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FOREWORD

The Laser Physics Branch of the Optical Sciences Division, Naval
Research Laboratory, Washington, D. C., prepared this annual report
on work sponsored by the Defense Advanced Research Projects Agency,
DARPA Order 2062. The projects described are also funded by NRL-ONR
research funds. Co-authors of the report were R. Burnham, L. Champagne,
N. Djeu, J. G. Eden, R. Waynant, S. K. Searles, L. Palumbo, W. Whitney,
R. Chang, T. Finn and W. S. Watt.
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SHORT PULSE KINETICS EXPERIMENTS
1. KrF* and HgX* (X = Br, I) Kinetics

Initial fast-photolysis kinetics experiments were reported in
April. These experiments covered the measurement of the XeF* (B-X)
lifetime and quenching rate constants for the important constituents
of XeF laser gas mixtures. Also, lifetime measurements of KrF* (B-X)
were reported along with the quenching rate constant for Xe. This
report concludes the KrF* quenching, describes measurements of life-
times and quenching rate constants for the mercury halides (HgBr and
Hgl), and reports the lifetime of the XeF (C-A) transition.

2. KrF* (B-X) Quenching

The experimental system used to measure the quenching rate con-
stants was shown in the previous report. The technique utilized a 2ns
pulse of 600 keV electrons from a Febetron 706 to excite an Ar/F2 mix-
ture and produce a short burst of ArF* radiation at 193 nm. This
193 nm pllse entered a quartz cell containing Ker vapor and photolyzed
the KrF2 producing KrF*(B) + F. The ¥-F*(B) decay is monitored with a
fast photodiode and found to decay with a single exponential lifetime
of 6.8 ns. Since the vapor pressure of KrF2 is kept low and since only
a small amount of KrF2 is photodissociated, quenching by the dissocia-
tion products or the parent molecule can be kept to a negligible level.

The rate constants are obtained by using a least squares fit to the

Note: Manuscript submitted April 5, 1979.




measured rate versus quenching gas density data.

Table I presents the measured rate constants for KrF*. A1l of the
gases used for these quenching studies play an important role in either
electron-beam-pumped or discharge-pumped KrF lasers. The interpreta-
tion of these rate constants are discussed more fully in the accompany-

ing manuscripts published in Applied Physics Letters and the Journal of

Applied Physics.

3. HgX* Lifetime and Quenching (X = Br, I)

Because of the recent success in obtaining lasing from the mercury
halide molecules, it was deemed important to investigate the kinetics
of these molecules. All of the mercury dihalide molecules are stable
and commercially available. Reasonable vapor pressures are obtained
by raising the dihalide temperature to the 90 - 150°¢C range. To
measure the 1ifetime of these molecules the experiment was modified to
the configuration shown in Fig. 1. The photolyzing 1ight pulse is
generated in a coaxial diode where the gas mixture is contained within
a thin aluminum cylinder and radially excited by the fast Febetron
pulse of electrons. Gas mixtures of Ne:Ar:F2 (2000:400:100 torr) were
used to produce ArF radiation (193 nm) for photodissociation of HgBr2
and Ar:Kr:C]2 (2000:200:10 torr) mixtures were used to produce KrCl
radiation (222 nm) for photodissociation of HgIz. With both mixtures
the pulse width was ~ 2.5 ns FWHM. The pulses were directed into a
Suprasil tube filled with a small amount of HgX2 and enclosed in an
oven. Photodissociation of the HgX2 produced HgX*(B) + X. The fluor-

escence from HgX (B-X) decay passed through a narrowband filter and was

T




monitored by a fast response photomultipler coupled to a digitizer.
These signals were plotted on a semilog scale and were found to fit a
single exponential decay line. By varying the HgX2 pressure via oven
temperature, HgX lifetimes and the quenching of HgX*(B) by HgX2 were
determined. These lifetimes and rates are given in Table II. Table II
gives values of lifetime of HgCl and quenching of HgC1 by HgC12 which
were performed in an analogous manner on another electron beam machine
having a somewhat longer pulsewidth. Lifetimes and quenching of HgCl
have not yet been done with the fast Febetron system since the wave-
length needed to photolyze HgC]2 will not propagate through air.
Quenching rate constants for a number of important laser gas con-
stituents were measured by fixing the HgX2 pressure and adding a wide
range of quenching gas pressures. From a least squares fit to the
decay rate versus pressure data, two body quenching rate constants
have been determined for HgBr* and Hgl*. These rate constants are
given in Tables III and IV. Of particular concern is the rather large
rate constant determined for quenching of HgBr (B) by Hg (1.3 x 10']0
cm3 sec']). Since Hg is a constituent for laser gas mixtures, con-
siderable quenching losses can result. Further discussions of the
mercury halide kinetics is contained in the reprint from Applied

Physics Letters and in the manuscript submitted to Applied Physics

Letters which follow.

4. Lifetime of the C-A Band of XeF

Considerable interest in the C-A transition in XeF has developed
recently because of both the possibility that gain might be produced

on the transition and the interest that the C level might play in the




kinetics of the B-X laser transition. Fig. 2 shows the potential

energy diagram1 of XeF and the close proximity of the B and C levels.

This close proximity raises the possibility of energy transfer from C
to B at elevated temperatures. Modeling of such possibilities re-
% quires accurate knowledge of the C state 1ifetime.
% To measure the C state lifetime a somewhat different experimental
approach was taken than the previous fast photolysis which yielded too

few C state molecules. In this case Xer vapor was placed in the

cylindrical center tube of the coaxial diode and dissociated by elec-

tron impact. By using a 460 nm filter (T = 35% at Ag - 462 nm;

max
Ax = 50 nm) to pass only the C-A emission, the fluorescence was

detected, displayed on an oscilloscope, recorded, digitized and plot-
ted on a semilog plot from which a decay time was determined. By
monitoring the change in decay time as XeF2 pressure was varied from
0.1 - 0.5 Torr, both a measure of the C-A lifetime, 93 + 5 ns, and the
quenching rate constant for XeF (C) due to Xer, (1.8 + 0.5} - 10'10
cm3-sec'], were determined. Using this measured lifetime it was possi-
ble to correct Kh‘gler's2 estimated B-C energy defect. The B-C separ-

-1

ation is now estimated to be 610 + 60 cm ~ or .076 eV which agrees

with the separation of 0.08 eV measured by Brashears and Setser3.

Further details can be found in the manuscript to be published in the
Journal of Quantum Electronics which follows. '

In summary, fast pulse dissociation of the dihalide molecules to |
nearly instantaneously produce the excited state halide laser molecule

provides a clear measurement of excited state lifetimes and collisional

i
i

quenching rate constants. These measured numbers should allow




realistic modeling of the rare gas and mercury halide lasers.
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TABLE I.

RATE CONSTANTS FOR QUENCHING
OF KrF(B) BY VARIOUS GASES

Quencher Rate Constant?

He (3.3+1.1x10 13
E 2He |

Ne (1.6+0.4)x 10 12

2Ne <10~ 32b

Ar (1.8+0.6)x10 12

2Ar (1.1+0.4)x10 3P

Kr (8.6+0.7)x10 12

2Kr 9.7+0.8)x10 b

Xe >10 9

F, (4.8:0.3)x10 1°

NF, (5.2+0.5)x 10 "'

a Units =cm3sec .

1

b Units =cm®sec 1.
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TABLE II.

Radiative lifetimes and di-halide
quenching rate constants for the
mercury halide (B+X) transitions.

MOLECULE t(NS) Kq(CM*-SEC )
HgCI(B) 222415 92-10"
HgBr(B) 237+15 1710 "

Hgl(B) 273+ 20 3610




HgBr(B) QUENCHING RATE CONSTANTS

TABLE III.

QUENCHER RATE CONSTANT (CM’-SEC )
He 52 +20 10"
Ne 63 +18 - 10"
Ar (74 - 15) - 10"
Xe (37 +03) 10"
Hg (1.3 +08) - 10"
N; (44 + 05) - 10"
Br, (65« 03) 10"
HBr (20 + 04) - 10

Ch;Br (39 +04) 10
CC1.Br; (43 +04) 10"




TABLE IV.

Hgl(B) QUENCHING RATE CONSTANTS

QUENCHER RATE CONSTANTS (CM*-SEC ']

Ar (33+15 -10"
Xe (7Z1+08) - 10"
Hg <310
N: 11+02) -10"7
HI (10+02 -10"
CF,l (29 +03) - 10"
4
h
3
11
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New quenching rates applicable to the KrF laser®

J. G. Eden, R. W. Waynant, S. K. Searles, and R. Burnham

Laser Physics Branch, Optical Sciences Division, Naval Research Laboratory, Washington, D.C. 20375
(Recerved 30 January 1978; accepted for publication 23 March 1978)

Photolysis of KrF; has been used to measure the rates of collisional quenching of KrF(B) excimers in two-
and three-body collisions with Ar, Kr, and F,. In addition, the KrF(B—X) band radiative lifetime was
determined to be 6.8+0.2 ns. The results are in good agreement with existing theory and demonstrate the

importance of quenching to KrF laser performance.

PACS numbers: 42.55.Hq, 34.50. s, 31.50. +w, 82.50.Et

Recent progress in the development of the KrF uv
laser has included improvements in its output power,’
efficiency,? linewidth, and spatial quality of the beam. ?
Since quenching of the laser’s upper state imposes
limitations on saturation intensity and gas mixture com-
position, knowledge of fundamental collisional rate con-
stants for the KrF(B) excimer will be required to fully
exploit the properties of this molecule as a source of
uv stimulated emission.

The rates of quenching of the KrF(B) state by Ar, Kr,
and F, and the radiative lifetime of the KrF(B - X) band
reported here were determined utilizing pulsed uv
photolysis of KrF, at 193 nm. Absorption of a 193-nm
(ArF[B - X])"** photon by KrF, results in the immediate
collisionless dissociation of the molecule, yielding a
KrF*(B) excimer. Therefore, monitoring the exponen-
tial decay of the B -state population (in the presence of
the desired diluent gas) affords a direct and accurate
method of measuring the KrF excimer’s rates of
quenching by Ar, Kr, and F,.

The experimental apparatus used to photolyze KrF,
is shown schematically in Fig. 1. A 3-ns FWHM beam
of 600-keV electrons from a Febetron 706 generator
penetrated a 25 -um-thick Ti foil and irradiated a 99.5%
Ar/0.5% F, (total pressure =2000 Torr) gas mixture.
The {luorescence from this electron-beam -excited
plasma, viewed longitudinally through a sapphire
window (cutoff ~ 145 nm) by a Seya-Namioka vacuum
spectrograph in first order and Kodak vuv 101-01 film,
was found to consist solely of the ArF(B - X) band,
centered at 193 nm and of =1. 4 nm FWHM. No F? (158
nm)* or Ar,F* (290 nm)® emission was observed. Pho-
todiode studies revealed that the ArF* emission pulse
was characterized by a ~3-ns FWHM and an exponential
decay time of 2.5 ns,

After entering the fused silica absorption tube, the
193 -nm radiation photolyzed a fraction of the KrF,
molecules in the KrF,-diluent flow, forming KrF(B)
excimers. The subsequent radiative decay of the KrF*
population at 249 nm was monitored axially by a nar-

YWark supported in part by DARPA,
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row -bandpass filter (T,,, =21% at 249 nm; FWHM =4.5
nm) and a fast-rise-time (~0.5 ns) S-5 biplanar photo-
diode. Emission wavelorms were recorded using a
Tektronix 7904 oscilloscope and later digitized by com -
puter for data analysis.

The KrF, used in these experiments was synthesized
according to the technique described by Slivnik and
co-workers. ' Control of the KrF, vapor pressure was
achieved using a dry ice —ethanol bath. Roughly 0.5
Torr KrF, pressure was maintained in the absorption
tube by keeping the bath-cooled KrF, reservoir at
T~ -44°C. During the experiments, a capacitance
manometer recorded the pressure of the KrF,-diluent
mixture flowing through the photolytic cell. The rare
gases and fluorine used in this work were of research
and technical (97% ) grades, respectively, and passiva-
tion of both the absorption tube and Ar/F, cell was
found to be essential for repeatable results.

Strong photolytic B = X fluorescence at 249 nm was
obtained with a few tenths of a Torr KrF, in the system,
Signals (1) were observed to decay exponentially over
several e -foldings and (2) occurred only when both Ar
and F, were present in the excitation cell and KrF,
was flowing through the quartz tube. (The rapid disso-
ciation of KrF, prevented the use of static gas mix-
tures as was possible with XeF,, *) These observations
indicate that the photolytic process was indeed the

BOC wey Flectron

Be:
n,t,.ﬁm-]l g"_ _:!w—«v fo
249 am N JL_JJUT o ~ B
L e i —— ¥ Puw
] L 1
Acrk, Gos [ Suprose Tube
Mirture r-
S
{ — SO00Nt Wndow

%

Ta Seya - Namwoka
Specirogroph

FIG. 1. Schematic diagram of the photolytic apparatus, The
Suprasil tube is sealed to the stainless-steel Ar/F, cell using
O-rings and copper gaskete ag shown,
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pumping mechanism for the KrF(5) state and the band -
pass filter described earlier ensured that KrF(B - X)
emission was being monitored.

The analysis and interpretation of the KrF* wave -
forms is analogous to that used previously for XeF*. ™"
Briefly, the decaying B-state population is described
by a single exponential:

[KrF(B)] = [KrF(B)],. exp(- £1), m
where
et + k(@) + k[Q), 2)

[ ] indicates particle densities, 7, is the KrF(B - X)
radiative lifetime, and k, and k, are the two- and three-
body rates of quenching o. KrF(B) by the atomic or
molecular species ¢, The single exponential arises
from the rapid formation of KrF(B) excimers through
the collisionless photodissociation process. By varying
the partial pressure of the various diluent gases added
to the KrF, f{low, emission waveforms were obtained
over a wide range of diluent gas pressures. The falling
portion of each waveform was then fit to a single
exponential to determine .

The variation of £ with KrF, pressure is shown in
Fig. 2 where the least-squares [itting of the data to the
linear terms of Eq. (2) is represented by the solid line.
The zero KrF, pressure intercept of this line gives the
radiat've lifetime of the KrF(B - X) band as 6.8:0.2
ns where the standard deviation and experimental un-
certainty of the data in Fig. 2 are represented by the
0.2-ns error. Although this value is lower than that
obtained recently using an ArF laser to photodissociate
KrF,. ' the =20 difference between the two resuits is
not understood and uncertainties due to the detection
system have been eliminated. The present value is in
excellent agreement with the theoretical lifetime of
7.0 ns calculated by Hay and Dunning.'"'" Two-body
destruction of KrF* by KrF, was found to proceed at the
rate of (1.4:0.4)x10™"° cm*' 7',

Figure 3 shows the dependence of I on diluent pres-
sure for KrF(8) quenching by Kr where the quadratic
component, representing three-body quenching of the
excimer by 2 Kr, becomes clearly evident. The two-
and three -body quenching rates for Kr obtained from
Fig. 3are k,=(8.640.7)%<10"" cm’s™ and k;= (9.7

734 Appl. Phys. Lett., Vol 32, No. 11, 1 June 1978
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+0.8)%10"" em®s™!, respectively, where again the un-
certainty in the rate constants shown in parentheses
reflects the standard deviation of the data coupled with
an estimated experimental error of <107 per data
point. By analyzing e -beam-pumped Ar/Kr/F, mixtures,
Rokni, Jacob, and Mangano'' inferred a two-body rate
almost an order of magnitude smaller (k, <1.6x10™"
em’s™! for 7,=6.9 ns) than that reported here. In con-
trast, the rate given above for three-body quenching of
KrF(B) by krypton is in good agreement with the theore-
tical prediction of Shui'* (5x107"" em®s™) and the resuit
of Rokni et al. (6.4x10°" em®s™),

The absence of a curve crossing between the X (or A)
ground state and B excited level of KrF '? suggests that
the Kr two-body quenching rate is due to mixing colli-
sions between the B and C states:

KrF(8) + Kr =KrF(C) + Kr, (3)

Such a mechanism is consistent with the proximity of
the two states in energy'' and may partially account

for the discrepancy in reported Kr two-body rates. For
the gas mixtures used in Ref. 13, the KrF C and B
states are likely to be equilibrated due to thermal colli-
sions [Eq. (3)]. Thus, a smaller nef quenching rate than
that presented above may be expected since the C and

H levels act essentially as one state. However, the low
Kr pressures (© 200 Torr) and short pulse lengths
employed here make equilibrium unlikely, favoring a
larger loss rate for KrF(B).

The physical interpretation of three-body quenching
of KrF(B) by Kr has been convincingly shown to be the
process of Kr,F* trimer formation'’:

KrF(B) + 2 Kr = Kr,F('B;) + Kr (4)

and culminates in the emission of a Kr,F('B, = A)
photon at ~415 nm. Shui's calculations invoke this
mechanism and the good agreement between theory and
experiment seems to further support this conclusion.

