i

5 kV/div

0.2 A/div

5 usec/div

Figure 32. Fluorescence and discharge measurements

for a typical F, mixture.

E/P in this mixture is v 200 V/cm-Torr. The fluorescence observed is
also somewhat lower than in the NF3 mixtures. As in the quasi-cw
experiments, the F2 mixture discharges were visibly nonuniform with the
center being considerably brighter than the regions near the walls.

This lack of discharge uniformity is undoubtedly linked to the relatively

poor performance of these mixtures.
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B. TRANSVERSE DISCHARGE

1. Apparatus

The apparatus used in the transverse discharge studies of the XeF

xenon fluoride system is shown schematically in Figure 33. The basic

components are

Discharge Chamber: The discharge chamber consists of a

fluorine-compatible aluminum box with quartz windows for
visual and photographic observation of the discharge, a
plexiglass cover with provisions for mounting a resistive
electrode, cathode electrode, and a base plate containing
six individual spark plugs. The box is vacuum tight and is
routinely pumped to a pressure of < 10 MTorr to ensure
adequate mixture purity during experiments.

Preionizer Generator:  The preionizer consists of six

individual spark plugs. All six plugs are connected in
parallel with a 1 @ resistor in series for ballasting. The
parallel combination of spark plugs are driven by four

2700 pF ceramic capacitors. The capacitors are switched

by mercury ignitrons.

The resistive cathode electrode used was fabricated from

a composite material (SAN-polymer and bone coal) and shaped
to approximate a Bruce profile having a flat area of
approximately 2 x 18 ecm4. The volume resistance of the.
electrode was v 200 Q-cm.

The discharge gap was nominally 1 cm. Under these conditions the

effective discharge resistance through a typical Xe-F mixture

(F, = 0.5 Torr, Xe Vv 4 Torr, He ™~ 10 to 400 Torr) at the peak of the
2 b4

current pulse for a charging voltage of v 10 kV was less than the

resistance of the resistive electrode thus satisfying the discharge

stability requirement discussed in Section 2.

2. Results

Although short pulse diffuse discharges Vv 50 nsec were obtained

with the use of the resistive electrode, all attempts to extend the

pulse length into the 1 to 10 psec range resulted in a filamentary

discharge.

This was the case for both the low (10 Torr) and high
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DISCHARGE

51631
—e e
POWER CAPG?TOR
SuPPLY ANV i}
0--30 kV
s DISCHARGE
I T SPARKGAP ]
aowen PULSE C )
GENERATOR iz
0-20 kV \. o’
— ]
I PREIONIZER § PREIONIZER
CAPACITORSS> 2 SPARKGAP
DELAY owER T ,1___ T——
SUPPLY  —AAA.
0-20 kV
TRIGGER
centiSion
POWER
SUPPLY
0-20 kV

Figure 33. Schematic diagram of the apparatus used to investigate
avalanche discharges in rare-gas monohalide device.

(400 Torr) He pressure ranges. As expected, the discharge appeared
best in the low pressure range. However; attempts to increase the
current density to greater than 28 A/cmz in the low pressure regime
met with failure because of discharge spreading over a larger area
than the electrodes for voltages higher than ~ 10 kV.

After making these observations, we began adapting a 2 m long
transverse discharge chamber, previously used for lasing nitrogen,
for pumping the XeF excimer system with a resistive electrode. In
this apparatus the discharge is confined by walls so that the discharge
cannot spread out to the extent that occurred in the previous apparatus.
Also, the discharge length is sufficient to achieve laser oscillation
which would enable us to determine definitely the lowest pressure at
which laser action can be maintained. Timé did not permit completion

of these experiments.
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SECTION 7

DISCHARGE EXPERIMENTS ON THE KAr/K 2 EXCIMER/DIMER SYSTEM

A. TRANSVERSE DISCHARGE

1. Apparatus

An experimental apparatus capable of containing potassium vapor
at 300°C and 10 atm pressure was developed on a complementary excimer
laser program (DARPA Contract N0G0l4-75-C-0081) at Hughes and was
modified for use on this program following completion of the DARPA/ONR
contract work. This apparatus is shown in Figure 34 and a schematic
' layout of the discharge apparatus and optical system for monitoring
potassium absorption and excimer emission spectra is given in Figure 35.
Uniform glow discharges in K~Ar mixtures at 300°C and 7 atm pressﬁre had
heen achieved previously with this system (Ref. 24). The primary
objective of the experimental effort on this program was to obtain a
quantitative measurement of the spectral fluorescence power of the
K-Ar excimer to determine the laser potential and effectiveness of
discharge pumping in systems of this type.

The transverse discharge apparatus contains stainless-steel élec—
trodes with dimensions of 2 em x 13.5 cm and a gap spacing of 1 cm.
The electrode profile is planar over a distance 1.3 times the gap
spacing with the sides and ends contoured to the curvature of an
ellipse. Sapphire windows are brazed to stainless-steel tubing and
mounted with metal vacuum flanges at the ends and on one side port as
shown in Figure 34. This arrapgément allows observation of sidelight
emission and end-on absorption and emission measurements, as well as
overall viewing of the discharge uniformity. The apparatus is heated
with nine separately controlled electrical heating elements to provide
ccntrol over spatial temperature uniforﬁity. Individual heaters on
the windows were used to maintain window temperatures 10 to 20°C warmer

than the coldest point in the apparatus. Twenty-four thermocouples
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Figure 34.

M11595

Photograph of KAr/K) transverse discharge
apparatus.
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‘Figure 35.

Schematic of KAr/K, transverse discharge apparatus and optical monitoring equipment.



were inserted in the flanges and other key locations to monitor the
temperature of the system.

Potassium was admitted to the system in a dry box under argon
after the apparatus had been thoroughly leak checked and baked out at
150°C on a high vacuum system (10_6 Torr). Previous experience had
shown that potassium aerosol formation could be eliminated by first
heating the apparatus at low pressure (< 1 Torr) before admitting argon.
To provide for mixing of argon and potassium vapor at 300°C the argon
was admitted through a perforated sting that extended over the length
of the discharge. Additionally, the argon was preheated to 400°C to
avoid condensation of potassium by gas—dynamic cooling of argon during
the pressurization process.

Discharge currents were measured with a Pearson Model 110 trans-
former coil and voltages by means of a Tektronix P6015 high-voltage
probe. Care was taken to provide a coaxial low-inductance discharge
circuit to provide a good impedance match to the discharge and to
eliminate electrical noise. The external circuit inductance was
determined to be 1.9 YH from analysis of current pulsSe shapes obtained
with known resistive loads substituted for the discharge.