Similar data for Ar and F; are shown in Figs. 4 and
5. From these curves, the rate constants were deter=
mined to be ky(Ar)=(1.8+0.6)x10"" cm’s™, ky(Ar)
=(1.1:£0.4)x10" em®s™!, and ky(F,;) = (4.8+0.3)
<107 em's'. Again, the argon three-body rate is in
excellent agreement with theory (0.9x107" cm®s™) M
suggesting the formation of stable ArKrF* trimers. To
our knowledge, the two-body quenching rate for Ar has

a “ L
wrypt Pressure

FIG. 3, Dependence of ¥ on Kr pressure where, again, the
solid line represents the least-squares fit of the data to
Eq. (2).
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FIG. 4, Variation of T with [Ar], Experimental difficulties in
mixing KrF, with Ar prevented the study of higher Ar
pressures,

not been previously measured and yet is one of the
main sources of KrF* quenching in electron-beam -
pumped Ar/Kr/F, gas mixtures. For example, for a
typical mixture composition of 95% Ar/4.8% Kr/0.2%
F, (total pressure >~ 2100 Torr), collisional deactivation
of KrF(B) by two-body collisions with Ar accounts for
17% of the total quenching loss, three-body Ar colli-
sions are responsible for 66%, F, for 11%, and all
Kr collisions for 6%. Thus, collisional quenching of
KrF excimers by Ar greatly exceeds that of the other
gas constituents and it is quite possible that replacing
argon by neon will result in a significant improvement
in laser performance as it has for the XeF laser,%!$
From the measured quenching rates and letting 0gzT
=1.75%10"% cm?s"! (Ref. 16), the saturation intensity
of the KrF laser, given the gas mixture mentioned
above, is 2.6 MW cm™, In the absence of stimulated
emission, a KrF(B) excimer has an effective lifetime
of 1.5 ns.

Finally, preliminary measurements of the quenching
rate of KrF(B) by He give a two-body rate of =3x10!?
cm’s™!, indicating that the rate constants reported in
this paper are not products of vibrational quenching of
the B-state manifold. That is, ArF* photolytic disso-
ciation of KrF, appears to produce only low vibrational
levels of the KrF(B) state.

In summary, the KrF(8 - X) radiative lifetime and
the two- and three -body collisional quenching rates of
KrF(B) by Kr, Ar, and F, have been measured by
photolyzing KrF, in the presence of the desired diluent
and monitoring the resulting B - X radiation at 249
nm, The results are in good agreement with theory and
demonstrate the important role of excimer quenching
in determining the laser’s saturation intensity and power
loading of the mirrors forming the optical cavity.

The authors wish to thank L.J. Palumbo for aid in
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KrF(B) quenching by He, Ne, Xe, and NF;}’
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Flash photolysis of KrF, at 193 nm has been utihzed to directly measure the quenching rate constants of
KrF(B) molecules by He. Ne, Xe, and NF, Investigation of the large rate constant measured for the

PACS numbers 311 50 + w, 3250 +d, 82 SO Et, 82 20 Pm

I. INTRODUCTION

Experiments of the past year have confirmed the impor-
tance of exciplex quenching on XeF and KrF laser perfor-
mance.'’ Collisional losses due to formation of rare gas-
fluoride trimers (R,F*, R = Xe, Kr) or R F(C) state mole-
cules have been proposed to account for the reported
quenching rates which, in turn, are responsible for laser mix-
| ture restrictions and require large circulating powers in the
4 optical cavity. For example, argon was commonly used as
: the diluent in e-beam-pumped XeF laser mixtures until the
discovery of the superior quenching' and optical absorption*
characteristics of neon. The possibility of a similar situation

E | existing for the KrF laser prompted the experimental work
described below.
For KrF*, the rates of quenching of KrF(8 ) molecules
N, by Ar, Kr, and F, ** ' and the radiative lifetime of the B

state'”'' have been measured previously. This paper de-
scribes the direct measurement of the deactivation rates of
T KrF(B ) molecules by He, Ne, Xe, and NF,, using pulsed uv
, photolysis of KrF,. Two obvious advantages of this experi-
mental technique are (1) quenching of the KrF exciplex pop-
ulation by electron impact can be ignored'” and (2) the var-
ious quenching atoms or molecules of interest may be
studied independently of one another

Most of the rates reported here have been measured for
the first time. Additional observations suggest that quench-
4 ing of KrF(B ) by Xe results in the formation of XeF(D ) mol-
ecules followed by collisional or radiative transfer to the 8
4 state of XeF.

. Section Il discusses the experimental technique and

1 data analysis used in this investigation, while Sec. 111 pre-
3 sents the results for the quenchers mentioned above. Deacti-
vation of KrF(B) by Xe and KrF(8 ) +XeF* excitation
transfer are discussed in Sec. IV and, finally, Sec. V reviews
the conclusions of this study.

Il. EXPERIMENTAL TECHNIQUE AND DATA

ANALYSIS
: A schematic diagram of the experimental apparatus
E used to photolyze KrF, ' is shown in Fig. I Briefly,

ArF(B-+X ) emission from electron-beam-irradiated Ar/F,
; gas mixtures (99.5% Ar/0.5% F .. p, ., = 2000 Torr) photo-
. lyzed KrF, molecules in a KrF.-diluent stream flowing
through a Suprasil (VUV quality) quartz tube. A Seya-
Namioka vacuum spectrograph (in first order) recorded the
ArF* emission spectrum shown in Fig. 2 by viewing the flu-

"Work supported in part by DARPA
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KrF(B)+ Xe reaction (210 “ cm'sec ') venfied the XeF(B) state to be a product

orescence through a sapphire window (4_, . ~ 145nm). The
spectral FWHM shown in Fig. 21s ~ 1.2 nm which corre-
sponds to £ ~ 320 cm . Using a solar blind photodiode, the
ArF* emission pulse was found to closely follow the elec-
tron-beam current.

As mentioned in Ref. 10, the KrF, used in ttese experi-
ments was synthesized according to the technique described
by Shivnik er al."" The KrF, crystals were contained in a Py-
rex vessel which in turn was immersed 1n a dry-ice-alcohol
bath. Mixing of the desired quenching gas with the KrF,
vapor was accomplished by flowing the gas over the crystals
as shown in Fig. 1. The KrF, vapor pressure was maintained
at =0.5 Torr in these experiments by keeping the dry-ice-
alcohol bath at 7'~ — 44 °C. Diluent was then added to raise
the total flow pressure (measured by a capacitance mano-
meter) to the desired value. Although improvements have 1
been made in the flow system,'® gas mixing difficulties pre-
vented study of diluent pressures in excess of 1000 Torr. All
gas-handling lines were 6-mm o.d. Teflon tubing. Also, flow-
ing KrF, vapor through the quartz tube for several minutes
prior to the experiments was found to be important for ob-
taining repeatable results. Details of the quartz absorption
tube and Ar/F, photolytic cell have been published in a re-
cent paper."’

Subsequent to absorbing a 193-nm photon, a KrF, mol-
ecule dissociates, ' '“ creating a KrF(8 ) exciplex by the colli-
sionless process

SHORT PULSE

ELECTRON AEAM
GENERATOR
£-BEam
{
-2 S
i = :
PE - O b s
wOTOD 00E LT )
opiooe [X )
QUENCHING GAS 7 | O;,»B!‘ |
j { o | &mm D& TEFLON TUBING
v
DRY L !
a :\(J’u{\r‘(éAH-? $ APACI TANCE |
MANOME TER |
k2 Ry
x> 4
60 L MIN MECHANICAL PomP
DEWAR wiTh BYREY CELL USED FOR PREPARATION AND
STORAGE OF weFp CELL S MMERSED N & BATH AT < 240%x

FIG 1 Partal schematic diagram of the experimental apparatus used to
photolyze KrF and measure ravss of quenching of KrF(B )by vanous gases
Details of the construction of the quartz absorption tube and Ar/F. photo
Iytic cell are given in Ref 10
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FIG 2 ArF(B +X ) enussion spectrum at 193 nm from e-beam-excited
Ar/F, gas mixtures. The detection system resolution was ~ 0.3 nm and the
vertical scale 1s loganthmic

KrF. + h{6.4 eV) -KrF

—KrF(B)+F+4E(0.4eV). (1

The KrF(B-—+X ) 249-nm emission waveforms were
monitored by a S-S surface photodiode ( ~ 0.5 nsec rise time)
and narrow bandpass filter (7, = 21% at 249 nm; 44 =4.5
nm) and the traces were recorded on film using a Tektronix
7904 oscilloscope. The measured rapid rise in KrF(B-+Y )
flourescence following the onset of ArF excitation suggested
that the dissociation of KrF | by Eq. (1) was rapid ( < |
nsec).

Sincenocollisionsare required to form the KrF(8 ) pop-
ulation, the extraction of quenching rates from the pressure-
dependent fluorescence data is straightforward. Simple ki-
netic rate equations’* ' predict-decaying waveforms de-
scribed by a single exponential decay constant 3

Z=1,"+k [Q1+k. [Q ) +k, [KrF:], ()

where 7, 1s the KrF(B—+X ) radiative lifetime of 6.8 nsec, ' &,
and k. are the two- and three-body rates of quenching of
KrF(8) by the diluent Q, and &, is the rate constant for
quenching of KrF(B ) by KrF, (1.4 10 ° cm’ sec ')." Ex-
periments confirm the single exponential nature of the flo-
rescence signals as shown in Fig. 3 which presents typical
ArF* and KrF(B-+X ) emission waveforms. The ArF trace s
charactenzed by a 2.5-ns decay constant, whereas the KrF
signal, corresponding toa 0.5 Torr KrF, plus 21 Torr Ne gas
mixture, has a decay constant of < 6.8 nsec.

To determine the KrF(B ) quenching rate for a given
diluent, the fluorescence waveforms for various diluent pres-
sures were digitized from the oscillograms and plotted on
semilog scales by a CDC 3800 computer. Then, for each
pressure, X was determined by fitting the falling portion of
the signal to a single exponential and correcting for the non-
zero decay time of the ArF* excitation pulse by deconvolv-
ing the pump and KrF fluorescence waveforms. This correc-
tion is < 20% for signal decay times >5 nsec. From a graph
of X versus [Q ], determinations of &, and &, could then be
made.
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FIG 3 ArF(B -X )(O)and KrF(8 X )(e) luorescence wavelorms typical
of those encountered in these experiments. The ArF® emission was ob-
served from e-beam-excited 2000 Torr Ar/10 Torr F, mixtures with a band-
passfilter (7, = 20% at 198.0 nm; 44 =20 nm) and a solar blind photodi-
ode. The KrF radiation was due toa 0.5 Torr KrF,-21 Torr Ne gas mixture
flowing through the reaction cell. 7= 0 identifies the time of peak e-beam
current

IIl. RESULTS AND DISCUSSION

The dependence of £ on helium pressure is shown in
Fig. 4 where the least-squares fitting of the data points is
represented by the solid line. The slope of this line gives the
rate of quenching of KrF(B ) by a two-body collision with He
as (334 1.1)x 10" em’ sec ' where the experimental and
statistical uncertainty of the rate constant is given in the
parentheses. Due to the ~ 15% per data point uncertainty in
. the three-body quenching rate for He was estimated to be
= 107" cm® sec ' Given 2 atm of He in a discharge-pumped
KrF laser mixture, the rate of helium quenching of KrF(B ) is
1.6 10" sec ', thus reducing the effective lifetime of a KrF
exciplex by 10% to 6.1 nsec.

The contrast between Ne and Ar as KrF quenchers is
clearly shown in Fig. S where the Ar data was taken from
Ref. 10. Again, the solid lines represent the least-squares
fitting of the data points. For neon, the two-body KrF(8)
quenching rate, k,(Ne) = (1.6+0.4) X 10" cm’ sec ™, is simi-

18 3
He m
¢ 30
-] e = i e e e e
I e
1 ,,)"l
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1 |
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{elium ' '

FIG. 4. Graph of X versus He pressure. The sohid line represents the least-
squares fit of the data points to the hinear terms of Eq (2). The experimental
uncertainty in 3 per point is = 13% and the error in p,,, 1s negligible
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lar to that measured for Ar, (1.8+0.6) 10 " cm’sec . The
key difference between the two diluents lies in the three-body
rate constants which for neon is estimated to be < 10"
cm* sec ' while for argon, k = (1.1+0.4)x 10" cm* sec .

To compare argon and neon as diluents for e-beam-
pumped KrF lasers, consider a typical 95% Ar/4.8%
Kr/0.29% F, gas mixture with a total pressure of 2100 Torr.
From the KrF* quenching rates for Ar, Kr, and F, deter-
mined previously,'” Ar accounts for 83% of the collisional
losses, Kr for 6%, and F, for 11%. Substituting neon for
argon (and d~ bling the diluent concentration to maintain
constant electron energy deposition) reveals that neon ac-
counts for 86% of the B-state quenching losses. Therefore,
#xchanging argon for neon does not substantially change
diluent quenching and so any advantage of neon over argon
(as is the case for XeF *') wall depend on KrF formation
kinetics in Ne/Kr/F, mixtures.

Figure 6 shows the results for NF, where the two-body
quenching rate is (5.24-0.5) x 10" cm’ sec . As with XeF*,
NF, quenches KrF(8 ) molecules roughly an order of magm-
tude less effectively than does F,. However, it is well known
that NF, does not perform as well as F, in KrF laser systems,
which is probably due to NF, (or its fragments, e.g., NF,)
absorption at 250 nm '* or to the importance of F ; molecules
in the exciplex formation chain.

IV. KrF(X) QUENCHING BY Xe AND
KrF(5)--XeF* EXCITATION TRANSFER

Xenon was found to quench KrF(8 ) molecules at a sur-
prisingly large rate as shown by Fig. 7. The slight spread of
the data points does not accurately reflect the experimental
error due to the low xenon pressures (< 1.5 Torr) and large
decay constants involved. For this reason, error bars are giv-
en in Fig. 7. Each data point has been corrected for uncer-
tainties in the KrF, pressure which arose from slight vari-
ations in the temperature of the alcohol-dry-ice bath used to
control the KrF, low pressure. Fluctuations in the bath
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FIG. 6. Vanation of decay Xwith NF, The slope of
thesolid ineis 5.2 x 107" cm’ sec ' and again the errorin the decay constant
per data point is ~ 15%

temperature of as little as 1 °C caused KrF, pressure devi-
ations of 0.05 Torr. This, in turn, created an uncertainty of
+0.05 Torr in the xenon pressure since the capacitance
manometer monitored the total flow pressure (py ¢ +p.).

Including the experimental uncertainties mentioned
above and statistical errors arising from the least-squares fit,
the data of Fig. 7 give a lower limit for the rate constant for
two-body quenching of KrF(8) by Xe of ~ 10 cm’ sec '.
Preliminary studies by other investigators™ have yielded a
half-quenching pressure of ~ 1.8 Torr or k=2.5x 10"
cm’ sec ' (setting 7y ¢ 5, = 6.8 nsec) for this reaction. Our
result is also consistent with the findings of Rokni and co-
workers® who found the analogous displacement reaction:
ArF* + Kr—KrF® + Ar to proceed with a rate constant of
1.6 107 em’ sec .

In an attempt to determine the products of the
KrF(8) + Xequenching mechanism, fluorescence at 350 nm

38 S E S T
- 4
TU ﬂ
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-
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Xenon Pressure, (Torr)

FIG. 7. Quenching data for xenon including corrections for the 2.5-nsec
decay time of the ArF*® fluorescence. The error bars indicate the estimated
experimental errors for the low pressure measurement. The solid hne de-
notes the linear least-squares fitting of the data points. The lower limut for
A (Xe)1s 107 em' sec
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FIG. 8 Time dependence of XeF(B X ) emission observed from 0.5 Torr
KrF.-14 Torr Xe mintures. 7= 0 corresponds to peak ArF® fluorescence

[emitted by low-lying XeF(B) vibrational levels] from KrF.-
Xe photolyzed mixtures was monitored by a narrow band-
pass filter (4,= 348 nm, 44 =9.4 nm) and a S-5 photodiode.
XeF(B-+X ) emission was observed but, as shown in Fig. 8,
the onset of the fluorescence was delayed by ~ 10 nsec from
the peak of the ArF pulse. This effect may be explained by
considering the relative energies of the KrF(B ), XeF(D ), and
XeF(B ) states. Using the spectroscopic constants given by
Tellinghuisen et al."” for ine D level of XeF and those for
KrF(B) calculated by Hay and Dunning." several close en-
ergy coincidences ( < 300 cm ') between the KrF(B, v'=0,1)
and XeF(D, v” = 12-14) vibrational levels were found. Thus,
those near-resonant states allow for KrF(8 )—XeF(D ) exci-
tation transfer followed by collisional or radiative cascading
10 the XeF(B) state. Since the mixture pressure of Fig. 81is
low ( < 15 Torr), collisional relaxation of the XeF(B and D)
state vibrational manifolds will be slow, in agreement with
the observed time delay. Also, the 10-nsec lapse before the
B-.X radiation was detected minimizes the possibility of di-
rect KrF(B ) —~XeF(B, low v”) transfer. Second, the 350-nm
radiation is emitted over ~ 16 nsec, indicating a relatively
slow “feeding" of low-lying XeF{(B) vibrational levels.

Although it is desirable to directly observe the
XeF(D—+X ) emission at 260 nm, a filter of sufficiently nar-
row response to eliminate the KrF(B—+X') band at 249 nm
was not available. Therefore, to test the kinetic scheme pro-
posed above, experiments involving excitation of high pres-
sure Ar/Kr/F, gas mixtures by a 450-kV 50-nsec ~ 1-
kA cm? electron beam were conducted. The spectra of these
mixtures, which were typical of those used as KrF lasers
(95% Ar/4.8% Kr/0.2% F,), consisted of the well-known
KrF(B—X ) band at 249 nm and C—A continuum at ~ 275
nm [cf. Fig. 9(a)]. Adding just one Torr of Xe to this
Ar/Kr/F, mixture produced intense XeF(B—X ) and
(D—X ) fluorescence at 351 and 260 nm, respectively, as
shown in Fig. 9(b). Certainly, the intensity of neither the
B--X nor the DX bands is characteristic of Ar/1 Torr
Xe/F, gas mixtures but is vonsistent with KrF(B )—+XeF(D)
energy transfer.