Potassium densities were determined f£rom measurements of optical
absorption in the 6400 A region by'K2 and by K-Ar excimer absorption
in the 8200 Z region. Resonance line absorption by atomic potassium
at 7665 and 7699 R was also monitored routinely but was not useful for
quantitative measurements of potassium at temperatures above 150°C where

Bb A He-Ne laser was used for alignment

its density exceeds 1013/cm
purposes and to monitor the optical loss at the sapphire end windows
which developed as a result of slow chemical attack by potassium vapor.
The photodiode shown in Figure 35 was used to monitor the He-Ne Iaser
intensitykbefore and after transmission through the discharge chamber.
A tungsten halogeﬁ lamp operating at a color temperature of 2500°K
provided broadband radiation for measurement of potassium dimer and
excimer absorption. Light from this source was collimated by a

7.5 cm £.1. lens and passed through a 5-mm aperture before traversing
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the discharge chamber. The radiation transmitted through the discharge
region passed through a second 5-mm aperture at the exit of the chamber
and was collected by an 8.5 cm f£.1. lens with an £/# matching the 1/4 m
monochromator. An optical multichannel analyzer was used for detection
of the spectrum in the exit focal plane of the monochromator and to

give either a real time spectral display or an accumulated time averaged
spectrum on an oscilloscope screen that could be photographed. The
former was normally used for absorption and the latter for emission
measurements.

To make a quantitative determination of the spectral fluorescence
power from the K-Ar excimer, an RCA 7102 photomultiplier tube was care-
fully calibrated with the use of a standard tungsten ribbon lamp
(G.E. 30 A/T24/17) and a set of interference filters. The photomulti-
plier spectral sensitivity varied considerably from the manufacturer's
specifications at long wavelengths (A > 8500 Z); its sensitivity at
8200 A was 399 7 UA/UW with a filter having a bandwidth of 97 A.

A plot of the calibrated spectral sensitivity of this detector over

the wavelength range studied is shown in Figure 36. This detector-filter
combination and two apertures were carefully aligned to view sidelight
radiation from the discharge region through the side port on the chamber
shown in Figure 34. With this geometry and the calibrated detector,
absolute values of the spectral brightness of the discharge region can
be measured and used to deduce the absoiute fluorescence power of the
active medium.

Before the discharge chamber could be used on this prbgram, several
repairs and modifications had to be made on the high voltage feedthrough
and gas inlet systems. Although these problems, which stem from chemical
attack by high temperature potassium, could be solved temporarily they
continued to cause difficulties throughout the program and limited the
amount of quantitative data that could be collected when all parts of

the system were operating properly.
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2. Experimental Results

The absorption spectra of diatomic potassium and the potassium
argon excimer are shown in Figures 37 and 38 for a series of argon
pressures and a temperature of 325°C. Note that the dimer spectrum is
intrinsically broadened as a result of its vibratiomal structure, and
is virtually unaffected by pressure at the spectrometer resolution of
3 R, whereas the atomic resonance line absorptions at 7665 and 7699 A
(Figure 38) are extensively broadened with increasing argon pressure.

At the normal operating pressure of 105 psia argon, the transmittance
through the 30 cm discharge chamber is essentially ;ero over the
spectral range (Vv 400 R) shown in Figure 38. The measured and calculated
excimer absorption outside the resonance line spectral region are in
good agreement. Also we found that the potassium density, as determined
from the dimer absorption spectra shown in Figure.37, is in good agree-
ment with the density of potassium calculaﬁed from thirmodynamic data.
This agreement confirms that we were able to obtain essentially equili-
brium potassium vapor densities in our discharge apparatus at 325°C and
a total pressure of 105 psia in spite of the competing side effects

of aerosol formation and slow chemical reaction of potassium with some
of the materials in the discharge chamber.

Electrical characteristics were measured routinely, and an example
of the discharge veltage and current waveforms is shown in Figure 39.

In these experiments the discharge is initiated by applying an overvolt-
age across the discharge electrodes which initiates spontaneous break-
down of the medium after 0.5 to 1 usec delay with subsequent formation
of a uniform yellow-orange discharge. As shown in Figure 38 the voltage
drops quickly to the operating voltage of the medium, v 1 kV in this
case, remains constant for a short duration while the current pulse
builds up, and then decreases gradually as the charge on the capacitor
decays to zero. As is evident from the waveforms shown in Figure 38 the
circuitry ié reasonably well matched to the discharge since the system
shows only slight underdamping. The power deposited in the discharge

at the peak of the current pulse for these experimental conditions is
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Figure 37. Transmission spectra of potassium dimer at
325°C and argon pressures from 0 to

105 psia.
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Figure 38. ['ransmission spectra of atomic potassium at
325°C and argon pressures from 0 to 40 psia.



Figure 39. Current and voltage waveforms for
potassium-argon transverse dis-
charge at 325°C, 105 psia argon.
Upper trace — 2 kV/div, lower
trace — 100 A/div; electrode
area is 27 vmz; time scale is
200 nsec/div; C = 0.01 uF.

v o8 kW/cmj, a value expected to be sufficient for producing significant
optical gain in the K-Ar excimer.

An emission spectrum of the transverse discharge-pumped K-Ar
excimer as viewed from the end-on configuration of the spectrometer is
shown in Figure 40. Resonance line absorption by unexcited potassium
outside the discharge region causes the line reversals seen at 7665
and 7699 A. Note the asymmetry of the excimer emission on the long
wavelength side of the resonance lines and the extension of the emission
out to the 8600 A region. The relative values of excimer emission at
the wavelengths 7874, 7981, 8091, and 8319 A are 1:0.65:0.5:0.3 as
measured from this type of qualitative spectral data. Corresponding
relative values of excimer emission as calculated from our theoretical
model are 1:0.7:0.6:0.4, which show good agreement with the experimental

data.
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Figure 40. Emission spectra of transverse
discharge pumped potassium
excimer at 325°C and 105 psia
argon. Amplitude scale of lower
spectrum is increased by a fac-
tor of 5 compared to the upper
spectrum.
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Unfortunately, much of the spectral data obtained on this program
are qualitative rather than the quantitative information required for
proper evaluation of the laser potential of this system. Numerous
experimental difficulties were encountered with the electrical aspects
of the discharge system during the period when quantitative emission
measurements were attempted. Some quantitative data were obtained,
however, and were analyzed according to the double-aperture geometry
described in the previous section. With a calibrated filter and detector
located adjacent to an aperture of area Al’ which is separated by a

distance D from a second aperture of area A, located near the discharge

2
region, the spectral brightness of the discharge is given by

op?