The large ratios of [Ar}/[Xe] and [Kr]/[Xe] were cho-
sen so that the kinetic chain forming KrF(B ) would be negli-
gibly perturbed by the addition of 1 Torr Xe to the gas mix-

the bulk of the deposited electron energy produces rare gas
atomic ions (in this case, Ar’). For the gas mixture of Fig.
9(a) (2000 Torr Ar/100 Torr Kr/5 Torr F.), these Ar® ons
rapidly collide with the Ar background gas to form Ar;".
The charge transfer reaction

Ars +KreKr + 2Ar 3)

is known'* ® to proceed at a large rate (k~6x 10"

cm "’ sec '), whereas the competing mechanism

(Ar; +Xe—Xe + 2Ar), due to the | Torr Xe added in Fig.
9(b), is expected to have a smaller rate constant due to the
~ 1-¢V exothermicity of the reaction.’” Also, the competing
jon recombination processes Kr'(or Xe')+ F + Ar -KrF*-
(or XeF®)+ Ar have comparable rate constants.™ Therefore,
the spectra of Fig. 9 support the conclusion that formation of
both the XeF(D and B ) states result from the quenching of
KrF(B) by Xe.

A summary of the experimentally determined rate con-
stants for quenching of the KrF(B ) state by various gases is
given in Table 1. Some of the rate constants determined by
other investigators depend on 7, and so the values presented
in Table I assume 7, = 6.8 nsec.

Since the experimental technique used in the present
work measures only the rate at which the KrF(B ) state mole-
cules are destroyed, the products of the various quenching
collisions shown in Table I are not known. In a previous
paper," the discrepancy between the reported two-body rate
constants for Kr was attributed to mixing between the KrF
B and C states:

KrF(B)+ Q+KrF(C)+Q. (€3}

FIG. 9 Spectra recorded from e-beam-cxcited mixtures. (a) 2000 Torr
Ar/100 Torr Kr/$ Torr F, mixture, clearly showing the KrF 249- and 275-
nm bands and (b) same mixture as (a) with a Torr of Xe added Vertical scale

ture of Fig. 9(a). In electron-beam excited rare gas p |
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TABLE I. Rate constants for quenching of KrF(8 ) by vanous gases.

Quencher Rate constant* Reference

He [RRE R BNV This work

2He sl This work

Ne (1.6+04)~ 10 This work

2Ne <10 Thas work

Ar (1.84+06)x 10" 10

2Ar (16407)x 10 7.9
(11404)x10 " 10

Kr <léx10" 9
(8.6+07)% 10 10

Ar+Kr 6.2x10"" 9

2Kr 6.5x 10" 9
29x10 5
(9.74+08)x 10 10

Xe > 10" This work

F. 74x10" 9
STx10 $
(48+03)x 10" 10

NF. (52405 x10" This work

*Units = cm’ sec '
"Units = cm* se¢

where, again, Q is the diluent gas of interest. This process
may also be important for the quenching reactions studied
here and particularly for He and Ne where large diluent con-
centrations were used (0 measure the desired rate constants.

V. CONCLUSIONS

The rates of quenching of KrF(B ) by He, Ne, Xe, and
NF, have been reported in this paper. Simple exponentially
decaying waveforms were obtained by photolyzing KrF.in
the presence of the desired diluent with 193-nm radiation.
The results underscore the significance of quenching studies
to an understanding of basic decay processes of the exciplex
population.
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HgX(B) radiative lifetime by fast photolysis of HgX,

(X =Br,))*

R. W. Waynant and J. G. Eden
Naval Research Laboratory, Washington D.C. 20375

(Received 19 June 1978; accepted for publication 31 July 1978)

The radiative lifetimes of the HgBr(B) and HgI(B) states have been determined to be 23.7+15 and
273420 ns, respectively, by fast photolysis of HgBr; and Hgl, using e-beam-excited ArF and KrCl
fluorescence. This experimental approach generated simple exponential decay curves which facilitated
measurement of the lifetimes and the rate of quenching of the excited HgX(B) states by HgX; (X = Br
or 1) molecules. Although the lifetimes reported here are in agreement with previous expernimental

they a y published th | calculation

PACS numbers: 82 50 Et, 33,50 — ), 31.70 Hq, 4255 Hq

Laser emission on the HgBr(B - X) transition has
been produced by electron-beam pumping of mixtures
of Ar, Xe, Hg, and HBr'; by electron beam sustained
discharge pumping of Ar, Hg, and BrCCl, mixtures?;
by using an ArF laser (193 nm) to photodissociate
HeBr, to produce HgBr(B) ¥; and by dissociating HgBr,
in a fast transverse electric discharge."® These latter,
experiments also were able to dissociate Hgl; to produce
lasing on the Hgl(B — X) band.

The technique of producing an HgX (X = Br,I) laser by
dissociating the HgX; molecule is of practical interest
since the HgX molecule in its ground state may recom-
bine with a free halogen atom to form HgX;, and, there-
fore, the laser can operate repetitively in a sealed
system. Energies of ~7 mJ already have been obtained
from these rare-gas/HgX; salt vapor discharges,®
but optimal design requires knowledge of excited-state
lifetimes and quenching rates.

In recent experiments, Eden® has measured the
radiative lifetime of the HgC1(B — X) transition as
22.2: 1.5 ns and the quenching rate of HgC1(B) by
HgCl, as 9x 107" em' s*'. In this paper, the lifetimes
of HgX(B) (X =Br, ) and the rate constants for quench-
ing of HgX(B) by HgX; have been determined by rapidly
photodissociating HgX;. Spontaneous emission from
either the ArF or KrCl molecules was used as the photo-
Iytic pump source. The results reveal excited-state
lifetimes which do not conform to the theoretical cal-
culations of Duzy and Hyman. '

The experimental system used to make the lifetime
and quenching measurements is shown in Fig. 1. A
Febetron 706 is used to deliver a 3-ns 600-kV voltage
pulse to an impedance-matched diode of coaxial geom-
etry similar to that reported by Bradley and co-work-
ers.® The 25-4 m-thick aluminum cylindrical anode was
filled either with Ne :Ar:F, (2000:400: 10 Torr) to
produce ArF radiation (\ =193 nm)’ for photodissocia-
tion of HgBr; or with Ar :Kr :Cl, (2000:200:10 Torr)
gas mixtures to produce KrCl radiation'’ (A =222 nm)
for photodissociation of Hgly. Although e-beam excita-
tion of Ar/Kr/Cl; mixtures also produces ArC1* (175
nm) and Cl,(E — B) radiation at 258 nm in addition to

s'work supported in part by DARPA.
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KrCl fluorescence, the ArC1* emission is absorbed

in air before reaching the heated cell and Hgl, is trans-
parent to the Cl, 258-nm radiation. ' The electron-
beam cell was thoroughly passivated with technical
purity F; or Cl;, and research-grade rarn gases were
used for the high-pressure mixtures. Suprasil quartz
windows were mounted at each end of the e-beam cell.
The rare-gas—halide excimer radiation was monitored
at one end of the cell by a fast-rise-time (~0.5 ns)
ITT F4018 photodiode with a S-5 surface and a narrow-
bandpass filter (\g =198 or 221 nm; 31 ~20 nm). These
filters transmit 19% at 193 nm and 25% at 222 nm,
respectively. Both the ArF (193 nm) and KrCl (222 nm)
spontaneous emission waveforms were observed to
have a FWHM of ~ 2.5 ns and decay times of ~3—4 ns.

Radiation from the other end of the diode was directed
into an oven-heated quartz cell containing a few mg of
the desired mercuric halide salt. These optical cells
were evacuated to < 10® Torr and baked prior to filling
with HgX;. Also, the HgX; was distilled over a hydro-
gen flame to drive off impurities before being sealed.
In some cells, 100 Torr of He also was added to study
the effects of vibrational relaxation on the apparent
HgX* radiative lifetime, Oven temperature was moni-
tored carefully by a thermometer and the HgX; parti-
cle density was determined {rom vapor-pressure
curves. 1

The fluorescent emission from the HgX(B) molecules
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FIG. 1. Partial schematic disgram of the experiment. Details

of the experimental technique are given in the text.
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was monitored at right angles to the cell by an EMI o

9818QB photomultiplier mounted in both a rf- and x-ray- I

shielded housing. The spectral regions of interest i

(500 nm for Hgl and 440 nm for HgBr) were selected by t v
bandpass filters transmitting over about 15 nm band- P s
width and nearly centered about the wavelength of inter- 5 4

est. It was necessary to attenuate the Hg\(B — X) : i T

fluorescence signals with neutral density filters to avoid : s SR

saturating the photomultiplier. The time response of

the photomultiplier system was calibrated by allowing FIG. 3. Variation of 7 with (Hgl.] for photolysis of Hgl, + 100
it to view the excitation pulse from the diode through the 3

Torr He at 222 and 193 nm, The KrCl data () gives the Hgl(B)
ultraviolet filters described earlier. The HgBr and state lifetime us 27,3 ns, whereas ArF photodissociation

Hgl B — X spontaneous emission signals from the photo- () shows a longer apparent lifetime due to a higher Ngl(B)
multiplier were recorded using a Tektronix 7912 digi- vibrational distribution. A representative data point with no
3 R £ s p and us {rCl photolysis (3) is also sl ¥
tizer, Tektronix 1152 computer, and a hard copy print-  oHum and using Kr butiotnlyals 1A)1s 810 showr.

er. The curves were then redigitized and plotted on
semilog scales using a CDC 3800 computer.

; Figure 2 shows the dependence of 7 on [HgBr,],
Maya'! has measured the uv absorption spectra of where the solid line replfsenls the le:\sl-squnr:s fit
both HgBr, and Hgl, and 'Iound that the threshold wavle- of Eq. (3) to the data. The triangles shown in Fig. 2
Lengthsi for phatappoduction abhe ngr(ﬁ) and Hgl(B) represent data taken with no He in the absorption cell,
states are ~205 and 235 nm, respectively. For example, whereas the open circles represent data with 100 Torr
of helium in the tube. Although not shown, the HgBr,
) + He data closely followed, for all values of [HgBr,],
that measured with just HgBr, in the tube, indicating
Therefore, since the process pumping the HgV/B) state that, as expected, only low HgBr(B) vibrational levels
is collisionless and the pulse widths of the Ark and are produced by ArF photolysis of HgBr,. The zero-
KrCl pump radiation are considerably less than the density intercept of the least-squares line gives the
estimated B-state lifetimes, ' then to a first approxi- HgBr(B) litetime as 23.7 £ 1.5 ns, which is in excellent
mation the temporal dependence of the desired Hg\X agreement with the results obtained by Djeu and Mazza'
population density is given by using a laser-induced fluorescence technique.

HgBr, +hv (A = 208 nm) ~HgBr? —~HgBr(B) + Br,

[HgX(B)] = [HgX(B)], .. expl=t/7), (2) As mentioned previously, the Hgl, wavelength thresh-
old for photodissociation is ~230 nm, and thus lower
Mhere Hgl(B) vibrational levels are created when the salt is
=1+ ko [He Y, ), (3)  photolyzed with KrCl radiation. Data using both KrCl (e)

and ArF (1) to photodissociate Hgl; (in the presence of

[ ] indicate particle densities, 7, is the HgX(B =~ X) 100 Torr He) are shown in Fig. 3, where the ArF data

radiative lifetime, and & is the rate constant for

quenching of the HgX(B) state by HgX,. This simple
kinetic rate equation approach is analogous to that
described previously in more detail for the XeF and
KrF exciplex molecules.

The emission waveforms were clean and decayed
exponentially over two orders of magnitude of ampli-
tude and several decay constants. The falling portion
of each waveform was fit to a single exponential to de-
termine 7 for that particular [Hg\;|. Hence, by simply
plotting 7 for various HgX; vapor pressures, kg and 7,
could be determined.

5 —_
~ 8 G //'a
C e
" =
56 /»r
za
s S e i
o “ 2 % 20 24
.3
{Hg8r,| m

FI1G. 2. Dependence of the exponential decay constant 7 on
[HgBr,l. Data with (L} and without (A) 100 Torr of helium

in the HgBr, cell are shown. The zero-density intercept yields
the HgBr(B) state radiative lifetime of 23.7 ns.
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leads to a lifetime of 36.2 ns and a kg of 4,510
em® s, However, the ArF radiation of 193 nm can ex-
cite vibrational levels ~ 1 eV above the 1’ =0 level of
the B state, and vibrational relaxation of the various
levels could affect the apparent radiative lifetime. For
KrCl excitation, where only low vibrational levels are
excited, the data show a radiative lifetime of 27.3 ns
and a quenching rate of 3.6x10""" cm’s™'. Evidently,
then, the radiative lifetime of the Hgl(B) state rises
slightly with increasing vibrational number. Finally,
the fluorescent yield from Hgl® using KrCl photodisso-
ciation is much higher than that obtained using ArF,

TABLE 1. Summary of radiative lifetimes of the HgX(B) states
(X=Cl, Br, and I) and rate constant for quenching of HgX(B)
by HgX,.

Experimental Theory kg

lifetime (Ref. 7) f(em’s™)
HgCl 22.2 ns (Ref. 6) 20 ns 9.2+ 107" (Ref. 6)

23.7 ns

L Tx10°10
HEBY 535 ns (Ref. 14)  '° 1
Hgl 27.3 ns 12 3.6 1010
R.W. Waynant and J G Eden 709
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which is also consistent with Maya's absorption mea-
surements, Again, with no He in the Hgl, tube and us-
ing KrCl photolysis, the data (A, only one point shown
for clarity) follows the solid circles.

Table I summarizes the experimental and theoretical
data for HgCl, HgBr, and Hgl. The theoretical results
of Duzy and Hyman, while close to the experimental
value for HgCl, predicted shorter lifetimes for the
heavier halides, which contrasts with these observa-
tions. Duzy and Hyman’'s neglect of spin orbit effects,
which become increasingly important for Br and 1,
may contribute to the discrepancy. The increased
quenching seen from the heavier salt vapors also may
account for the poor performance seen by Burnham® for
the Hgl, dissociation laser.

The lifetimes and quenching rates measured here
should be useful for prediction of mercury halide laser
performance and design of higher-power systems.
Further measurements of mercury halide quenching
by other gases important to these lasers are in progress
and will be reported later,

The authors gratefully acknowledge the technical
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assistance of D. Epp and helpful discussions with
R. Burnham.
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Quantum Electronics Letters :

Spontaneous Emission Lifetime of the C —* A Band of the XeF Molecule

R.W WAYNANT anp J G EDEN

Absiract The radiative lifetime of the blue C + A transition of XeF
has been measured to be 93 + S ns by monitoring the exponentially
decaying 460 nm emission following rapid electron impact dissociation
of XeFy. By varying the NeF; partial pressure, the rate constant for
quenching of XcF (C) by XeF; was determined to be (1.8 + 0.5) -
10'° em? 87t Finally, knowledge of the XeF 8 and C state lifetimes
yields 3 1vised value of 610 + 60 cm ' for the B to € state energy
defect.

HE existence of a “broad, smooth continuvum in XeF

centered near 450 nm,” [1] first reported in 1975, has
received hittle attention due to the band’s low intensity and to
the uncertainty of its identity. Recently, however, this con-
tinuum was shown to originate from the C state [2] of XeF [3]
and, although theoretical calculations suggest that the B and C
states are adjacent to one another in energy and intersect at
small internuclear radu [4], the experimental results of Khigler
and co-workers [S] and Brashears and Setser [6] show that
the C state (presumably at its equilibnium radius R,) lies
~700 cm " below the B level.

Several XeF laser experiments conducted in the last year
have suggested that the proximity of the B and C states in
energy may have a profound effect on the laser’s efficiency
due to coupling of the molecular levels by thermal gas colli-
sions. The pronounced improvement of the XeF (350 nm)
laser output energy that has been observed (7] when the laser
gas medium was heated to 150-200°C (k7 ~ 300 cm')
raises the interesting possibility that the XeF (C) state may be
acting as an cnergy reservoir to feed the lasing B + X transi-
ton. The imperative then, as several investigators have noted
(5). [6]. of including the C state in future modeling calcula-
tions underscores the necessity of determining the C state
hfetime  Since only estimates were previously available, this
letter will describe the measurement of the XeF (C + A4)
radiative lifctime which has been found to be 93 ¢ S ns

A partial encrgy level diagram for the XeF molecule is
shown in Fig. 1. Although the potential curves are basically
those given by Dunning and Hay [4] ' 1) the X state has been

Munuscript received August 30, 1978 revised October 11, 1978 Thus
work was supported by the Defense Advanced Research Projects
Agency (DARPA)Y

The authors are with the Naval Research Laboratory, Washington,
DC 20378
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Fig- 1. Partial energy level diagram of XeF scheman
C + 4 (blye) and B + X (ultraviolet) bands (afrer Dunr
see (4] and text)

modified to reflect the ~1200 cm ™' binding and the equili-
brium radius (R, ~ 22 A) expenimentally deterpined by
Smith and Kobrinsky [8]. 2) the energy defect between the
B and C states has been adjusted to conform to [§], [6] . and
3) R, for the B state has been set at 2.5 A [R] - Asshown in
the figure, the B + X tanunon of XeF is responsible for
the well-.known structured band in the ultraviolet at 350 nm.
The importance of this band as a high energy laser transition
prompted the recent measurements [9]-{11] of the XeF
(B + X) radiative lifetime

For the experiments described below, dissociative excitation
of XeF; by electron impact was used to populate the XeF
(O) state and subsequently determine the C < 4 lifetime
Pulsed ultraviolet photolysis [11] of XeF; creates too few
C state maolecules for rehiable spontaneous emission measure-
ments to be made. Also, the narrow [~3 ns full wadth at
half maximum (FWHM)] electron heam excitation pulse used
in these experiments allows the C state hifetime to be accu-
rately determined

U.S Government work not protected by U S copyright
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Fig. 2. Schematic diagram of the experimental apparatus used in mea-
suring the XeF (C « A) radiative lifetime.

The cxperimental apparatus is shown schematically in
Fig. 2. A 600 kV, 3 ns FWHM voltage pulse was applied toa
coaxial diode by a Febetron 706 generator. Electrons cmitted
from the cathode penetrated the cylindrical anode (aluminum
tubing: 25 pm wall thickness, 9 mm diameter, and ~25 cm
length) which contained ~0.1 -0.5 torr of XeF;. Upon enter-
ing the interior of the anode, the electrons dissociatively
excited the XeF;, forming a variety of XeF excited mole-
cules:

e+ XeF, »XeF(B.C,D)+F te. (1))

Limiting our attention 10 the C state, XeF (€) molecules sub-
sequently radiate in the vicinity of 460 nm. Therefore
-1

XeF (€) -+ XcF (4) + hv (460 nm) . 2)

Since the C state is populated in a period of time that is short
compared 10 its esitmated lifetime, then 7, may be determined
by simply observing the exponential decay of the C state
molecular population.  This decay is, of course, reflected
in the temporal behavior of the C =+ A emission which was
detected by an EM1 9818 QB photomultiplier. To minimize
the background noise reaching the detector, a silvered mirror
was used 1o deflect the XeF* fluorescence into the phototube.
Also, lead shiclding was situated around the electron diode
and detector. A blue bandpass filter (Tinax = 35 percent at
Ao = 462 nm; A\ = SO nm) selected the desired special region
and neutrs! density filters attenuated the signal to avoid satu-
ration of the photomultiplier. The XeF (C -+ A) spontaneous
emission waveforms were displayed on an oscilloscope, man-
ually digitized, and then plotted on semi-log scales by a com-
puter. Since each flourescence waveform decayed exponen-
tially over roughly two orders of magnitude, the exponential
decay constant 7 could be accurately measured for a particular
XeF, concentration. By determining 7 for several XeF,
pressures in the range 0 1-0.5 torr, Fig. 3 was obtained which
presents the dependence of 7 on XeF, vapor pressure.

A simple rate equation analysis of processes by which C
state molecules are destroyed reveals that

' =1, tkg [XeF,) 3)
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Fig. 3. Dependence of the exponential decay constant, , on the XeF,
vapor pressure. The zero pressure intercept of the least squares fitting
to the data ( ) pives the XeF (€« A) lifetime as 93 ns. Also, the
sdope of the solid line yields kg = 1.8 10779 ¢m? -s71. The one
error bar shown typifies the cstimated uncertainty of ~3 percent
per data point.

where 7, is the C + A radiative lifetime, [] denote particle
densities (in units of ¢m *) and ko is the rate constant for
quenching of XeF (C) state molecules by XeF;. From the
least squares fitting of the data of Fig. 3 (denoted by the solid
line), 7,=93+5 ns and kg =(18+05)" 107'° cm? :s”*.
This value for the radiative lifetime is in good agreement with
that measured recently by Center (80 ns) [12] and the theo-
retical value of 113 ns given by Dunning and Hay (4].

As mentioned previously, low XeF; pressures were used in
these experiments and buffer gas was avoided to minimize
collisional coupling of the XeF B and C states. As a result,
however, the XeF (C) state is not vibr stionally equilibrated
and therefore the radiative lifetime of 93 ns likely represents
contributions from several C state vibrational levels.

Kligler and co-workers [S] have recently estimated the
energy scparation between the XeF C and B levels by com-
paring the relative intensities of the ¢-beam excited B + X and
C -+ A transitions at high pressure. The defect that they calcu-
late, 700 * 70 cm ', assumes 1) collisional equilibrium be-
tween the C and B states and 2) (Tp-xITc+4) = (1/10).
Using the B = X lifetime of 14.2 ns [11] and the C = A value
presented above, then (rg - xlTc-a) = (1/6.5) and so
AE(B - O)=610¢ 60 cm~' = 0076 +0.007 ¢V which is in
excellent agreement with the separation of 0.08 eV measured
by Brashears and Setser [6].

As mentioned earlier, the ~600 em™! defect between the
C and B states may make the relatively long lived (~90 ns)
C state ideal as an cnergy storage level. If the XeF laser pas
mixture is heated to ~200°C, then during lasing the close
collisional coupling between the C and B states will drive the
mixing reactions toward the depleted B state (example: XeF
(B) + Xe % XeF (O) + Xe + 600 cm '), thus feeding the
lasing B —+ X transition. More complete studies of the colli-
sional properties of the C state will be required to assess
the role of this level as an energy reservoir for the XeF UV
Jaser and possibly other rare-gas halide molecules.
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HgBr and Hgl B STATE
QUENCHING RATE CONSTANTS'

J. G. Eden and R. W. Waynant
Naval Research Laboratory
Washington, D. C. 20375

ABSTRACT

The rate constants for quenching of the B states of
HgBr and Hgl by the rare gases and simple halogenated mole-
cules have been measured. The experimental approach con-
sisted of photadissociating either HgBr2 or Hg12 (in the
presence of the desired quenching gas) and recording the
subsequent radiative decay of the HgX (X=Br or I) excited
state population. The large rate constant determined for
two body destruction of HgBr (B) by Hg (1.3 ° 10—10cm3~sec—1)
and bromine donors (Br2:5.5 i 10~locm3~sec-1) enhances the
attractiveness of HgBr lasers pumped by dissociative excitation

of HgBrz.

*Supported in part by the Defense Advanced Research Projects
Agency (DARPA).
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Due to the analogous chemical and optical properties of
the mercury-halide and rare-gas halide molecules, visible
lasing from the HgX (X=Cl, Br and I) B state molecules has
been sought and demonstrated for a variety of excitation
schcmcs.]‘“4 However, several problems encountered with
chemical HgX' lasers (i.e., pumping of Hg/rare gas/halogen
donor mixtures), such as pre-rcaction of the mercury and
halogen donor, thus far have scverely restricted the perfor-
mance of these systems. As a result, the closed cycle
operation of these lasers, which has been shown to be feasible
by electrical dissociation3 or photodissociation4 of the ngz
salts, is particularly attractive from the standpoint of
long term laser reliability.

4b,5

Although the radiative lifetimes of the HgCl, HgBr6

and Hgi®

B+X bands have been determined, few collisional
quenching rates for gases of interest to mercury-halide
laser designers are known. This paper summarizes the rate
constants for quenching of the B states of HgBr and Hgl
(by the rare gases and simple halogenated molecules) that
have been measured using rapid (~ 3 ns) photodissociation

of HgBr, or HgIz. A prominent aspect of this experimental

2
technique is that the desired excited state molecular popu-
lation is created in a period of time that is short compared
to the radiative lifetime. Therefore, the collisional
destruction rates can be measured (without interference from

competing collisional processes) by simply recording the expo-

nential, radiative decay of the B state population in the
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presence of the desired quenching gas. Such an experiment
greatly simplifies the data interpretation and has been
used previously to determine radiative lifetimes and
collisional rate constants for the XeF (B) and KrF (B)
excited complexes.7
Several investigator58 have shown, through UV absorp-
tion and photolysis experiments, that the wavelength thres-
holds for photodissociative production of HgBr (B) and
HgI (B) molecules fram HgBr2 and HgIz are A ~ 195-200 and 230 nm, respectively. |
For this reason, the experimental approach of photolyzing

HgBr, with pulsed ArF (193 nm) spontaneous emission and Hglz

2
with KrCl (222 nm) fluorescence was employed in these
experiments to optically produce the desired HgX (B) state
population. The ArF and KrCl spontaneous emission were
generated by exciting rare gas halogen mixtures (Ne/Ar/Fz,

200:40:1, PrOTAL ~ 2000 Torr for ArF9

or Ar/Kr/Clz, 200:20:1,

same total pressure for KrCl) with an intense beam of 600 keV

electrons from a Febetron 706 generator terminated in a

coaxial diode of ~ 60 R impedance. Radial pumping of the

gas mixtures produced intense rare gas-halide exciplex emission which could

be monitored at one end of the cylindrical diode by a photo-

diode or photomultiplier. Emission from the other end of

the diode was directed into a heated \
quartz absorption tube. Separate cells

were constructed for the HgBr and Hgl experiments and into

each was distilled several mg of the appropriate mercury-halide

salt. The quartz cell, which was of 15 cm length and ~ 2 cm .
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diameter, was connected to a vacuum and gas handling system

by 6.3 mm diameter Teflon tubing. A Teflon valve was
inserted in the vacuum line to facilitate changing the
quenching gas pressure in the absorption cell. A thermometer

monitored the tcemperature of the cell and the ngz concen-

: . ’ 10
tration was inferred from the vapor pressure equations.

A1l of the rare gases used in the experiments were of
rescarch purity. The halogen-bearing gases F2' C12,

CH.,,Br, HBr, HI and CF,I were all of technical grade and

3 3
were used directly from the cylinder without further purifi-

cation. The liquids CClzBr2 and Br, were contained in a
quartz reservoir and degassed by dry ice cooling and continuous
pumping.

Upon absorbing a 193 nm photon, a HgBr2 molecule is
excited to an unstable electronic state, HgBrz*, which

dissociates in < 1 ns,4b leaving a HgBr (B) molecule and

. 4a
a bromine atom as fragments: '8

1

HgBr, + hv (193 nm) + HgBr_* +» HgBr (B) + Br + AE(~ 450 cm )

2 2

where kT ~ 230 cm !

at 388°K and we for the HgBr (B) state is
135 cm—l (see ref. 11). Since the pump pulse width (3-5 ns) is
considerably shorter than the HgBr (B+X) radiative lifetime

(24 ns)6, then the HgBr B state population decays exponentially

with a decay constant, 1, given by:
-1 _ -1
T o 7 kQ[Q] (2)

where T is the HgBr radiative lifetime and kQ is the rate constant

for destruction of HgBr (B) in two body collisions with the
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background gas, Q. So measuring T~1

| [Q] allows T, and kQ to be determined. A similar analysis
H holds for photolysis of Hg12 by KrCl 222 nm emission.

; For all the quenchers studied except Hg, the ng2

concentration was held at [HgBré] «~6 ° 104 cm™3 and

3

[ﬂglzl «32° 100 cn” by maintaining the temperature of

for various values of

the quartz tubes at 351°K and 388°K, respectively. Keeping

6 -3

l}gle < 101 cm allowed the quenching of HgX (B) molecules

by the HgX2 salt to be neglected in eqn. (2). The exponential

decay rate 1 was then measured for various quencher pressures

in the absorption cell,

In order to measure the rate constants for quenching
of HgBr* and HgI* by Hg, two additional quartz cells that
were sealed-off and contained several mg of HgBr2 'or Hg12
and ~ 30 mg of Hg were prepared. Each tube was evacuated
to < 107°

sealed. For these experiments, the cell temperature was

pressures. Therefore, an additional quenching term, ngX

[HgXZ] must be added to the right hand side of eqgn. (2)

where ngX has been measured previously.6

2
T at various temperatures and correcting for quenching by Hngp
ng could be determined. As a result of this technique,

the Hg quenching rates could be peasured only if ng was

Torr and baked thoroughly before being filled and

varied which, of course, changed both the Hg and HgX2 vapor

So, after measuring

larger than or comparable to ngX . Otherwise, an upper limit

2
for ng was inferred from the data,
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Data acquisition consisted of recording HgX (B+X)

sidelight waveforms on an oscilloscope. No fluorescence

was observed either when the oven containing the quartz

cell was at room temperature or when the coaxial diode

was evacuated. The spectral regions of interest were isolated
by bandpass filters (Ao = 517 nm, AX = 17.5 nm for HgBr;

H Ao = 450 nm, AX = 16 nm for HgI) and neutral density filters
prevented saturation of the detector.

Examples of the exponentially decaying waveforms
obtained in these experiments are shown in Fig. 1. Part (a)
is an illustration of a typical Hgl (B+X) signal observed
after photodissociation of HgIz. The emission waveforms
were manually digitized and then plotted by a computer.

Some visual averaging of the waveform occurred durling the

digitization process as shown in Fig. 1(b) which compares

the KrCl (222 nm) excitation pulse (viewed by a photamiltiplier and 221 + 24 nm bandpass

i j |




filter) with the relatively long-~lived Hgl* fluorescence,
From the falling portion of the waveform, t was determined
and subsequently corrected for the non-zero optical pump
pulse width and for the response of the detection system,
The dependence of T on mercury concentration for HgBr
is shown in Fig. 2 where the solid line represents the
linear least-squares fitting to the data. The data have
already been corrected for quenching of the B state by

HgBr2 and so the slope

of the line represents the rate constant for quenching of

-10

HigBr (B) by He which was found to be (1.3 + 0.5) * 10~ ca®-sec™™.

Further details of the experimental technique and data analysis
are to be found in previous papers.qb'6
Table I summarizes the lgBr (B) state quenching rate
constants that have been measured. The quenchers selected
for study were chosen due to their present or contemplated
future use in electron beam or discharge pumped HgBr lasers.
For example, N2 was investigatea due to its dramatic effect
on the pulse energy of HgBr self-sustained discharges.3a
The results of Table I reveal that, for even 100 Torr of N2
in the discharge (the highest pressure reported by Burnhamaa), "
the nitrogen quenching rate is ~ 1.4 ° 107 sec"1 or roughly
1/3 of the radiative rate. Thus, although N2 is apparently effective
in depopulating the lower laser level, it quenches the upper state slowly.

2a

Similarly, CClzBr2 was studied since it has been found to
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be the best donor for e-beam sustained discharge operation
of the HgBr laser. Despite the size of the molecule, its
quenching rate constant is only roughly twice that mecasured
for HBr.

Little data is available in the literature with which
the results of Table I may be compared. Recently, however,
Tang and c04workers5 measured the quenching rates of HgCl (B)
by €1, and Ar. Comparing their Ar rate constant with the
rare gas rates reported here, it is evident that the HgX
molecules are not rapidly quenchedby the rare gases, This is
not surprising since, unlike the rare gas halide molecules,
no spectroscopic evidence exists for a HgX excited state
lying beneath the B level. The large energy defect between
the B and X (ground) states discourages quenching ¢f HgX (B)
by atoms. Also, attempts were made at finding second-order
least squares solutions to the 1 versus ([(Q] data. However,
for most of the quenchers studied, the quadratic coefficients
were found to be negative and are, therefore, physically
unacceptable. The only three-body quenching rate determined
in these experiments was for HgBr (B) destroyed by two
Ar atoms and the rate constant was found to be 1.8 ° 10—32
cme—sec—l. This is also consistent with the large B to X
energy separation and the relatively small two-body rate
constants.

In this regard, the rate constant for HgBr quenching by
Hg is unusually large and not consistent with its electronic

polarizability or physical size as compared to the rare gases.
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In fact, the Hg rate constant is similar to those mecasured
for the polyatomic molecules, Considering this along with
the precipitous decrease in HgBr (B+X) fluorescence observed
by Whitney12 in e-beam sustained Ar/Hg/CClzBr2 mixtures

for [Hgl > 4 ° i016 cm“3 suggests the possible existence

of a mercury halide triatomic complex:
HgBr (B) + Hg + Hg,Br* (3)

where the excess energy may be absorbed by internal modes

of freedom of the molecule. Although no emission from this
molecule has been reported, this trimer may be partially
responsible for the aerosol that has been observed following
discharge excitation of Hg/Ar/CClzBr2 or Cl2 gas mixtures.2a
Since the large Hg quenching rate constant and the aerosol

phenomenon are avoided in the HgX, dissociation lasers, then

2
several enginecering design problems are ameliorated. So,
for many applications and particularly those where
secaled-off operation and non-corrosive laser fuels are
desirable, the Hng dissociation lasers are preferable to
the chemical systems,

The quenching rate constants that have been measured
for the Hgl (B) state are given in Table II, It was only

possible to determine an upper limit for ngb of 3 ° 10—11

3 -1
cm”-sec

due to the dominance of Hglz quenching. One
significant aspect of these rate constants is that the Hgl (B)
values are significantly smaller than the analogous constants

for the bromide. This may simply be due to the larger B-X

energy gap for Hgl as opposed to that for HoRr,
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In summary, the rate constants for quenching of the B
states of HgBr and Hgl by various gases have been measured

by photodissociating HgBrZ and HgIz and monitoring the real

time decay of the B state population, These constants fill

a void in our knowledge of the collisional behavior of the
HgX (B) species and are essential to computer modelling of
the mercury halide lasers, regardless of the excitation

mechanism used.