B =
AlA2 AXTf(X)

The units of brightness, B are W/cm2 - steradian —Z, % is the power
received by the detector in W, Al and A2 are measured in cmz, AN is

the bandpass of the detector filter, 97 K and Tf(x) is the filter trans-
mission at the center of its bandpass. This equation for spectral
brightness is an approximation to the complete spatial integral over the
two apertures and is accurate for circular apertures whose dimensions
are small compared to their separation D. For the measurements

reported here the diameter of Al and A2 is 2 mm and D = 400 mm.
Similarly, the product AKTf(A) is a good approximation to the spectral
integral as found by numerical integrations carried out duving the
detector calibrations. For the case of low optical gain over the

transverse dimension of the discharge, Xo’ the fluorescence power,

Q
P(A) in W/cm3—A is related to the spectral brightness by

4
X B(N) .
(o]

P(N) =

92
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The gain of the medium g,» can then be computed from P(A) as before:

go(cm"l) = k2% P(A)

where k = 4.2 x 10 2% for this system.

The quantitative emission data were analyzed in this way and yielded
a gain value far below that predicted by theory. A comparison between
experimental and theoretical values for P(A) is shown by the plots in
Figure 16. There were visual indications during the discharge pulses
used to obtain this fluorescence data that hot spots were forming in
the discharge regions outside the region viewed by the fluorescence
detector. The occurrence of such high current density regions could
account for the discrepancy between theory and experiment for both the

current and fluorescence waveforms in Figure 16.
B. CAPILLARY DISCHARGE

1. Laboratory Apparatus

The alkali excimer—-dimer system poses significant materials
problems that must be considered in the design of apparatus. Potdssium
is chemically reactive with many materials and must be heated to v 300°C
to achieve sufficient density for laser oscillation. With these
factors in mind we have designed and constructed an apparatus for
conducting discharge experiments with potassium rare-gas mixtures at
temperatures between 250 to 300°C. A schematic drawing of the high
temperature apparatus is shown in Figure 41. This apparatus is con-~
structed primarily of stainless steel tubing and incorpofates stainless
steel packless valves. The entire system was baked out at 150°C and
purged with research purity argon prior to use for discharge measurements.

Separate ovens are used for the discharge tube and potassium reser-
voir in order to elimirate condensation effects in the discharge tube. k
Homogeneous mixtures of potassium vapor and rare gases are prepared ip

a 100 cm3 stainless steel cylinder. = Partial pressures of potassium are
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Figure 41. Schematic diagram of KAr/K2 capillary discharge apparatus.

controlled by the temperature of this reservoir which contains enough
potassium to produce saturated vapor pressures. The small volume dis-
charge tube is then filled by gas expansion from this chamber: the
potassium dimer (KZ) absorption at 6328 Z and resonance line absorption
by atomic potassium at 76654 and 7699 g are used to determine dimer and
atomic densities, respectively. A photograph of this apparatus is
shown in Figure 42. The remainder of the electrical and gas handling
apparatus for the potassium experiments is shown in Figure 43.
Stainless steel cylindrical cavity electrodes as shown in these
figures were found to be more satisféctory than simple tungsten pin
electrodes which were used in our first discharge experiments. The

discharge tube was situated as shown in Figure 42. The Pyrex capillary
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Photograph c¢f KAr/Kj capiilary apparatus in final
stages of fabrication.
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Figure 43(a). Capillary discharge gas handling manifold.
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Figure 43(b). Schematic diagram of KAr/K, capillary discharge
tube and pulse circuit.



discharge tube was constructed with an i.d. of 2 mm and active length
(between electrodes) of 10 cm; the overall length of the tube was 15 cm.
Since potassium reacts with Pyrex (K apparently replaces the Si), the
inside surface of the tube windows was sputtered with sapphire (A1203)
prior to operation. Details of the potassium Pyrex reaction effects on
the fluorexcence measurements will be discussed in the next section.
All of the capillary discharge experiments conducted on this
program have been done with the apparatus shown in Figures 41 and 42
and will be discussed in the following section. The potassium vapor
pressure is determined by the temperature at the coolest point of the
gas filling system. Temperatures were measured at more than 15 posi-
tions throughout the system using copper-constantan thermocouples.
The value of the potassium density obtained from temperature measure-
ments was cbmpared with that obtained by measuring the X - B dimer
absorption (at ™~ 6450 A) and the atomic resonance absorptions (at
7665 and 7699 Z) along the discharge tube. Figure 44 shows the apparatus
used for these measurements. A calibrated tungsten white light source
was incident at one end of the capillary tube. The transmitted radia-
tion was then focused by an 8-cm focal length lens into a 1/4 m Jarrell
Ash spectrometer. Spectra were recorded using an Optical Multichannel
Analyzer whose output was viewed in real time on an oscilloscope. This
system established the presence of potassium in the discharge tube
and verified the equilibrium potassium density. Absolute fluorescence
measurements were conducted with a variety of‘gas mixtures and electrical
parameters in order to evaluate discharge characteristics and laser
potentialities. The optical configuration used for this purpoée is
shown schematically in Figure 45. An RCA 7102 photomultiplier and
optical filter were calibrated with a tungsten ribbon standard source
. and used to measure the side light emission from a well defined volume
in the discharge tube. Alignment of the discharge tube with the
spectrometer and detector was achieved with the use of a He-Ne laser

and conventional alignment tehcniques. These measurements can then be
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Figure 44. Apparatus used for emission/absorption measurements.
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used to determine excited state populations of K Ar and the maximum
optical gain coefficient in accordance with the formulas presented in

the previous sections.

2. Experimental Results

The results of measurements taken on the K2/K Ar capillary
discharge apparatus follow.

The primary measurements carried out were tests for gain and the
determination of discharge conditions. Data obtained from the KZ/K Ar
apparatus included discharge voltage, discharge current, and absolute
fluorescence intensity measured as a function of gas mixture, pressure,
and external circuit parameters. Upper state populations and small-
signal gain were calculated from the fluorescence data according to the
procedures outlined in Section 7.A.l.