The authors are grateful to Dan Epp for excellent

technical assistance.
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Dependence of the exponential decay constant

on the mercury concentration for HgBr. The

slope of the linear least squares fit to the

data (represented by the solid line) defines

the rate constant for quenching of HgBr, (B) by
10 3 -1

Hg as 1.3 ° 10 cm-sec . The data shown

have already been corrected for HgBrz quenching.
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LONG-PULSE KINETICS EXPERIMENTS

1. Apparatus

An apparatus was built to enable the study of energy flow kinetics
in typical e-beam-pumped RGH gas mixtures under laser conditions. This
device allows the observation of sidelight fluorescence of selected
radiating species in the laser plasma. A schematic diagram of the long-
pulse kinetics apparatus is shown in Fig. 1. A gas mixture of up to
7 atm pressure is pumped for ~ 1 usec by a 300 keV, 2 A/cmz, 20cm x 1 cm
electron beam. Spectrally resolved side fluorescence is observed with
filter-photodiode combinations; beam splitters are used to observe two
or more wavelength bands simultaneously. Laser mirrors may be added to
observe the effects of laser saturation on side emission.

The apparatus has been used to measure XeF (B) formation efficiency,
XeF (B»X) fluorescence efficiency for gas mixtures, and e-beam pump
currents corresponding to optimum laser performance. Also, the XeF (B-X)
and XeF (C~A) fluorescence emissions were measured under various condi-
tions to assess the effect of C+A emission on laser performance.

2. XeF (C) Investigations

An intense 400-500 nm broadband fluorescence in XeF laser mixtures
had been seen by several investigators and was attributed to spontaneous
C+A emission of the XeF exciplex. Since the presence of the C-state with

such strong emission could have significant effects on the formation of
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the XeF (B) state and on the extraction of B»X laser emission, a program
was initiated to assess the role of the XeF (C) state in the e-beam pumped
XeF laser. Closely interacting experimental and numerical approaches

were applied to the problem and the results were pubh’shed1 (see reprint
which follows).

The experimental approach used the apparatus pictured in Fig. 2.

It basically consisted of simultaneously measuring the relative inten-
sities of B+X (351 nm) line emission and C+A (~ 460 nm) broadband emis-
sion from e-beam pumped Ne/Xe/NF3 gas mixtures as a function of partial
pressures of the various mixture components. A steady-state numerical
model was developed and was used in conjunction with the time-dependent
computer model to perform simulations in which various rates were adjusted
to fit the observed variations of B and C fluorescence vs, pressure,

The important result derived from this study is that, for e-beam
pumped XeF lasers, the C-state does not impose a major limitation on the
B+X laser performance because ~ 80% of the direct excitation of XeF goes
into the B state. Also, most of the C-state formation is by collisional
mixing with the B state so that the observed excitation-energy loss
through C+A fluorescence can be reduced by stimulating radiation on the
B+X transition. Thus, the laser performance is most likely limited by
incomplete upper-laser-level vibrational relaxation and by bottlenecking
due to the weakly bound lower laser level.

Another conclusion derived from this work is that for pumping con-
ditions studied here, electron mixing of the XeF B and C states is not
important. This is supported by the data plotted in Fig. 2., which show

that the ratio of B to C fluorescence changes very little when the NF3
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concentration is varied over two orders of magnitude. The equilibrium

: concentration of electrons is controlled by the density of the attaching
species, NF3, and thus, it is seen that a large change in electron den-
sity has little effect on B-C mixing rates, More detail is discussed

in the following reprint of the C-state paper.

3. Rare-gas Halide Laser Issues in Need of Further Study

The experimental and numerical efforts at NRL during the past
year have been aimed mainly at deriving a complete understanding of the
laser/kinetics chain in rare-gas halide lasers. To completely define
the operation and scaleup properties of a laser, one must know all of
the relevant chemical kinetics rates, lifetimes, and cross sections
involved in upper-laser-level formation, interception, quenching, and
laser light absorption and extraction. Detailed studies of the energy-
flow kinetics in the XeF laser (both e-beam-pumped and e-beam-controlled)
have pointed out several important kinetic reactions and species which
should be studied further to allow a better understanding of this and
other rare-gas-halide lasers. The processes are discussed below.

a. Three-body charge transfer reactions

Most charge transfer collisions between two different rare gases
have relatively small cross sections and are thus not important to the
energy flow chain in RGH lasers. However, at multiatmosphere operation
typical of KrF, XeF and XeCl lasers, three-body processes become impor-

tant. Such reactions are of the type

At rBeMaB A M
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where A and B are rare gases and M is any third body. Three-body charge

transfer may compete with ion-ion recombination,
A+ XT 4 (M) > AX* 4+ (M)

and could have significant effects on the upper-laser-level formation
chain and on absorber concentrations. Since little is known about rate
constants for three-body charge transfer reactions, it is recommended
that experiments be performed to measure them for rare gas combinations
used in RGH lasers.

b. Complex ion properties

Heteronuclear rare gas excimers and ions can be important species
especially in RGH laser mixtures in which the mole fraction of the dilu-
ent gas is greater than 99% as is the case for the XeF laser in Ne
diluent. In this laser, the complex ion, NeXe+, may be an important
species in the XeF formation chain depending on its rates of formation,
recombination with F~, and binding energy. A knowledge of relevant rates
and molecular properties of NeXe+ would be highly beneficial to under-
standing the XeF laser especially at high pumping currents where the
ion channel dominates the formation chain. Hence, it is recommended that
experimental and/or theoretical studies be directed at deriving the pro-
perties of this ion and of other heteronuclear rare-gas ions.

Reference
1. T. G. Finn, L. J. Palumbo, and L. F. Champagne, "The Role of the
C State in the XeF Laser," Appl. Phys. Lett. 34(1) (1 January 1979).
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Ne/Xe/NF, muxtures were irradiated by a cold-cathode e-beam, and the fluorescence
yields of the B and C states of XeF were measured as a function of neon pressure from
200 to S300 Torr. At low neon pressures, the fluorescence yield of the B state
corresponds to one photon emitted for each neon ion formed. As the neon pressure 1s
increased the fluorescence yield of the B state decreases, but the ratio of the C
emission to B emusston approaches unity If the C 1s formed through a channel which 1s
independent of the B state, then the ultimate efficiency of the XeF laser is severely
limited. However, analysis of the data with a XeF kinetics model indicates that the
enhanced C emission results from two-body quenching of the B state by neon. We
conclude that the XeF laser performance has been himited by other processes, namely,
incomplete vibrational relaxation and ground-state bottlenecking.

PACS numbers: 42.55 Hg, 82.20.Wt, 33.50.Dq

XeF 1s the second rare-gas monohalide laser system

but its efficiency was well below 19 because of transient

'Science Apphcations. Inc . Arlington, Va 22202

52 Appl Phys Lett 34(1). 1 January 1979

The role of the C state in the XeF laser
T.G. Finn," L. J. Palumbo, and L. F. Champagne

Laser Physics Branch. Opuical Sciences Division, Naval Research Laboratory, Washington, D.C. 20375
(Recerved 12 October 1978; accepted for publication 31 October 1978)

(after KrF) to demonstrate high efficiency and output pow-
er. Initially, the XeF laser was operated in an argon diluent,

0003-6951/79/710052-04$00 50

absorption in the medium Champagne and Harris found a
significant improvement in the output power and efficiency
with neon as the diluent.’ This work showed that the tran-
sient absorption present in pure neon, although comparable
to that in pure argon, was markedly reduced by the addition
of a small amount of xenon. Previously, we developed a com-
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FIG 1 Observed fluorescence of XeF B and € states with 6 Torr Xe and 2
Torr NFas a function of neon pressure. The solid ines are the model
calculations based on the formanon efficiency and quenching rates given in
the text

puter model which simulates the kinetics in an electron
beam-pumped XeF laser. Analysis with the model has
shown that the addition of a small amount of xenon to pure
neon significantly reduces the concentration of neutral spe-
cies such as Ne® and Ne. through the mechanisms of Pen-
ning and associative 1omization, but only shghtly diminishes
the concentration of charged species.” Consequently, we
have attributed the transient absorption in: pure neon to the
neutral species.

XeF has two intense emussion features, the B+ X sys-
tem around 351 nm and the broad €+ 4 system centered
around 460 nm. Our kinetic model predicts that the forma-
tion efficiency of XeF* 1s hugh, but it cannot determine
which states (B or C ) are populated. Recently, Kligler eral.
have shown that the C state of XeF lies 700 cm * below the B
state, and that the emission intensity of both states are equal
under pumping conditions simular to those in the laser. The
importance of the latter result 1s the following: if the C state
is formed i such a way that its excitation energy 1s not chan-
neled through the B state, then almost one-half the total
excitation 1s lost. Thus, the maximum efficiency of the XeF
laser would be approximately 5%, which s the value recent-
ly obtained by heating the mixture * * If, on the other hand,
the C state s formed through the B state, then all the excita-
tion present in the C state 1s potentially extractable as laser
radiation. To resolve this question and to charactenze fur-
ther the XeF laser, we have investigated the fluorescence
from the B and C states and analyzed the results with a com-
puter model.

The apparatus used in these experiments has been de-
scribed previously and will be reviewed briefly.” The Kinetics
chamber is made from alumimum and has an active volume
of 1.5 1 x 20 cm’. The chamber is mounted directly to the
electron-gun vacuum chamber with a thin titanium forl sepa-
rating the two. The cold-cathode electron gun produces a
beam of 280-keV electrons with a pulse duration of ~ 1 zesec.
The peak current density into the laser gasis 2 A/em’. Flu-
orescence 18 observed perpendicular or parallel to the elec-

53 Appl Phys Lett . Vol 34 No 1, 1 January 1979

tron-beam direction with calibrated photodiodes and filters.
All the kineties experiments used concentrations of 6 Torr
Xe and 2 Torr NF , which are the values corresponding to
the optimum laser mixture. The dominant Kinetic processes
have characteristic times which are much shorter than the
pulse duration, thus the excited and 1onic species are in
quasiequilibrium.

In Fig. 1, the XeF (B - X)and (C + 4) fluorescence
from a mixture of Ne/Xe/NF is given as a function of neon
pressure. At low neon pressure the ratioof B+ XtoC + 4
emission intensity 1s approximately 4 - 1. As the neon pres-
sure increases, the fluorescence from both states increases,
but at high pressures the B+ X fluorescence begins to level
off while the € fluorescence continues to rise. At the opti-
mum laser mixture (S atm) the C -+ 4 emission is over 70%
of the B —+ X emission.

More information about the 8 and C states can be ob-
tained by calculating their corresponding fluorescence
yields. The fluorescence yield is defined here as the ratio of
the number of photons emitted from a state divided by the
number of ion-electron pairs produced by the electron beam.
A fluorescence yield of unity corresponds to one photon
emitted for each 1on formed. It 1s possible for the total flu-
orescence yield 1o be greater than unity. For each 100 1ons
that are created, the electron beam also produces about 30
excited neutral atoms which can lead to the upper laser
level.’

Relative fluorescence yields can be put on an absolute
basis by normalizing to the absolute fluorescence yield of the
second positive system produced in mixtures of argon
with 5% mitrogen. At a total pressure of 2 atm, Huestis and
Tang have determined the fluorescence yield of the second
positive system to be approximately 9% over the e-beam
current range 1-10 A/cm’ incident to the active volume.
Using the argon/mitrogen fluorescence as a secondary stan-

>
=)
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P
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FIG 2 Inverse of the fluorescence vields of the XeF (B« Y)and (C - 4)
emissions as a function of neon pressure. For the B state the zero-pressure
itercept of umty mdicates that its formation efficiency s approximately
one XeF (B) molecule for each neon 1on formed

Finn, Palumbo, and Champagne 53

50

|
|

L o 3




e

HENASASER RN SSERE IR

AR A N S A A R

TABLE I Quenching rate constants used in model

Branching ratio

Quenching reaction Rate constant 1o XeF (€) Reference
Nel (B) « Ne 7710 cm /sec 098 11 and 12

+2Ne 27510 " cmr/sec 05" K}

+Ne+ Xe R34 10" em'/see 05 13

+ Xe 11 = 10 % cm /sec 04s 12

+ NF 45107 em /sec 004 1and 12
XeF (€)+ Ne+ Xe 40510 om'see Products This work

‘Assumed for model calculations

dard, we obtained the absolute fluorescence yield of the XeF
(B = X)and(C 4 )transitions as a function of neon pres-
sure. Since the thickness of the target gas is small compared
to the penetration depth of the e-beam, the number of ions

produced is hinearly proportional to the gas pressure. Thus,
the relative fluorescence yield is equal to the signal intensity
divided by the neon pressure.

In Fig 2 the inverse of the absolute fluorescence yield
for the XeF transitions (B8 » X )and (€« 4 )is plotted ver-
sus reon pressure. This method of data analysis 1s similar to
a Stern-Volmer plot and 1s useful in interpreting the data.
Moreover. the fluorescence yields have been corrected to
account for quenching by Xe and NF . This correction,
which is largest in the low-pressure region, is about 10%. As
can be seen in Fig. 2, at low neon pressure the fluorescence
yvield of the B8 -+ X transition approaches unity, which corre-
sponds to a fluorescence energy efficiency of 10%. However.
as the neon pressure 1s increased the fluorescence yield de-
creases, 5o that at the optimum laser mix of 5 atmospheres 1t
is approximately 0.3. Meanwhile, the fluorescence yield of
the C -+ A transition varies slowly and approaches 0.25 at
zero pressure. There are two likely explanations for the pres-
sure behavior of the fluorescence yields. First, at hagh pres-
sure the formation efficiency of the B state is close to umity,
but the state 1s quenched to the C state which hes 700 cm
below 1t. Second, at high pressure, the excitation energy is
ntercepted before it reaches the B state and channeled di-
rectly into the C state. In the former case, almost all of the
excitation can be considered as potential laser radiation be-
cause the energy can be extracted from the B state beforetis
quenched to the C state. However, in the latter case, the
energy is directly pumped into the C state and 1s virtually
inaccessible Thus, the manner in which the C state s formed
at high pressure determines the ultmate efficiency of the
laser

The C state can be formed in three ways: direct excita-
tion, quenching from B8 to C by neutral species, and quench-
ing from B to Cby electrons. Our data indicates that electron
mixing of the B and C states 1s not significant up to a pump-
ing rate of 7 A cm’. This conclusion 1s based on the follow-
ing results. First, as the NF . concentration in the kinetics
chamber was varied from 2 to 100 Torr, we observed only a
107 decrease in the B/C emission ratio. Since the removal
rate of the electrons, and thus their equilibrium concentra-
tion, is determined by the concentration of the attaching spe-
cies, NF ., the electron density varied greatly but the B-to-C
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ratio remained approximately constant. Furthermore, other
experiments were conducted in the laser mixture (5 atm)
with 7-A/cm’ e-beam pumping current, and the B-to-Cratio
was found 10 be the same as in the Kinetics experiments with
2-A/cm’ pumping rate. Finally, if electron mixing were sig-
nificant the B/C emission ratio should be much higher than
1s observed. The separation of the B and C staies 15 700 cm ',
which is about 0.08 eV. If the electron temperature were |
¢V, the siates would be approximately equally populated.
Since the ratio of transition probabilities for the Band C
states is approximately 7, the B-to-C emission ratio would be
much greater than unity.” Instead, the observed emission
ratio extrapolates at high pressure (o a vaiue of 0.6, which
corresponds 1o a temperature of 0.035 eV, close to the tem-
perature of the background gas. Thus, electron mixing is not
important in determining the ratio of the Band Cstatesand a
model based solely on neutral Kinetics may be used.

The neutral kinetics model must include direct pump-
ing to B and C, quenching from B to C and the reverse reac-
tions, and quenching from B and C to products. For direct
pumping the absolute fluorescence yields extrapolated to
zero pressure were used. The quenching rate constants used
in the model are given in Table 1. The applicability of the
rates will be discussed later. The predictions of the model
based on absolute fluorescence vields and quenching by neu-
trals are given as the solid lines in Fig. 1. As can be seen from
Fig. 1. the model 1s in good agreement with the data
Quenching of the B state, primarily through two-body colli-
sions with neon, accounts for all the observed decrease in the
fluorescence yield as the neon pressure is increased. If sig-
nificant interception of the B state were present, the model
values would be much higher than the observed B emission
Morcover, if at high pressure a larger fraction of the excita-
tion were channeled directly into the C state, the model pre-
dictions for the € emission would be much less than the
observed values. Inmtially, however, the predicted C emission
was higher than the observed value, indicating that some
quenching of the C state by the background gas occurs. The
C-state quenching rate which fits the datais given in Table I

Three important conclusions can immediately be
drawn from the model analysis. First, almost 80% of the
1ons and electronically excited neutrals formed channel their
excitation directly into the B state Second, the back reac-
tion, C 1o B, 1s small, such that once the energy is in the C
state 1t1s virtually lost. Third, the enhanced C emission at
high pressure 1s due to quenching from B to C, primarily
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through two-body collisions with neon. In fact, two-thirds of
the C population results from the Bstate. The last conclusion
has been verified experimentally. Since a large fraction of the
C-state population results from the B state, the C emission
rate will decrease if the steady-state B population is de-
creased as occurs in a saturating laser field. The depression
of the C emission in a saturating laser field has been
observed."

The accuracy of the model predictions depends on the
reliability of the rate constants used. Over 50% of the B-state
quenching 1s due to two-body neon quenching, a process
whose rate constant and branching are well character-
ized "' However, 40% of the quenching is due to three-
body neon and neon plus xenon reactions. The rate constants
for these processess have been derived from electron-beam-
pumped mixtures, and, strictly speaking, the rates could cor-
respond 1o interception rather than quenching processes.
That is. these reactions could channel excitation away from
the B state rather than quench the B state. In order to charac-
terize the XeF laser precisely the quenching rate constants
and branching ratios for these processes have to be known

Assuming the rehability of the quenching rate con-
stants, we can summarize the results and conclusions

(a) The formation efficiency of the B state 1s approxi-
mately one XeF (8 ) molecule formed for each ion pair
created.

(b) The decrease in the B-state fluorescence yield ob-
served at high pressure is due to quenching, primanly
through two-body colhisions with neon
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(c) The enhanced C emission observed at high pressure
is due to quenching from B to C rather than interception of
the B state.

(d) Since the formation efficiency of XeF (B ) 1s high,
other processes are limiting the laser performance. Most
likely, these processes are incomplete vibrational relaxation
and bottlenecking of the state due 1o finite relaxation rates.

The authors wish to thank W. T. Whitney for lending us
his electron-beam apparatus, D. Shores for his technical as-
sistance, and D. Huestis, SRI, and K. Tang, Maxwell Labs.
Inc., for making available to us their unpublished data.
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A kinetics scheme for the XeF laser

T. G. Finn,* L. J. Palumbo, and L. F. Champagne

Laser Physics Branch. Optical Sciences Division. Naval Research Laboratory, Washington, D.C. 20375
(Received 20 March 1978; accepted for publication $ May 1978)

A kinetics scheme 1s described for electron-beam excitation of the XeF laser in a neon diluent Both Ne*
and Ne* channels contnbute significantly to the formation of the upper laser level In each chain an

D Penning process leads t¢  5e formation of Xe*, which is the major intermediary in
forming the upper laser level. Xe; is found to be the di of laser rad The effect of
the weakly bound XeF ground state is discussed.

PACS numbers: 42 55 Hq, 82.20. W1, 42 60 By

able interest in developing these systems into efficient and is ultimately extracted. The scheme is derived
and powerful uv lasers.’ Recent work at NRL has from a computer simulation of an e-beam-pumped XeF
demonstrated efficient and powerful XeF laser operation laser operating at optimum experimental conditions.

of the laser kinetics 1s necessary in order to project
2 : : y proj The computer model consists of two parts: first, an
the maximum efficiency of this system. This paper ;
e-beam deposition section, in which the kinetic eneryy
i of near relativistic electrons is used to ionize and
excite the laser gas, and, second, a chemical Kinetics
| Mscience Applications, Inc., Arlingtor, \a, 22015, section, in which the energy deposited in the gas cas-
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Since the {irst demonstration of exciplex fluorescence reports a kinetics scheme by which energy deposited by
in rare gas—halide systems,' there has been consider- an electron beam is channeled into the upper laser level

in a neon diluent, ' However, a thorough understanding Processes which limit laser performance are discussed,
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cades down by various processes to the upper laser
level and is extracted as laser radiation,

The energy deposited by the e-beam in the laser
mixture is calculated using a high-energy electron
depos.tion computer code' based on the work of Berger
and Seltzer.® Because the target gas is not “thin”, the
electrons traverse in a zigzag path which results
greater energy deposition. The total depos ition for our
device has been calculated to be approximately two and
one-half times the Berger and Seltzer values, and has
been verified experimentally by nitrous oxide dosimetry,

The second part of the computer code deals with
kinetics. In this section chemical reactions transport
the deposited energy along various competing channels,
some of which lead to the upper .aser level. The
dominant chains are determined by following the excita-
tion which is deposited imtially in Ne® and Ne® as it
travels from species to species and eventually reaches
the upper laser level or some other species. For
example, our model indicates that when the excitation
reaches Nes this ion is five times more likely to recom=-
bine with F~ to form NeF* than with electrons to form
Ne*. Hence the dominant path leads {rom Ne; to NeF*
and so forth until it reaches the upper laser level or a
species which 1s unlikely to form the upper laser level.
The model does not consider the internal structure of
the XeF*® molecules, that is, the role of the XeF(C)
state and vibrational relaxation of the 5 state. How-
ever, these effects are taken into account in estimating
the overall efficiency of the system. Many of the chemi-
cal reaction rates have been measured but several
have only been calculated or at best estimaied. Fui
example, recombination reactions of the form M+ F7,
where M* is a rare gas atomic or molecular ion, have
been calculated to reach a maximum of approximately
(2—3)<10"" em’ ‘sec at a few atmospheres of pres-
sure, and then to drop off linearly with increasing
pressure.® Consequently, for these reactions, we as-
sumed a reaction rate of 110 * ¢m'/sec at our operat -
ing conditions of 5 atm, For electron dissociative at-
tachment of the f{luorine donor we assumed a rate of
1x10" em’ ‘sec.

(vl saw FowRED oo T ans?
Ne g WEy R TR0 8008

PRLSSRE S otm

FIG. 1. Kinetics scheme for
e-beam-pumped XeF laser in
neon diluent, The species

note that its presence s
speculative. The operating
pressure is 5 atm,
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NeXe® is in paventheses to de-

In the Ne Xe NF laser. enerpy is channeled into the
upper laser level primarily through the mechanism of
Penning ionization. Both on and neutral channels con-
tribute significantly. In each chain an important Pen-
ning step leads to the formation of Xe', which is the
primary intermediary in forming the laser upper level.
Ihe major kinetics chains are represented in Fig. 1.
Most of the excitation energy results in forming Ne’
which, either directly or through complex ion species,
reacts with F* to form NeF*. The NeF* molecule
rapidly predissociates to form F* which ionizes Xe.
This Penning reaction is the major source of Xe',
which can form the upper laser level through its recom-
bination with F*. The major loss mechanism in this
chain is quenching of F* by NF;. Although excited NFy
has enough internal energy to react with Xe and form
the upper laser level, this reaction has yet to be dem-
onstrated. A significant fraction of the energy deposited
produces Ne* which directly or through complex mole -
cules forms Xe' by a Penming reaction. Emission from
the Ne; excimer is an apparent 10ss process from this
chain but this radiation has sufficient energy to ionize
Xe and thus constitutes an additional formation channel.

Almost all of the excitation energy which reaches the
upper laser level travels through Xe® which forms XeF*
by recombination with F7, However, we speculate that
at high pressure Xe' forms the weakly bound complex,
NeXe', Little is known of NeXe' except that it has an
emission spcctrum.‘ If NeXe® is formed, it rapidly
forms the upper laser level directly through recombina-
tion with F~ or indirectly through another species such
as Xe! or Xe*, which is formed from dissociative re-
combination of NeXe® or Xe!. In any case once the ex-
citation reaches Xe® it is rapidly channeled into XeF*.
Under the experimental conditions which the computer
model simulated, ' and which are given in Fig. 1, 4%
of all the excitation which reaches the upper laser level
is extracted as laser output, 13'( is absorbed (princi-
pally by Xe!), 26 is quenched (principally by Ne), and
17 is lost through fluorescence.

Recently Rokni ¢f al. * have investigated formation
and quenching processes in Ne Xe F, mixtures and
their results are in substantial agreement with the
predictions of our model. However, in our model we
have used NF, rather than F, as the fluorine donor
because its use significantly increases the laser per-
tormance. ! Moreover, NF; quenches XeF* much less
rapidly than F, "' so that the major quenching species
of XeF* is neon in our model rather than the fluorine
donor as in Rokni’s case. As a final point, Rokni ¢/ al.
show as a minor formation channel the reaction of F*
with F. to produce F? which can react with Xe to form
XeF*. Unfortunately, the equivalent formation process
with NF, has yet to be demonstrated, hence in our
mode! we are compelled to treat it as an interception
process.

The estimate of the overall energy efficiency is un-
certain to the extent that the products of the complex
jon recombination reaction with F~ are unknown as are
the fate of these products. It has been generally accept-
ed but not conclusively demonstrated that the upper
laser level is formed with near unit efficiency as a pro-
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duct of the Xe® and F* recombination reaction. In addi-
tion, recent experiments on KrF formation in argon
diluent indicate that in Kr; recombination reactions,
the product yield of KrF* is high. ' However, not much
is known of the reaction products of the complex ions,
NeXe® and Xej. It is possible that a substantial amount
| of excitation is channeled into the XeF(C) state which
B may not rapidly couple to the B state, or the excitation
|- may be channeled into high vibrational levels of the B
state which do not relax to the laser level. At this stage
much work needs to be done on the excited states of
XeF. To account for the uncertainty in the yields of
these complex ions, we have calculated the laser effi-
ciency assuming product yields of unity for one case,
and one-fifth for the other. Under these conditions, the
energy efficiency for formation of XeF* is 9% for the
unity case and 5% for the one-fifth case, likewise, the
extraction efficiencies are 4 and 2%, respectively.

I XeF has a weakly bound ground state which acts to

i trap the laser radiation and thus decrease the laser
| output. The ground state has a total well depth of 1100
em’' and a depth of approximately 800 cm™ {rom the
lower laser level. '’ The laser radiation is absorbed by
the ground state and is rapidly restimulated. The result
of this “recycling” of the laser radiation is that the net
stimulated emission rate is decreased and, consequent-
ly, more excitation is lost through fluorescence and
| quenching. Collision with neon atoms can break apart
! the XeF ground state and thus increase the laser output.

In Fig. 2, the laser efficiency is given as a function of

; the ground -state removal rate. It is found that a dis-
i sociation rate constant of 3% 10" ¢m*/sec which corre-
sponds to one-half the gas kinetic rate and a well depth
of 800 cm”' fits the observed efficiency of 2.0 . " Heat-
k ing the laser gas to 600 K would increase the break
[ apart by an order of magnitude and the laser efficiency
by 50, as can be seen in Fig. 2. However, we have not
considered the effect of increased temperature on other
aspects of the kinetics scheme such as formation,
quenching, and absorption.

T
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When neon is substituted for argon as the diluent in
the XeF laser, a significant improvement in laser per-
formance is observed which is due to the decrease in
the transient absorption. ' Recent theoretical predictions
of the absorption spectra of rare gas dimers indicate
that Ar; absorbs in the 350-nm region, whereas Nej
does not. '* In order to determine what species is
responsible for the remaining absorption in the XeF
laser, we compared to our Kinetic model the results of
several previous absorption experiments conducted in
pure rare gas mixtures and the laser mixture,’ In
Fig. 3 the observed absorption as a function of gas com-
position is compared to the relative densities predicted
by the model.

In the first experiment, conducted in pure neon, we
observed an absorption of 1.25% ‘em which decreased
to 0.2% /cm when 0,19 Xe was added to the mixture.
Looking at the lower half of Fig. 3, we note that the
only species that decreases significantly when Xe is
added is Nef, hence Ne? is most likely the major ab-
sorber in pure neon plasmas. When the Xe concentration
is increased to 1%, as in experiment three (Fig. 3),
the absorption increases to 1.25% /em. However, we
note that the density of the excited neon species has
decreased, while the densities of Xe; and Xef have in-
creased as has the absorption. In the final experiment,
performed on the laser mixture, we note that the ab-
sorption has decreased significantly as have the Xe:
and Xef densities. By combining the theoretical esti-
mate'! of the absorption cross section at the laser
wavelength of Xe} with the model prediction of its den-
sity, we can calculate the absorption in the laser mix-
ture due to Xe:, and this value, given by the X in

20r
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MEAS ABSOPPTON (% cm |
x

LASER
MIX

Ne
0 1% xe

Ne +
10% xe
T

GAS MIXTURE

OWCTED RELATVE DENSITIES

o
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o

FIG. 3. Top: experimentally observed transient absorption at
351 nm in various gas mixtures; bottom: model calculations of
the relative density of various species. The absorption de-
crease in neon when 0. 17 xenon is added correlates with the
decrease in the Nef density. The increased absorption in 1%
xenon and subsequent decrease in the laser mix correlates
with the Xe3 and Xe densities. The X in the top figure is the
Xej absorption in the laser mixture calculated using the cross
section of Ref. 13. Note that this quantity can explain the ob-
served absorption.

Finn, Palumbo, and Champagne 150

L ERUSTHE LR bo Saf o

A Y




%

Fig. 3, is in good agreement with the observed value.
The evidence clearly points to Xe; as the dominant
absorber.

In the XeF laser when neon is the diluent the dominant
process for formation of the upper laser level is Pen-
ning ionization, a channel which does not exist in argon
diluent. Because of the high operating pressure of this
laser, a significant role is played by complex and poor-
ly understood species such as NeXe'. An increase in
the laser output of approximately 507 can be obtained
by more effective removal of the XeF ground state. Use
of neon as a diluent eliminates the transient absorption
at the laser wavelength which exists in an argon diluent;
however, under optimum laser conditions the major
absorber is Xe;.

We wish to thank D. L. Huestis, SRI, for making
available to us his unpublished data, and for helpful
conversations.
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COMPUTER CODE DEVELOPMENT AND APPLICATIONS

The versatility of the time-dependent laser kinetics computer code
developed at NRL during FY 77 has proven to be invaluable throughout
this past fiscal year in which the code was adapted to a variety of
systems. Documentation has been accepted for pubh‘cation1 and should
make the code usable and available to a larger number of researchers
interested in the simulation of lasers, discharges, and chemical kinetics.

Both steady-state and time-dependent computer models were constructed
to help unfold experimental data aimed at assessing the role of the C
state in the XeF laser (see preceding manuscript). Data on important
reactions in e-beam sustained discharges in Ne/Xe/NF3 mixtures have been
updated and numerical studies of energy flow and electron kinetics in

such mixtures have been carried out and presented.2

Additionally, modeling
has been used to simulate a rare-gas-halide kinetics experiment which is
used to isolate certain parts of the kinetics chain for measurements of
important rates. Numerical simulation has helped to unfold the indi-
vidual rates from experimental observations.

Applications of the modeling are cited in the previous and following
sections of this report.
References
1. T. H. Johnson, L. J. Palumbo, and A. M. Hunter, "Kinetics Simulation
of High-Power Gas Lasers," to be published in IEEE J. of Quantum Elec-
tronics (May 1979).
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ABSTRACT

KINETICS SIMULATION OF HIGH-POWER GAS LASERS*

Thomas H. Johnson, Louis J. Palumbo, and Allen M. Hunter

Numerical simulation of high-power gas lasers requires the
integration of a variety of numerical techniques; simultaneous solu-
tions must be obtained to a large set of ordinary differential
equations, and several non-linear partial differential equations.

A family of codes employing similar methods has been devised and has
demonstrated remarkable success in predicting laser performance over
a broad range of parameters. We describe here the appropriate tech-
niques for dealing with gas kinetic equations, the steady-state
Boltzmann equation, and physical optics. Modeling of both e-beam-
pumped and e-beam sustained discharge-pumped lasers is described;
complex electron kinetic processes are included. Results are shown

for both krypton fluoride and xenon fluoride lasers.

* Work supported in part by DARPA
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KINETICS SIMULATION OF HIGH-POWER GAS LASERS*

Thomas H. Johnson, U. S. Military Academy
West Point, New York 10996
Louis J. Palumbo, Laser Physics Branch, Optical Sciences Division,
Naval Research Laboratory, Washington, D. C. 20375
and
Allen M. Hunter, Department of Physics,
Air Force Institute of Technology

Wright-Patterson Air Force Base, Ohio 45433

L INTRODUCTION

During the past decade, numerical simulation models for gas
lasers have been developed to predict, with good reliability, the
gross performance 'of gas lasers operating at infrared wavelengths.

In moderately complex.kinetic systems such as those of the CO2
electric discharge laser [l], the CO electric discharge laser [2], and
the DF-CO2 transfer laser [3], it has been possible to predict total
power and efficiency with some confidence. More detailed quantities
have often eluded accurate prediction, usually because of uncer-
tainties in fundamental kinetic processes. The results from these
kinetics codes have been coupled with other techniques -- hydrodynamic
models (especially for simulation of the gasdynamic laser) and both

geometric and physical optics models -- to produce successful simula-

tions of laser systems.

* Work supported in part by DARPA
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With the advent, in the early '70s, of gas lasers operating at

much shorter wavelengths -- in the visible and near ultraviolet -- it
became necessary to develop new computational models. The kinetic
processes of such systems are vastly more complicated than those of,
for example, CO, lasers. This complication is both quantitative and

2

1 qualitative. There are a great many more reactions, and kinds of

reactions, which must be accounted for and balanced properly before

o

T

one can simulate a real experiment. And, more significantly, the
assumptions of (at least approximate) local thermodynamic equilibrium
made by earlier simulations are clearly not valid in the new lasers.

B, (In CO, modeling, for example, it is common practice to assume the

2
vibrational modes to be individually equilibrated.) It becomes
necessary, then, to update certain elastic and inelastic collision
parameters through solution of a Boltzmann equation in concert with
the solution of the gas kinetics equations.

The techniques presented here were assembled for the simulation
of a particular pair of rare-gas-halide molecular lasers, the excimers
krypton fluoride (KrF), operating at 24852, and xenon fluoride (XeF),
operating at 35328. Where it is useful to illustrate by example,
these systems will be used; and the results presented will involve
simulations of laboratory experiments with these lasers. The methods
are, however, quite general, and may be used with equal success on
a great variety of complex systems. In fact, the techniques have been

specialized along quite different lines by two of the authors, wusing

two quite different computers (CDC 7600 and Texas Instruments ASC);
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where different methods have been used to model specific aspects of
the systems, both will be described here. Over rather a broad realm,
one's choice of numerical methods represents, as much as anything

else, one's aesthetic perceptions.

Physical Approximations

Energy is generally delivered most efficiently to the gases in

these electronic-transition lasers through collisions with energetic
electrons, either through direct pumping with electron beams or by
application of an electric discharge (usually sustained by an e-beam).
The essentials of the geometry for a direct-pumped laser are shown in
Figure 1. The arrangement shown is for an unstable confocal resonator
as used in the KrF physical optics calculations (see Section II).