As mentioned in the previous section, potassium reacts with the
Pyrex discharge tube which results in a brown colored film that coats
the inner surfaces of the glass. This has a twofold effect. First,
the reaction tends to 'getter" the potassium from the gas phase, leading
to a decrease in density in the tube. This point will be discussed in
more detail. Second, the potassium induced film reduces the optical
transmission through the affected surfaces. In order to minimize this
effect on the longitudinal absorption/emission measurements, the tube
windows were coated with sapphire (A1203) which is much less reactive
with potassium than Pyrex. As a result of this coating, negligible
changes in optical transmission through these coated surfaces resulted.
However, due to the uncoated inner walls of the capillary tube, brOWn
film deposits were unavoidable. Hence, the sidelight fluorescent
measurements were affected throughout the course of this experiment.

To correct the fluorescence measurements for this effect, the sidelight
fluorescence from a controlled pure argon discharge (at a given pressure)
in the region of the A » X K Ar excimer transition was recorded prior

to each excimer measurement. In addition, the current and voltage of

this discharge was recorded to insure that only the argon controlled
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the discharge (as opposed to potassium or other residual gases).
Typically, the argon fluorescence decreased 5 to 107% of its previous
value after a given set of measurements (with the V-I characteristics
unchanged), thus indicating that additional potassium reacted with the
glass each time. '

A typical set of experimental data is shown in Figures 46 to 50.
Figure 46 shows the V-I characteristics of the discharge pulse. For
these measurements, the power supply was set at 2 kV, charging a
8880 pF capacitor through a 10 M2 resistor. The total pressure in
the discharge apparatus was about 2 atm. Figure 47 shows the raw side-
light fluorescence output from the calibrafed photomultiplier. For
this measurement, a narrowband (97 R) interference filter (8185 K) was
used to pass radiation within the excimer emission band. Figure 48
shows the measured response of this filter for various angles of rota-
tion (about an axis in the plane of the filter) which shows that only

small aﬁplitude and optiqal frequency passband changes result for

angular rotations up to 4°.

The density of potassium was determined from both oven temperature
and dimer (X - B) absorption. Figure 49 shows the spectrum of the dimer
absorptlon band. Figure 50(a) shows the white light absorption of the
pot3351um—argon excimer and Figure 50(b) shows the K-Ar excimer emission.
The self reversed resonance lines are clearly v151b1e 1n the center of
the .emission spectrum and arise from unexcited potassLum out81de the
discharge regions at the tube ends. Figure 16 in Sectiori 5 shows a
plot of boﬁh’the calculated and measured values for the gain and -
fluorescence as a function of time.

Operationalyproblems were encountered during the course of most
of these expérimehﬁs. A major problem was the apparent "gettering" o
potassium to the walls of the dlscharge tube during the period when
quantitative emission measurements were made The reductlon in
pota881um den31ty was so severe at tlmes that the measurements had to
be performed withln 5 to 10 minutes after the introduction of the
excimer 1nto_the tube. This is in sharp contrast to earlier experi-

mental work when qualitative emission and quantltatlve absorption
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Figure 46. I-V characteristic of K/Ar discharge.
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Figure 47. Photomultiplier output of fluorescence
(through bandpass interference filter;
A. = 8185 A, (AA 97 A) of K/Ar
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Figure 50(a). Potassium—argon absorption spectrum.
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Figure 50(b). Potassium-argon excimer emission
spectrum. Wavelength scale:
75 A/div.
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measurements were made (see Figures 49 and 50). This apparent
"gettering" could have been due to a cold spot in the system during
these particular experiments. However, this seems unlikely due to

the presence of over 15 thermocouples distributed throughout the oven
and discharge tube apparatus with none showing abnormally low tempera-
tures. Since the V-I characteristics remained essentially constant
(with a relatively low voltage that wouldn't ignite a pure argon dis-
charge) during the first several minutes after filling the tube, the
absolute fluorescence values measured during this time period are
reasonably accurate but represent a lower limit on the gain of the
K/Ar ‘excimer. There is also a possibility that part of the observed
fluorescence signal used to calculate optical gain may be due to
atomic argon emission. Some of the measurements made during the period
when potassium gettering was a problem showed argon emission lines in
the bandpass spectral region of the interference filter although these
lines were not observed earlier when qualitative emission measurements

such as those shown in Figure 50(b) were made.
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SECTION 8

CONCLUSIONS

Of the four combinations of excimer systems and pumping methods
explored in this study, the capillary discharge pumped KXe/K2 is
probably the closest to demonstrating cw excimer laser action. This
is due to the lower predicted pumping threshold required comparéd to
the other molecular system explored and to the predicted and demonstrated
discharge stability. At least a one-year period of further study on
this system is estimated to be required to demonstrate long~pulse laser
action and to obtain definite conclusions concerning the cw operation
of this system.

Scalable cw excimer lasers are probably further in the future.

The alkali excimer-dimer system seems promising, theoretically, bacause
of their inherent discharge stability but have not yet demonstrated
consistent, uniform discharge behavior in the laboratory nor any dis-
charge pumped laser action. On the other hand, the rare-gas halide
excimer systems are demonstrated lasing systems but possess an inherent
discharge instability which, so far, has limited pulse lengths to less

than one microsecond.
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e T *' - APPENDIX 5 SmiiE
i ' | |
' , - | Section 1: XeFL Model

. C XEFL = DISCHARGE PUMPED XEFL LASER
REAL MASE ,MASXE ,MASM, M1 4M2 JMT ,K,K3X,KSX KA1 ,NEN,NE

REAL NEP
REAL J
REAL M

REAL LENGTH
REAL KPLUS KNT,KET.
REAL L
REAL MD1,MDI (MD
EXTERNAL FUNC
COMMONZSTOR/M , XE o ilE (NEP run.cxn XEFG.EWI.EXI.EXEFU.CEL.
+UASE , MASM Vs LENGTH, A, Ly R, DT E,
C CONSTANT DATA
MASE=0.5F63 F=1.6F=19; MASXE=131%1840x.5F6
L=0 '
C=100NE=9
D=. |
A=3.14%(D/2) %%2
C M=HELIUM
 MASM=4%1840%.5E6
EX1=8.33 EX2=9.6% EXI=12.08
EMI=22.3 EM2=23.; EMI=24.5 _

EXEFU=3% |
CXl=.3E=163 CX2=.05E-16; CXI=.l1E~16
CX1I=5E=163 CX21=5E-16 S
CM1=.025E=173 CM2=.025E6~17§ CMI=.N8E=17 ORK“NAL‘PAGE
CM1I=5E-163 CM2I=5E-16 OF POOR QU
= UEIAS.BE-l8 . - T = :
CDIF=1E=15
" LENGTH=1.6
K=1440E 10 -
NEO=1E10
TGO=. 03