For an e-beam sustained discharge, the essentials of Figure 1
remain correct. A discharge voltage is added in the third dimension
(into the page), and the resulting current carried by secondary electrons
(ionizations caused by the e-beam) pumps energy into the gas collisionally.

Note that, as far as the energetics are concerned, the problem
may be treated in levels of approximation varying from zero-dimensional
to three-dimensional. One may, for example, attempt to model the
spatial and temporal anisotropies of energy deposition by the electron
beam, which depend almost entirely upon the characteristics of the
particular electron gun being used; or one may presume that the beam
energy 1is deposited uniformly throughout the cavity. Similarly, if
the laser is discharge-pumped, one may choose to model the spatial

asymmetries of discharge current (which also depend on the e-beam
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deposition anisotropies); or, again, one may ignore these. All models

presented here make the simplest assumptions in both these cases,

reducing the dimensionality to zero. Since both deposition aniso-

tropies and discharge current asymmetries tend to degrade laser per-
formance, the simulations will present a best-case prediction of per-
formance. If energy deposition in a particular experiment is particularly
poor because of any combination of these problems, an accurate simu-
lation can be produced by tailoring the code's modeling of e-beam

energy deposition to that actually measured, rather than that of a

nominal ideal beam at the rated input current.

Temporal variations in the discharge voltage are modeled in
these simulations, as discussed in Section III.

Variations along the laser beam axis can arise for a number of
reasons, including all the above sources, longitudinal variations in
flux level (especially those caused by using an unstable resonator,
as in Figure 1), variations in absorption, or other mode-media inter-
actions. The simplest forms of these simulation models also ignore
all these varjations as well. The resonator is presumed to be a simple
Fabray-Perot resonator, so that the optical field is approximated as
uniform in amplitude. The chemical concentrations everywhere in the
cavity are then identical, and a simple uniform-gain approximation
can be made (Section II). This zero-dimensional calculation can produce
highly accurate results for overall energy, intensity, and efficiency,
as well as reliable performance parameters for various modes of operation.
One- and two-dimensional calculations can be performed by dividing the

cavity into an appropriate number of cells and applying the kinetics
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procedures to the updating of small-signal gain in each cell; intensity
must then be calculated by a more detailed modeling of the radiation

field. Techniques for doing this are discussed in Section II.

3 KINETICS AND RADIATION

Electronic transition gas lasers generally involve complex,
branching chains of energy flow from initial pump excitation of back-
ground gas to eventual extraction of laser radiation. These energy
chains include processes such as: energy deposition by electron
ionization and excitation; energy transfer by various collisional
mechanisms, including neutralization, displacement and "harpooning',
leading to formation of the upper laser level; and collisional
mechanisms which intercept excitation energy before it can reach
the upper laser level, or which quench that level before stimulated
emission occurs. Also, one must consider extraction of stimulated
emission, including absorptions by various process in the gas and
resonant reabsorption by the lower laser level (if there is one),
laser cavity oscillation and coupling through output mirrors. A
time-dependent model of the kinetics of such a system must define and
update species densities for a large number -~ typically between twenty
and sixty -- gas components, including ground states, several excited
states and ions of atoms and molecules, plus electrons and photons.

The time evolution of these components is followed by the solu-
tion of a set of coupled first-order ordinary differential equations --
one for each gas component. To the set of equations defining species

densities are added further differential equations describing the
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evolution of the photon field, the gas temperature and (in some models)

coupled electrical circuit parameters. The species equations can be
generally described as equating the rate of change of species density
to a sum of contributing formation terms less a sum of depletion

terms, viz,

dN, u
F=%‘Fji-§l)ik' 1

Here Ni is a particular species density, the F's are the formation
terms and the D's the depletion terms. For example, consider a simple
chemical reaction of the form A + B - C + D, whose forward rate is
characterized by a rate constant k; 1f the species densities are
expressed in cm_3, the units of k are cm3/spc (a unit of "particles"
or molecules being understood in the numerator of the former and the

denominator of the latter). For this reaction, the rate equations

defining species C and D would contain the formation term

F ek [A) [3]
at the same time, the equations defining species A and B would contain

the depletion term

p=k[a] [8) .

It has been found to be highly useful to code the equations to
the greatest extent possible in symbolic format. The equations them-
selves are specified in an input data list in chemical reaction format,
with the appropriate reactants and products expressed as symbolic

names. The rate constants are included in this list, along with flags
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specifying the conditions of their definition and sequence and source
information. Some of the rate constants must be updated during the
computation, being functions of gas temperature or electron energy
distribution. The differential equations of the form of (1) are then
generated internally by the computer code. This method not only

makes it much easier to alter the set of equations (by addition or
deletion of terms or reactions, or by change of reaction rates), it
also greatly reduces errors attendant to such alterations, errors which
arise with remarkable, almost spontaneous, ease in the complex tangle
of reactions. Further, symbolic manipulation makes the definition

and computation of a variety of output and diagnostic quantities

much easier. And finally, it makes a single code the easily-adaptable
basis for simulation of a wide variety of laser systems and chemical
kinetics experiments: The entire composition of the simulated gas may
be changed without altering the code itself. Experience has shown
that an adequate symbolic system is one which employs names of up to
six alphanumeric characters and defines reactions with up to four

reactants and five products each.

Integration Schemes

Several different integration schemes for the chemical kinetics
equations have been used successfully with these techniques in simulating
KrF and XeF lasers. The reaction rates in these systems may vary by
ten orders of magnitude or more, as may species concentrations.

However, it has not been found to be necessary to employ any of the

more sophisticated techniques developed to solve non-linear sets of
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"stiff'" equations. This is a result of the physical system itself.
Most of the species densities rise extremely steeply in the first
tenth of the simulation-time, requiring that the fastest rates define
timesteps; later in the pulse, species densities tend to flatten out
together, permitting quite long timesteps for all species, regardless
of rate constant.

Simulations on the ASC computer have used a fourth-order Runge-
Kutta-Treanor [4] algorithm, which provides for stiff systems. Both
upper and lower limits to timestep size are user-specified through

maximum limits on changes in the N _ or dNi/dt. Limits of 5% change

i
per timestep have been found to be sufficient for accuracy. Integra-
tions requiring a few thousand timesteps (for a 1-2 psec laser pulse)
for systems of 30 species and 100 reactions take about ten seconds
of CP time.

The CDC 7600 versions of these simulations have also been run
with a fourth-order predictor-corrector Hamming's method. However,
detailed comparisons of simulation of KrF experiments using both
Hamming's method and a far simpler modified-Newton's method integrator
have shown the latter to be fully as accurate when used with a
restrictive flux limiter on N1 and dNi/dt; the few extra integrations
required for accuracy are more than compensated by the increased speed
per timestep. The flux limiter has two steps. Assuming that a standard
timestep DT has been set (or calculated as the remaining time in a

longer edit interval), first calculate

fl * N1 + 100

dN (2)

(AT,), = ABS
= i, ,-100

— +
3t 10
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where f. 1s an arbitrarily chosen fraction (usually .05, as above).

1

The extra numbers in numerator and denominator are obviously to
prevent zeros from fouling the calculation. (Compared to all real Ni'

100 is a very small number.) Then compare DT to (AT1)1 . f2 for all

species, where f, 1is another user-specified fraction; if DT is smaller

2
than each of these, it remains the timestep. For Ni for which DT is

larger, calculate

AN, + 1
(ATi)Z = ABS —d'N—i‘-——‘joT) (3)
AF + 1O

. dNi
dt

change in formation/depletion rate over the last timestep. DT is then

where Qﬁ-is the change in N, over the last timestep, and & the
reset as the smaller of (ATi)l and (ATi)Z' Using this flux limiter,

the modified-Newton's method integrator performs the benchmark integra-

tion just described in about 4 seconds of CDC 7600 time.

Electron-Beam Pumping

In electronic transition lasers, the first step in the kinetics
chain leading to extraction of laser energy is the deposition of energy
in the diluent gas by either photons or electrons; in high-power lasers,
electron-beam pumping is usually chosen in preference to flashlamps.

Relativistic electrons deposit energy as ionization and direct excita-

tion; calculation of the rates of these reactions can be done a variety
of ways. 1In one of the applications reported here, the stopping power
calculations of Berger and Seltzer [5] were used. It is necessary

to modify these calculations by a numerical factor (typically between 2

and 3) to account for the zigzag path the electrons follow through the
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gas. Calculations by Hunter [6] have correlated existing experimental
data to provide thismutiplicative factor as a function of beam energy.
The other application used results of a detailed electron transport
code [Z7 s lé] which accounts for the beam's path deviations and allows
for losses of incident electrons to backscattering.

Whichever method is used, the ionization and excitation rates are
calculated initially (either by hand or in the initial executive
portion of the code) to correlate to the specific e-beam energy desired.
They are then supplied directly as loss and gain terms in the rate
equations for the species gaining or losing in number density -- multi-
plied by an input-specified constant for the e-beam current density.
This multiplier can also be defined as a function of time to allow for
real variations in e-beam current. So, for example, the F terms
(Eq. (1)) for ionic species would include contributions from the beam,
as would the F terms for excited states. About three times more ions
than metastables are created directly by the e-beam.

Obviously, this method is also appropriate for optically excited

media, with appropriate redefinition of constants.

Lasing, Fluorescence and Absorption

Production of radiation in the laser cavity is treated by a
uniform gain approximation. This approximation is generally good when
the laser is operating at or near saturation and when there are no
major non-uniformities of lasing states in the medium. For situations
in which the gain cannot be approximated as uniform throughout the
cavity, one- or two-dimensional optics codes (discussed later in this

Section) must be coupled into the kinetics solution.
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The differential equation defining the rate of change of intra-

cavity laser intensity is

dIL

F i (u'“th) (4)

where IL is the intensity in watts/cmz, a 1s the met gain, and ath is
the threshold gain, the gain needed to overcome round-trip mirror

losses. These are defined as

a =0 (Nuﬂ-Nu)-Zﬂ:(oab)

se Nn L (5)

n

%h -~ ‘i‘e fn (R{R)) . (6)
[ o

The term ose (Nuz - sz) is the small signal gain, in which Nuﬂ and
N££ are the number densities of the upper and lower laser levels,

respectively, and ose is the stimulated emission cross-section, defined

2 X
A 2
Ise =(8-nTs) (wAv ) 5 N

in which X and v are the wavelength and frequency at line-center, Ts is
the spontaneous life-time of the upper laser level, and Av is the
spontaneous linewidth at half maximum. The remaining terms are:

(o

ab)n and Nn are the photoabsorption cross-sections and number densities

of species n; ZC is the cavity length (distance between mirrors);

and R1 and R, are the mirror reflectivities.

2
The spontaneous emission term is calculated as
&,H_'J’_e. hv (8)
dt Ty 4

where hv is the laser photon energy. Most of the spontaneous emission

is lost as sidelight fluorescence. The small fraction directed within
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the effective laser solid angle is added to the right-hand side of
(4) ; this fraction is typically about 10-5 - 10_6. The remainder
is discarded in the calculation of the laser flux, but is accounted
for in determining energy lost by side fluorescence.

After the intra-cavity intensity has been updated, the
instantaneous output intensity is given by

1 - R,R
1 2
L= (———-) 9)
o L 1+ R1R2

The denominator in this equation arises from considering both left
and right traveling waves. The total laser energy radiated is simply

calculated as

E=J'P I de (10)
(o]
(o]

where tp is the total pulse length.

Physical Optics Simulation

Optical resonator computations are performed using a Fourier
optics propagation algorithm developed by T. C. Salvi [9]. The details
of the optics theory are discussed in [10] and [11]. For computational
purposes the laser cavity 1is represented by a series of discrete
optical elements oriented transverse to the optical axis as shown in

Figure 2. Two of these, M. and Mz, are the mirrors of a positive

1
branch confocal unstable cylindrical strip resonator. The elements,
Si’ between the mirrors are gain sheets. The amplification and phase

transformation that the electric field experiences in propagating

through a gain region of thickness Az is accounted for in one operation

73




at each gain sheet. The thickness Az 1s kept sufficiently small that

+
ic

the average intensity within a gain region is approximated well by
I

i

EK; [;gAz_IJ. The intensity entering gain region i from the left 1~ I

The corresponding intensity entering from the right is Ii'

The electric field is computed for N points at each optical element.

These points are equally spaced so that a Fast Fourier Transform (FFT)
can be used to perform the required discrete Fourier transforms. The
optical coordinate system expands with the geometrical optical rays
so that each element is resolved equally well with N points. The

electric field is represented as a linear combination of plane waves

Ui(x) = .I Ai(fx)exp [iwaxx] dfx x (11)
The Fourier spectrum is propagated analytically from one optical

element to the next by the transfer function Hi(fx' Azi)

2
Hi(fx) = eikz e-inXAzifx (12)

so that the electric field at the next optical element is given by

o

U1+1(x) = J.Ai+1(fx)exp [12nfxx] dfx (13)

-0

where A1+1 = Ai“i(fx)' Propagation is done in frequency space;
amplification and phase transformation are done (discretely) in configura-
tion space.

The transfer function has a strong oscillatory character compared

with the relatively slowly varying Fourier spectrum. Since H(fx) depends
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on the resonator geometry only, H is carefully averaged using a fine
mesh for each of the discrete spatial frequencies. This minimizes
campling errors and allows a relatively coarse mesh to be used in
computing U.

The number of points used to compute the electric field is large
compared with the number of points used to represent the intensities
+

Ii and II that are used in the kinetics calculations. The laser

medium is typically divided into 30 cells, 10 of which are assigned

to each of 3 gain sheets. This fluid resolution has been adequate to
simulate 1- and 2-meter long cavities in KrF lasers. The electric
field 1s underresolved even with 512 points for each optical element.
D, Values of N in excess of 30,000 are required to resolve each of the
resonator Fresnel zones adequately. The larger number of points
serves to resolve the small amplitude, high frequency oscillations in
the electric field. Since these oscillations are unimportant in power
extraction calculations and a relatively small N allows predictions
of uniform optical phase in the resonator (as expected for large
Fresnel numbers), values of N ranging between 64 and 512 have been
used in computations. Plots of intensity and phase distributions of
the field for two typical calculations are presented in Section V.

The temporal advancement of kinetics and optics calculations is 1
treated sequentially. The kinetics variables in each of the fluid
cells are advanced over a period At while holding the cavity intensity

constant. The kinetics variables are then held constant while the

optical field is propagated. It is necessary that the laser gain does

not change significantly during At. If At is not controlled carefully,




—

|
|

the relaxation oscillations that result from coupling the laser medium

=

to the radiation field can cause undamped numerical instabilities.

We have used a At corresponding to half of a photon round trip in the
resonator, although this approaches the 1limit of numerical stability

for a 2 meter cavity.

ITII. DISCHARGE MODELING

The remaining source of pump power to the laser medium, the electric

discharge, must now be discussed in greater detail. The application

of an electric discharge can be a very efficient means of supplying
lasing energy, but it introduces a great many difficulties to both
the experiment and the simulations.

The problems for simulations stem from the fact that, in the
presence of an electric discharge, the electron distribution function
is no longer Maxwellian. The rates for all those processes directly
involving the secondary electrons accelerated in the discharge --
ionization, excitation, attachment and recombination -- depend upon
the precise shape of the electron distribution function. Hence, a

¢ solution must be obtained to a Boltzmann equation defining that distri-
bution function, and the relevant processes' cross-sections integrated
over that distribution function.

For the lasers discussed here, and indeed for most electronic-
transition lasers currently under investigation, it is fortunately
adequate to assume that the electron distribution thermalizes on time-
scales short compared to other processes of interest. In discharge-
pumped KrF mixtures, for example, this time is calculated to be a small

fraction of a nanosecond, while typical chemical kinetics timesteps
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are several nanoseconds or more. Thus, it is adequate to solve a
steady-state Boltzmann formulation at regular intervals in the kinetics
calculation, rather than to attempt a complete time-dependent solution
of the Boltzmann equation in parallel with the kinetics (which would
prove to be a calculation too long to be of practical interest).

Hence, we present here a convenient and fast procedure for solving
a steady-state Boltzmann equation to obtain quantities of interest
for laser kinetics. Experience with particular gas/discharge systems
will teach the user how often the Boltzmann routine need be called
during each kinetics simulationt In general, it is adequate to
prescribe that the routine be called whenever the electron density
(calculated by the kinetics equations), average electron temperature
(estimated) or gas temperature (calculated by the heat balance equation)

changes by 10%.

Boltzmann Transport Equation

The steady-state Boltzmann equation for the electron energy
distribution function (where u is the electron kinetic energy in eV)

can be written Eiﬂ

i
l1(EYYd (u df\+ 2m d 2 2mkT d 2. df
3 (ﬁ) du (Ql EG) M du A5 QZf) * Me du (u Q2 du)

+ % (u + uj)f(u + uj)Qj(u + uj) - uf(u)?Qj(u)
+2, (u=-u)f(u=-u)dQ . (u=-u) -uf(u)) Q. (w=0 , (14
] 3 3 -3 j 5y 4

where E is the electric field strength, N is the total gas particle

density, e and m are the electron charge and mass respectively, k is
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Boltzmann's constant, and T is the molecular temperature.
The mean molecular weight, M, is calculated by summing over all

the mixture components.

=g , (15)
n

where Mn is the molecular mass of component n and c" is its mole
fraction.
The mole-weighted momentum transfer cross section, Ql, is calculated

from

Q; (W =2Q:(U) " (16)

n

while the reciprocal-mass-weighted momentum transfer cross section,

QZ’ is given by

M (%?(u) c"
QZ(U) =%: ——;_n_—— . (17)

In these expressions, Q;(u) is the total electron momentum transfer
cross section for a collision between an electron of energy u and the
nth gas component.