AX2=4E7 3 AM2=32E 73 AXEDI=4ET3s AMD1=32E73AXEF=2E 73 AMX=10E7
C INITIAL CONDITIONS
WRITE(5, 50)
50 FORMAT(2X, IHM,5X,2HFL,5X, 2HXE,5X, 2HV0,5X, | HR ,5X, 2HDT,
+5X, 6HTPRINT,5X , 4HTMAX ,5X 4 2HVS)
ACCEPT* M, FL XE W VO,RDT, IPRINT,TMAX,VS
TG—'] GO
y=vo :
WRITE(5, 80)
80 FORMAT(4X,4HTIME,6X ,5HYDISC 5X, 1HJ,9X,2HNF ,8X, 3HFNT,
+7X, 2HMI 48X, 3HXE])
WRITE (5, 85)
85 FohMAT<7x HFL, BX 3HXEl 7X AHXEFU, 6 X, 44XEFG, 6X, 4HGATN,6X o 2HTG,
48X, 2HTE) ;
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C TUdE STEP

20

21

ISTEP=ISTEP+]
T=T+DT .
IFCT=-THAX) 21,21,22
CONTINUE

i CIRCUITRESPONSE

NE=NEQRMT+XE T+MD I+XENT+XEMT=FNI
VO=VO=NT*J*A/C

IF (VO-VS) 4,5,5

V=V0s 50 Ty 6

V=V§

COUTINUF

TERR=05STRD= 1 5EPS=0.02

IF (ISTEP=1) 10,1N.8

IF (TE=.5) 9,0,10

TE=.5% GO TO 2

CONTINJE
TE=S0LUCIND FUHC ¢ o 44 104 G EPS, IERK)
IFCIERR) 1,2,1

Th=.4

CONiINJk

C HA7F CONSTANTS - ELCTRONTC

VD=SORT (2% TH/MAS D #3510

J=WE%FE*VD ;

VD ISC=V=R&JXA-L A AREXVDA(NE-NEP) /DT

NEP=NE

RC=6.3BETX(SORT(2*TE) ) +%3

RISRCAEXP (=M1 ZTE) * (1 *#EMTZ(2%TRE) ) % (NE+CH | +M)
RIB=(RI/ZM)*EXP(EMT/TE)%al+, 265 ‘

RIX=ROXEXP (- LXI/lP)*(l.+EXl/(a*iE))*(vl*LXI*XF)
RIXB=(RIXZXE)*EXP(EXT/TE)*XE 1%.25
R3IT=RCREXP(=EMR2/TE)*( 1. +FM?/(?*‘E))k(Vr*CM?*M)
R3ITE=(RIT/M) *EXP (EM2/TE) *M2%, 1

R37X= RC*EXP(-EX2/rb)k(l.+FY2/<2*rF))*(,h*”xe*xh
RITXB=(R3TX/XE)*EXP(EX2/TE) *XE2%, |
R3B=RCXEXP(=(EMI-EM1) /TE)Y* (1 o+ (M~ EMI)Z(25TE) )%
+(NEXCM] T*M1)

R39= RP*iXP(-(lMI—FM?)/TE)*(I.+(PM :m2>/(2*TE))*
+(NE*CMH2T*M2).
R3BX=RCAEXP{=(EXI=EXI1)/TE)* (1. +(EXI-EXI)/(2*TE))
+x (HEXCXTI*XE L)
R3VX= Ru*LYP(—(bXI—FX?)/Fb)*(l.+(EYI =~EX2)/(2%TR))
+x (NE*CX21+XE2)
R2=RC+EXP (- rNI/T")*(I.+[:HI/(?*IL))+(N'“*(,MI*‘4)

R2X= RC*EXP(—FXI/IF)*(l.+bX[/(?*1E))*(NFkCKI*XF)
Ra=,20E-8%xMDI*NE/(SQRT(TE))
RAX=.346E~64XENT*NE/(SORTCTE) )

RAMX= o 346E = T*XEMI*NE/Z(SQRT(TE))

RIT = Qo lRE=10%TE*% (=2, 16) *EXP (=, 165 /TE) *NF*F L
R2B=2F=8*xXEFUXNE '

R28R=2F ~B*EXP(~EXEFU/TR)*NE*XEFG .
Rhl—(NE*CFL*M*%QRT(?*T?/MASF))*3EIO*(2*MA°E/AA9W)*TV
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HAFE CONSTANTS — GAS rm:rwv R TR

Lhﬂﬁmﬁmnmr. RSN gl = £ s
W e K3X=1 E-?B*EXP( 6/TG) ° . e
e iy Ked..Cx23+EXPLI.H/TG) © = ,

L B ¥ 4 41:4.& Z53%EXP(.074/TG) =

v 038 M*3, TE-31 *4*M I *SQRTG .

G3X= X | 2E=3 | Mk XE [#5NRTG

. Lo, B3MX=M*5,3E-31 %= XEI+SQRTG.
© " G3XB=12E=31%XExXEDI/K3X*SQRTG
. GH=M* | 2E=33*M*M1 *SQRTG |
= GHX=M* | SE=32 *XE*XE | *SORTG
- GBMX=M*r4 | E=33%M*XE | #SORTG . .
. G5XR= 15E=32*XE*XED1 /K5 X%SORTG
. . G13=29E-10%M1 *XE*SARTG
' G14=29E ~10*MD 1 *XE*SORTS
:  G18=03 G184=34. TE=10%SAIRTG*XE | *FL
s . G20=0% G20X=35E=10*XED | *FL*SQRTG
| . G2=BE=-T*MI*EFNI*SQRTG _ =
[ ,G22X=17E=T*XE 1 *FNI*SORTG

© . GR3=3E=25%MI*FNI*M*SQRTG
i " G23X=12E=25%XE [ *FN I *M*SQRTG ~ _
i . GRA=SE~TxMDI*ENI*SQRIG . . )
= G24X=1TE=T*XEDI *FNI*SIRTG
. G2523E=25%MD [*FNI*M*SORTG |

G29X% | 2F=25%XEDT #FN [ *4*SORTG
... G21X=46E-10*XEFU*FL*SQRTG |
b G3I1£10E-10%M1 *x2xSARTG
=< B31X=30FE=10*XE I **2*SQRTG. . . e AT g
G3 IMX=20E=10*XE | ¥4 1 %SORTG =
.* G32=|OF=10%M | *MD | #SQRTG e
G32X230E =1 0*XEI *XED1 #SORTS
« . G32MX=20E=1N*MI*XED|*SNR1G
Y G33=)0E=10%MD| ¥*2%SQRTG

e

‘-’n

$-

H

' .

. -~

\ vy G33MX=20E=10%XEM | %*2*SORTG

l 634=10E=10%M 1 *¥XEFUXSORTG ' » 2
GB4Y=30F—IO*XFI*XFFU*SQRTG :

L o2 G34MX=0 * * : ekt

i’ Gsé—lnl-IO*MDI*XEFU*SORTQ R

; " G35X=30k -1 0¥XED | *XEFU*SQRTG . .

"’
- 27 BIBAXI20E=T0*XEM | *XEFU4SQRTG — ¥° v
”’ .

i GAOWER I E-2RFRUISORTG: «* p = 7y g
L UTANR T GAImWRESIRXEXFXSBRTG T - 2

T I, 2E -3 2% MxXEFG/K 41 i Wom = -
L 044’§E F2xFxXE | #MxSQRTG @ oy ~
‘  BSTIM=2.6E-17 —=Tr ~~_¢1~_.; F

n‘.1g KPLUS=.44E3 (3&!6{(XF1M))*SQHT(ﬂO}/TG)

- G33X=30E-|O*XEDI *%2*SQRTG . .

~
e . . -
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e - KEBSVDA (DI SCARNOTIL -~
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DNT=30%(3E16/(XE+M) I*SNART(TG/N3) %43 % (4.8/D) k%2
DEL=SNORT(2*TE/ZUASE) *35 10/ (3*CREL*(XE+M) ) * (4, 8/D) %%
DXE=SORT(2*XTG/MASXE)*3E10/( 3% (M+XE)ACNTE)*(A4.3/N) %%
DM=DXF*SOQRT (MASXIEE/MASY)
DAROS=DFLUS=KPILUS* (DPLUS*XEI-DAT4FNI =NEL*NE) /
+(KPLUSHXE T+ THENTHEELANE) ‘
DANEG=NNT +K T4 (DPLUSAXET=DAT*H T =NFLANE )/ (KPLUS* XF T+KNT*FNT +
+KEL*NR)
C #tATE EQUATIONS
1= 4+DTH (R +RA+G224CGHR =GR =G313=-RIR=G13=-G31=Difx4¥1)
M2=M2 HNTR (R37T+R4=AL2 %12 =R 3TN
UI=MT+DT* (R24+G3B+RIB+NRIO=GI=(G22-6G23=-NANOS )
XFI—XlI+DTk(n|x+u4Y+P°°X+GSXF—GBX GIHBYX=RIXB=U3) X=-38X= )A S XET)
XKE2=XEP +DT* (R3TX+RAX=AXL 2% XE2-R37R)
XEI= YFI+DT*(RZX+G3XB+U?MXB+GIB+GIA+RBBX+R3OX-G?X—C?%A-b°°A 023X
+=-DAPOS*XET)
MDT=UDT+DTX (G3+0G31+632+033+G34+53R-R04=524=G25=-33 H=DAP)S*MNT)
XEN=XEDI+DTx (GHA+G24X=AXEDXXED1 =GB X1)
XEDI=XizDI+DT*(G3X+G31 X+0G32X+033X+034X+53HBX=R4AX=62AX=325X =33 XK
+=DAPOS*XEDI) .
XEMAI=XEMI+DT* (G5HX+C2 44X =AY XX XEM 1 =GHMXR)
XET=XEMT+NTHCGIUMX+C3 1 HX+GI3 24X +G33MX+GI4UX+G3H A= AN A—G)ANX-uDHHz—
+G3MXB=DAPOS*XEMT) R
FNIsrNI+DT*(RIT7-522-G22X-G23-G23X-0624-324X=025=0 2)<“JANLG*IHI)
FI=FL+DT*(R1TB+G40-R17-G18-5183X-620-320X)
XEFG= XFkb+DT*(AXEFkXFFU+R?°+u?7Y+G35+Gdl+G35X~?28H-GdlR)
XEFU=XiFU+DT*(GI18X+G20+023X+G25 X +R28B=AXEF % XEFU=U2 TX =R 2:3-634=334Y -
+535-635X)
FTF+DT*(Rl7+UI8X+G2OX+G22+G22X+G24+024X+625+825X+2+U27X+634+G?4K*
+41B
+ =(44<«CA1-2%540)
OAS TEMPERATURE
TC-IG*DF*R/(JxM)“(ﬂFkVD*(VDIGF/IFNbFH) (4, %/D)*k?*V*(ro—Tb)))
C OAIN
SAIN=CSTIM*(XEFU=XRFG*EXP(=.0NT74/T3G))
C WUTPUT '
IFCISTEP/IPRINT- PLOAT(IRFFP)/FLOAT(I>RINF)) 31,30,31
30 CONTINIE
WRITE(5,90) T,VDISC,J i FNT ML XET
Q0 FORMAT(7(ElO 2))
WRITE(5, 05) L XF1 (XSFJ (XEFG,GAIN,TG,TE
95 FORMAT(3X,7(E10,2)) 2
31 CONTINUE
GO TO 20
22 WRITE(S, 200) | : )
aOO‘kOQMAT(?X,19H>O GO Old===<N, END)
ACCEPT*, 7
IF(Z ) 41,41, .
42 WRITE(R, ?gO) ‘ SR
LARp) JRLAT(Z( 28HNEW VALUES: DT, THAX. IPRINT)
ACCEPT*,DT, TMAX IPRIhT '

O
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51
52

53.

;YSTEP 0

PRa—— RIS ——

-1
-
3
i
A
4

v ey

"GO TO 20
STOP

END

EUNCTION FUNC(TE)

REAL M,M1,M2 NE, HASE , MASM,LENGTH ,NEP, L ,
COMMUN/STOR/M, XE 4 NE ,NEP ,CH I ,CX1,XEFG,E¥ 1 \EX] ,EXEFU

+MASE yMASH .V, LFNufH;A.L.R.DT,E,FL

VD-SORT(Z*Tﬁ/“ASM)*3FIO

RC=6. ?8Fl*(SORT(?*TF))**?

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

Ri=0.3% RIX= O.: bO LTO 53

CONTINUE :
R1=RC*EXP(=EMI/TE)* (1 .+EMI/(2%TE) ) *(CM1*})
RIX=RC*xEXP(=EXI1/TE)*(1.+EX1/(2%TE) ) *(CX 1 *XE)
CONTINUE

R17=9 . IE=10*TEX** (=2, 16)*EXP(, 165/TE)*FL
R28B=2E-8*EXP(-EXEFU/TE) *XEFG
REL=(CEL#M*SQRT(2*TE/MASE) ) *3E10* (2% MASE /' TASM) *#TE
FUNC=(V=R¥*AXEXNE*VD-L % A*E*VD*(NE-NEP)/DT)/LENGTH

RETURNEND

+ =(1/VD) *#(RIXXEXI+RIXEM1 +R1 7*TE+R28B*EXEFU+REL)-
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RN

PR SR TSR VN PR ‘b

L ;m....L,
DR

- - 4. Séatfoni2} .ﬁArVK rM‘odeb BN N
IRV - {. -t 2 e n i ) T SN N N
¢ ! . i ‘ B : '_ - i i .’T . i H
C. KAPTV - KAU/K? LLASER -
REAL MASE,MASXE ,MASM, M1 2, M1, % (oK3X,K5%,K41 ,NEN, NE
REAL LAMDF.IA.DD KAFX ’ADI KXEX, KXDI,
REAL WEP ‘ )
REAL J
RE=AL LENGTH
REAL ”HIUs.ANI,KLI
DEAT L
bXThRNAL FUNC . '
COVFON/STOR/KE,P,CP 1, CH1 NEHEP L, A, R
+ EPI,EX1, ,-L.WADF.IASY",V LENGTH, 21,
COMMON/STEZ T
£ COASTANT DATA ,
HASE=0.5E63% E=1.6F=103 MAS) =39 9*!81nk 5%4
R=0 - :
=0
D=1
~A=27
C XE= ARGON
LAMDE=,R3E-4
mLA?UD"I.Od§f4 o , i )
REX=3.3E-8 o c A
PDI":).AE."'B . . P v i . Lo PR
‘RDIE=4, 3E-8 , : Yool
D&DF ~.5?F~Q/K6I2) ~ , .
DRDEN= |E=8/ ( .04E4)
DRDFDF—.4F—8/(I.3QBE3)
VEA==,"190 :
VEX3.094 . .. SN
VDA==.66 5 v .
VDX==,262 ... . . o
VDXE==.520 o S
ERI=1.61 - Y
EP2=3,5 -~
EPI=5,138 . -
© o EPXE=l.46 i
. EPXT=4.19 7 v

. . " 1 - .. - e , - S mpeia b e -

EPDT=1.03 . o
‘EPDI=1.46 " -~ _  OBIGINAL PAGE I3
EPDI=4.19 =~ ST OF POOR QU%JIF§m  “:} -
» . CPDT=3E-15 ~  * . S B
-» 7 CEL=3E-15" [ -« " i
CPI=6E-15 e R
TCP2=6E=16- = SR DR
 CPI=.8E-16 .= ' - S S Do o
S CPIrE3E-ls o T T T T s
i‘CPXl-éE-lS_,_;ﬁfv o TR S T

OTI
Te
)

3
4
3
i
¥
‘
&

= ‘ B = IR e [
e oo T i . I
¢ : e . o ¥ . : . i i
! i et A v e € e e i e e e e raeen an e
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BPX1=.5E<14

CPD1=6F~15

CPDI=.5E~15

CPHI=.NSE=13

CDIF=1T-15

EXI=11.5,

cX1= 36=17

SA=",40FE43SR3=7.13

LENGT =1

K=16NE10

AD=4FT3AP=3,605T7s AXEDI=4R 7
OSTHE=AP /2 LAV 40 % 3 54 25DRNFE
CST! ImAD /2% AHDN -2 %D k2 «)DIEN
CETHNE=AD/D cLATNE %4240 [ Ex ¢ 24D RNF DE

©INITIAL CONDITIONS
HRITE(S, 59)
59 FOGMAT(2X 4 2'1XE 2 2HTG. 2X, 11V, 2X
+2HNT 24, GHIPATIT 20 4T A, 2 X IHP ?A 3UCKT)
ACCEDT*1XE, TG, V, 0T, IPRTUT, TAX, C oA
M=3715 DELAY= 1E—4
PO=345516%( 273/ (273+T5) ) 1 V% (SB=. N524S A/ (TC+273))
TG= (TG+273) % (1/1.1554)
TGN=TG
F=il/(1.6E=10%EPI) % (1.24/EP=,2)
KXDI=1.8E=22%EXP(.56/TG)
KXEX=2, 2E=23+EXD (~, 05/TG)
OX=1 YEXK#DOEXE
POE=KXNT %P +42
PD=pNE
PX=XYEX#PN%XE  ©
. PI=F%CPHI*PO4DELAY
Pl=1n,%P]
AT=AP#1.6/(3.35=15%PO*D)
IE(AT=AD) 13,17,17
17 AT=AD )
13 CONTINUE
WRITE(S, 82) P0,PDE,PI s
92 FOWAT(2X,7P0=2,510.3,5%,7PD=",E10,3,5¥,7D[=4,510. 3)
WRITF(S, 87) ‘
89 FORMAT(AX, AHTIME , 6X,SHYDISC, 5X, 1HJ, 0X, 2HNE, 8X, 4HPT A,
+3X, 2HPD, 7X, 3HPD1) R o
WRITE(5, 35)
35 FORVAT(TX. 1 HP,OX ?API,’X SYGATNE ,5X, 5HGATYD, JX,DHB:TAF,SX,WABHT\D
+5X 2HTE)
C TI'tE STEP .
2 ISTEP=TSTEP+1
T=T+DT

‘ IF(T=-TMAX) 21,21,22
.21 CONTINUE
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< LIP”UIT RESPONSE

. TE=SO0Lu(IHD,rUNC,y e 2,5, EPS

!

e oy . . - P

P=P0=(P14PT)

HE=DPI

V=V =DTwkJ*A/C
[ERRE=03THN=13FEPS=.01

TFCIRERA: 12,1
HRITE(S %) IF?h.\U T 20
STOP

2 CONTIHUE
¢ ®HATHE CONSTANTS = EILCTRNIIC

VD=8ORT (2% /MASXE) %3310
JekE*V

OPI=RFH(EPL ) *(HE*CPT) »P

G cew e E

e R AR R S S s

s TERR)

IDISC=V

AEP=IE

RC=6. 39 T(SORT (2%7T)) w43
RP1=RCHEXP(=EP [ /TE) % (| +EP 1/ 2%TE ) ) # (A5 “CP1) *P

'RPIE=RPI/P*EXP(EDT Z7TE) P 1%, 33 |

RPIT=P NPT =-EP )% (1E+CP 1 1) %P1
RPXI=RFN (=P X 1) * ({HEACPXT ) *PX

RPX1B=RPX1/PX*EAP(EP

A/TEY*PX1*.5

RPXI=RFN(EPXI)*(E*CPXT ) *PX

BPII=RIFN(EPDT ) *#(HE+CPDI ) *PD

RPD1B=RPDI/PD*EXP(EPDI/TE) ¥PDI*, 25

RPDD=RFN (3

PDT) * (iE=CPDT) %P

RPDI=RFN(EPDT Y# (WEXCPDI ) #PD

FQECP=PIJ?. IRE=26 M E*TZ %4 (=
RECPX=1 5= %PX T 4NE
QFLPD"I cE=i%PDI%NE

C  RATE POV%TANTQ = GAS (IFRTIC

SORTG=SQRT(TG)
KAEX=2, 2E=2 3xEXP(.N74/TG)

KADI=6,5E=23*EXP(.735/TG)

KXEX=2.2E-23*FXP(—.O5/TG)
KXDI=1.E8R=22%EXP(.56/T35)
GPA=XEx8E~3 2%XE#P 1
GPXB=XE*2E-32/KAEX

GPD=P*(XE*IE-30%P1!)

GPNE=(XE*x1E~30)/XADI
GPDX=P* (XE*|E-31*P)
GPDXB=(XE*1E~31)/KADI
GPAI=(XE#8:0=32%XE)*«P]
GPXIB=(XE*3E=32%PX1)/KAEX
GPDI=(XE*3E~30%P)*PI

 GPDIR=(XE#3E~304PDI)/KADI
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i seemer TN TPt i b "

C L e emp e SN W
SO SAMR S ST N T Y : T A

! DIFFUSIOI RATES T y
KPLUS=2E3*(3E16/ (XE))*SQRT(.03/TG).
KEL=VD/(VNISC/LENGTH)
DXE=SORT(24TG/ IASXE) +3E 10/(3%(XE)*CDIF) % (4. 8/D) #+*2
DAPOS=KPLUS Kk TE% (4. 3/N) %% 2
DP=DXE%*1,3
* RATE EQAUATIONS
P1=21+0T%(RP 1 +RECP+RECP X+RECPD=RP I B=AP* (PX1)=NP=P1)
TE (P1/P=3%EXP(=EPI/TE)) 8.9,9 '
9 Dl=p*3*LEP(-ER1/TR)
3 COATINUE
PX=KXEXsP*XE .
IF (PD=-PDE) 61,561,562
62 PD=PDE3G0 TO 65
61 COJTINUE
DPD=PD+DT* (3PDX+RPDIR=CPUXB+PD=RPD1-3PDD)
65 CONTIHUE
PD1=PDI+DT¥x (GPD+RPD1=(3PDR+AP) *#PD1=-RPDIR)
PI=PI+DT*(RP [+RP1 [+RP2T +CP*P+P*CPHI #*F~RECP-RECPX=RECPD-DAPOS*P 1)
PX1=GPY/(GPXE+AP) ,
PXI=KAEX*PI#XE
" PDI=KADT*PxP1
" GAS TEMPERATURE
TG=TG+DT* ((E*VD*VNISC/TLENGTH=( 4, 3/D) %42+ K4 (TG=TGN) )2/ ( 3%XT)
SAT:
BETAE=CSTMR k?*PvXF*FYU( ~VEX/TG)/ 3E104CSTHDEXPD/KXDI*EXP(=VDXE/
¥TGY*.25/3E1N
BFTAD—LSTHD*PD/(KDI*EXP (=VNDX/TG)*.25/3510 -
GAINE=CSTHE*X(PUI*FEXP(=VEA/TG)/ (KAEX*1.5) =2 %P*XEXEXP(=VEX/T2)) Z3E1IN
+=CSTHDE* (2D /KXDI*EXP(=VDXE/TG) %.25) /351N ) '
GAIND=CSTHD*( , 25%PD1*EXP (=VDA/TG) Z(KADT#12) ~
+PD/KXDI*EXP (=VDX/TG)*,25)/3E10
PTLAM=235F=21%(GATNE+BETAE ) /LAVDE*%5
OUTPUT
TF(1STRP/IPRINT-FLOAT(ISTEP) /FLOATCIPRINT)) 31,30,31
30 CONTINUE _ - § _ o
RCPDT=RFN(EPDT) *CPDT . '
WRITE(5,%) TG - A o
WRITE(5,90) T,VDISC,J,IE,PLAM,PD,PDI
90 FOQMAT(7("IO ?)), » ) N o
WRITE(5, 95) P,P1,GAINE,GAIND,BETAE,BETAD,TE
_ 95 FORMAT(3X, 7(EIO 2)) o ,
31 CONTINUE -
GO TO 20
22 "WRITE(5, 27n)
200 FORMAT(2X, 1 9H>N, co Oil===<0, END)
 ACCEPT*,Z

' ) 41 41442 . F
‘,,49‘ 'i"r[(s 0% LT

s

(@]

(@)

P TR PP T e v cam




o emuny

- g s R T e T T e e - ;
' 7 J e L B '

“350 FORHAT(ZX 28HNEW VALUES! DT, TWAX. IPRINT, F)

¥ |

ACCEPT, DL THAX, IPRINT
ISTEP=0

50" TO 20 . . ‘.; | . . : |

STOP e

EMD : o

FUNCTION FUNGCTE) A .

"REAL "NE,MASE ,fASXE, LENGTH,NEP, L

rnAhON/qTOP/xr P, CPI CKI,NE NrP LsA,R,DT,RE,
+ EP{,EX1,C8L, ‘A%E MASXE,V, IEVGTH DI,PPIT,C 1,RX1
VD—%QRT(?¥Tr/fASXF)+3~IO

RC=6 . 3BE7T*(SQRT(2*TE) ) %3
RXI=RC*EXP(=EXI1/TE)*(1+EX1/(2%TE) ) *CX1 *XE
REL=(CEL*XZ#SQRT(2+*TE/MASE ) ) %351 Nk ( 24MASE/MASKE) *TE
FUNC= (V=R¥AXEANEXVD)/LENGTH=( 1 /VD) % (RX1 *EX1+RE])
RETURNSEND

FUNCTION RFN(Y)

COMMON/STE/TE

RFN=6. 38E7k(SﬂQT(?*TE))**B*FXP(-Y/TF)*(I+Y/(?*TE))
RETURN$ END .

R . b W donl A ey
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