The jth inelastic process involves an electron energy loss of uj
and has a cross section of Qj(u), while the jth superelastic processes,
involving an electron energy gain of uj, has a cross section of Q_j(u).
The superelastic cross section is derived from the inelastic cross

section by the principle of detailed balance viz,

u++u
Q (u)-—u—lQj (u + u,). (18)

-3 3
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The electron energy distribution function, f, is normalized so

%

that ,£ u% f(u)du = 1. Thus Ne u- £(u) du (where Ne is the total
electron density) is the number density of electrons with energies

in the range from u to u + du.

Difference Version

Taking straightforward differences of the derivative terms in
(14), the equation can be cast easily in one-dimensional tridiagonal

form for the independent variable f:

(B-4A) f,_,=(A+B) £, +(C-24) f +5 (19)

i+

where the quantities A, B, C, and S are defined

2
2, o X FENV U 2mkT 2
(Au) "A = 3 <N) Ql + e ¢ Q2 - (20)
2 dQ
_ X [E 1 _u 1 2m 2
2AuB = 3 (N) [_Ql 6;7 EE_] + T Q2 (21)

2mkT 2 dQy
* e [ZUQ2 e *——'] ’
du

- }21—“‘ [2uQ2 oo dQZ} , (22)

du
and S represents the last four summations in Eq. (14).

Assumptions, Approximations and Solution

Several types of electron collision processes are considered.

Schematically, these are:
& E > AR (atomic excitation) (23)

AB+e +»A+B+e (molecular dissociation) (24)




A+e - A+ +2e (ionization) (25)
AB + e + A + B (dissociative attachment) (26)
AB+ + e - A* + B (dissociative recombination) €27)
A* + e > A+ e (superelastic collision) (28)
A* + B -+ B+ + A+ e (Penning ionization) . (29)

Here A and B represent two atoms in the gas mixture and e is an electron.
The asterisk refers to an electronically excited atom while the super-
script plus sign designates an ion. One may also have multiply-excited
states, excited from both the ground state and lower-lying metastables;
ionization of metastables; molecular ion processes; in short, all
possible combinations of such reactions.

Processes (23), (24), and (28) involve no loss or gain of electrons
but only a redistribution in energy, and thus the contributions of
these processes to the electron energy distribution function are treated
exactly by this algorithm. The other processes, (25), (26), (27),
and (29) involve either the galn or loss of an electron and certain
assumptions are made in the treatment of these processes. For ioniza-
tion (Reaction (25)), it is assumed that the incident electron loses
an amount of energy equal to the ionization potential of A and the
secondary electron is created with zero energy. Furthermore, the effect
of these newly created zero-energy electrons on the electron energy
distribution function is ignored (although their contribution to the
total electron density is accounted for by the chemical kinetics
equations). Similarly, electrons created by Penning ionization,

process (29), are ignored as far as their effect on f is concerned but

are accounted for in computing the total electron density 1in the
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kinetics equations. A comparison of the number of electrons produced
by electron impact ionization and by Penning fonization with the number
proguced by e-beam ionization is made after each run to
assure the validity of neglecting the effect of the former electrons
on f.

Dissociative attachment and dissociative recombination (processes
(26) and (27), respectively) involve the loss of electrons from a

continuum of energies but no subsequent creation at other energies.

SRR - e

These are treated in the Boltzmann code by including an inelastic loss
term but no gain term.

The recursion relation (19) is solved by the following method.
Suppose that the energy axis has been divided into I bins, each of

20

width Au. Choose a small number, say 10 , and set f(I) - f(I-1) =

9

ya

10~ 0. Then using (19) solve for all f(u) down to f£(1). Whenever a
particular value of f(u) becomes greater than 1020, multiply all values
calculated thus far by 10_20 and proceed. When all f(u) have been
calculated, normalize the distribution as specified. This process
straightforwardly deals with all elastic collision terms and with all
inelastic terms -- ionization, excitation, attachment and dissociative

recombination -- which remove energy from the electron gas.

Superelastic Collisions

These inelastic collisions, also known as 'collisions of the
second kind'", cause difficulties for a solution technique which moves
down the energy axis because they scatter electrons up the energy axis;
thus an iterative solution {s necessary. The trial solution for f(u)

is obtained exactly as before, ignoring the existence of the superelastic
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terms.
At this point, approximate values of f exist at all grid points

allowing an estimate of the summation involving f (u-u,) in Eq. (14).

3
Several iterations are then performed to yield successively better
approximations for f. The superelastic terms are introduced partially
for the first {teration by multiplying their contribution by '10_3 -10—2'
For each successive iteration, this multiplying factor is increased

until it remains at unity for the last few iterations. Typically,

from four to six iterations are required for convergence.

Electron-Electron Interactions

Collisional processes within the electron gas can be of great
significance in discharge-pumped lasers when the electron density in
the gas grows great (in excess, roughly, of 2 x 1014 cm_3) [lﬂ . These
densities will occur when the gas is pumped hard with the discharge,
or when the discharge is run in a self-sustained mode. Electron-electron
interactions change the electron distribution function, tending
to drive 1t toward a Maxwellian distribution at temperature Te’ without
adding energy to the electron gas.

In velocity (v) space, the electron-electron collision operator
is (14, (19

aft
(o)

dt
e

3 1/ o mv2 o o afo
.?V' fo(V)Io(v) + ‘—3— (12 + J"l) —S—Z (30)

<N|—<

where Ne = J{fi d3v, is the electron number density with fi in units of

-6
of sec3cm

€ E,mv2/2
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Io = 4m Iv fl x2 dx
9 (6)
Ig E»l% fv fl xz‘ dx
v o
and
o
J_1 :lmvj‘., f x=dx .
Using a normalized distribution function,.[m fo(u) u;5 du =1,
0
this operator can be rewritten in energy (u) space as
s f 1
0 -5 =3 o
N, - . A woe
(? > ))) Ne (4.84 x 10 7) €n Au = [fo(u)lo(u)
e (31)
2u 10 Jo gfol
Sm— + e
*3 V2T talw |
where
u
o R
Io = g. 10 x‘ dx
u
o _ -1 312
IZ u I f0 dx
(e]
and
o I ™
J—l u I fo dx ,
u
The term A above is the ratio of the Debye screening radius to the

impact parameter required for

binary collision with another

since it varies slowly with Ne

a 900 deflection of an electron in a

is constant

3

is a

electron. We assume {n A

and Te' The constant 4.84 x 10

unit conversion factor which incorporates Y and allows the electron
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mass to be expressed in grams.

Since this operator effectively represents a diffusive process
in energy space, it will scatter electrons up the energy axis as
well as down; hence, like the superelastic collision term, it must
be solved iteratively. Fortunately, the electron-electron operator
can be included in the coding along with the superelastic operator,
in the same iteration loop: no numerical difficulties arise from
their conjunction, and whatever criteria are necessary for gradual
introduction of the superelastic term will be more than sufficient
for the electron-electron term. Thus, although considerable extra
algebra is added by the electron-electron term, additional costly
iterations to the solution of f are avoided. To be consistent in
cgs units and energy in eV, the correct term to include in the iteration

is

s . .

=1 (3.2 x 10‘12)';5 (afo)
N T et e o ’
m at ee

afo) is defined by
ee

of
(31); because of the constant factor, the resulting term will have

where N is the total gas density in cm_3 and (

-k

" 2
units cm eV -,




Rate Coefficients and Transport Properties

Once a normalized electron distribution function has been cal-
culated, it 1s a simple matter to calculate the rate coefficients for
inelastic kinetic processes by integrating (with, for example, Simpson's
rule) the appropriate cross-section over the energy range of the dis-

tribution function. Since the electron velocity, v, is given by
<2eu);i
v = —
m

the rate coefficient, k,, for process j can be computed from

j

’s:, ©
2e
kj ij (7;) g. Qj(u)uf(u)du.

Here, jSs the appropriate cross-section for ionization, excitation,
deexcitation (superelastic), attachment or recombination.

Other important transport properties of the discharge gas can
be obtained by similar simple integrations. These include:

The electron drift velocity:
3 \N m A Q1 du
transverse diffusion coefficient:

L ©
1 2e uf
Dy 3—N(—m‘> i q,




| The electron mobility:
it
3 "
& P (36)
The average electron energy:
v [ W fa (37)
o
and the electron characteristic energy:
D
=T
€ =3 (38)
Power Balance

Once the electron energy distribution function is known, the
partitioning of the discharge power (product of discharge voltage and
current) into the various energy channels of the laser gas can be
computed. The balance of this power provides a numerical check on the
Boltzmann equation solver, while partitioning provides insight into the

processes responsible for limiting or enhancing laser efficiency.

The electrons gain energy by being accelerated in the applied
electric field. The rate of gain of electron energy per unit volume
is EJD = EeNe w, where JD is the discharge current density. Some of
this energy is transferred to the gas particles through the several
types of collisional process. The rate of transfer of energy per unit

volume for a particular binary process, p, involving the collision of

an electron and a particle designated by subscript j is

@

P .=NN - i _/ﬂ AE . Q . u £ du (39)
PJ e\ m Pl "PJ

o

84




where ij is the cross section for process p, and AE is the average

pi
electron energy lost in the collision. The energy transfer rates for

specific electron collisional processes of particular interest are

shown in Table I.

External Circuit Coupling

When simulating an existing laser experiment, the measured
temporal waveform of the discharge voltage, VD(t). is used as an input
parameter to the code. However, when the code is operated in a pre-
dictive mode, one must be able to compute the time history of VD by
coupling the external circuit parameters to the discharge kinetics.

The method for achieving this coupling is described here by con-
sidering, as a particular example, the circuit is shown schematically
in Figure 3. This circuit contains three elements with properties
(capacitance, inductance, and resistance) which remain constant in
time and a fourth element (the laser discharge) having a time-varying
impedance which depends on the other three circuit elements, the dis-
charge kinetics, and the external ionization source. The discharge

impedance, 2 can be expressed as,

D’
v

D Ed
T -
D 1) NeAew (40)

where VD is the potential across the discharge, I is the current in
the circuit, w is the electron drift velicity (Eq. (34)) and d and
A are the discharge gap length and area, respectively.
If one selects three independent variables which describe the LRC

circuit of Figure 3 to be the discharge current, I, the discharge




i voltage, V_, and the time derivative of the discharge current, dI/dt

D
i (Define G =dI/dt), then three differential equations involving these

variables may be derived in a straightforward manner by applying

’ Kirchoff's laws to the LRC circuit:
| i T R 5 SO O o
‘ dt eA dt N (dw/dv ) °*
b e D
dav
dG D 1 1
s [dt +RG+C:|L , (42)
) dI
4 e G . (43)
. The following relationship between the current and the drift
velocity was used in deriving equations (40) and (41):
I=J A=ewN A , (44)
D e

where JD is the discharge current density. The time rate of change,
dNe/dt, of the electron density is determined from the solution chemical
kinetics equations.

Since equations (41) through (43) are a set of coupled first
order linear differential equations, they may be appended to the set of
] chemical kinetics equations and solved using the same algorithm.
Thus the kinetics integrator keeps track of (and requires starting

values of) I, dI/dt, and VD.

The electron drift velocity and hence its derivative with respect

to discharge voltage, dw/dVD. depend mainly on V They are coupled to

D

the particle kinetics through their weaker dependence on fractional




excitation and ionization but this effect was tested and found to be
small enough to ignore for the present purposes. This negligible
dependence allows the circuit equations to be merged into the set of
chemical kinetics equations and solved on the same time grid along
with the latter without frequent calling of the time-consuming Boltzmann
equation solver. A table giving the functional dependence of dw/dVD
on VD is generated initially for an average estimated fractional excited
state density and ion density and for the range of VD expected in a
given simulation. This table is then interpolated to obtain the value
of dw/dVD required during the kinetics/circuit integration.

The absolute value of E/N ( = VD/Nd) is fed into the Boltzmann
transport equation solver when required to compute an updated electron
energy distribution function.

The power, PD, and the energy, E deposited in the laser gas

D)
by the discharge are compared with the laser power and energy output

to determine intrinsic laser efficiency. These quantities are given by,

Py =V, 1 and EnstDIdt.

Obviously, this procedure can be adapted to accommodate an
external circuit of arbitrary topology simply by deriving the appropriate

set of differential equations analogous to Eqs. (41) - (43).

IV. OUTPUT AND DIAGNOSTICS

A well-calibrated laser kinetics code may be used, like any other
simulation code, as a design aid to predict the performance of various
system parameters. The code may actually be more useful, however,

for studying experiments that have been performed than for predicting
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the results of future experiments. The easy accessibility of virtually
every single physical parameter, many of which cannot be measured
directly (and are costly and time-consuming to measure inferentially),
is what makes such a code an invaluable tool in understanding complexly
interactive systems, such as the rare gas-halide lasers. It is important,
then, that one's output parameters be carefully designed to provide
the most useful information.

Assuming that a standard output interval has been established
as a small fraction of the entire pulse length (pump + laser + after-
glow), several quantities are of obvious interest: radiation parameters
(intensity, energy radiated, fluorescence, net gain, total absorption);
plasma properties and power balance (as defined in Section III); and
the intrinsic or "local" efficiency of the pump process. This last
is defined as the laser energy radiated divided by the total energy
deposited in the gas, and can be calculated by summing all the excita-

tions, ionizations, and heating caused by the e-beam and discharge.

Three other efficiency quantities are of interest. The creation
efficiency (number of upper laser levels formed divided by number of
ions made); the radiation efficiency (number of laser photons produced
divided by number of upper laser levels formed); and fluorescence yield
(product of the previous two).

For e-beam sustained discharge-pumped lasers, several other
quantities are of interest. Most frequently used is the discharge
"enhancement'", which is defined (by convention) as power deposited

} by the discharge divided by power deposited by the e-beam. Again, this
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quantity can be calculated exactly, since the precise number of

discharge-induced excitations and ionizations is known; it is useful,
for purposes of comparison, to calculate and display the standard

approximation to discharge enhancement, viz,

JD- E
€ = = (45)
Approx EAYNA %;(elhl 2)

where JD and E are the discharge current density and field respectively,

is the average energy per ion pair, y is the attachemnt rate, N, is

% A

A

the number density of attaching species, and ng and EI are the total
number density and ionization potential for ions of species m formed
by the discharge. The ionization rate ratio (the ratio of instantaneous
values of the rates of ionizations driven by the discharge and ioniza-
tions driven by the e-beam) can also be of particular interest; when
this ratio passes about .3, the discharge is heading for instability.
Finally, the metastable loss rate ratio (number of metastable atoms
ionized divided by number of metastable atoms forming the upper laser
level) can also be a useful measure of discharge performance.

The actual temporal variations of the species number densities
and their rates of change -- printed intermittently and plotted on a
semi-log scale at the end of the pulse -- are invaluable raw data,

only a small fraction of which can actually be measured in any particular

experiment.

Also of particular value in analyzing the importance of various
kinetic processes is the display of the total contribution to each

k species' formation and depletion of each of the reactions which affects
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that species. With this data, one can decide precisely which of the
competing energy paths dominates the laser performance. One can also
decide at a glance which reaction rates need to be known precisely

and which can be treated with order-of-magnitude estimates.

V. RESULTS

We present in this section representative results of simulations
of two different lasers, krypton-fluoride (KrF) and xenon-fluoride
(XeF), done with two different codes.

Two KrF simulations are summarized in Table II to demonstrate
the high accuracy with which these methods can reproduce experimental
results. Some of the excellent agreement between simulation and experi-
ment shown here must be regarded as fortuitous, if only because some
of the measured data are inferential. However, these simulation

results are not chosen because they are the closest yet obtained: they

are in fact representative. Similar accuracy has been obtained in
simulating many other KrF laser experiments performed at Maxwell
Laboratories, Inc., AVCO Everett Research Laboratories, and Northrop,
and in simulating kinetics and absorption experiments at the same
places and at Stanford Research Institute.

Some of the general features of KrF lasers run at room temperature
can be observed in these results. The total energy density was

relatively low -- about 2 joules/liter in experiment 1 and about 1

—Y

joule/liter in experiment 2 -- because the e-beam currents were low and

because experiment 1 was run at 1 atmosphere total pressure. At total

pressures of about 2-2.5 atmospheres and e-beam current densities

bbb aathal
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10 Amps/cm2 or more, one can produce 10 joules/liter reliably; harder

pumping can more than double this number, but at severe penalties in
local efficiency. The local efficiency of experiment 1 ( ~ 8%)

is representative; values of 10-127 can be obtained with reliability
in e-beam pumped lasers. Discharge-pumped efficiencies are in fact
typically lower, though by a factor of about 1.2, rather than the
factor of 2 illustrated by these experiments.

Typical results of one-dimensional physical optics resonator
simulations are shown in Figures 4 and 5. In each figure, the top
drawing shows the distribtuion of intensity across the beam incident
on the output mirror of an unstable confocal resonator; the bottom
drawing shows the phase distribution across the beam. Figure 4 1is
from the simulation of an e-beam excited laser at AVCO Everett Research
Laboratories. The cavity length was 1 meter, with 717 output coupling;
the e-beam current density was 11.5 Amps/cmz, and the 1.2 atmosphere

gas was partitioned 97.5 Ar/2.3 Kr/.2 F Figure 5 shows results of

2
an optics simulation of experiment 2 in Table II. The flat phase
distribution resulting in both calculations is a gratifying result.
More detailed versions of these and other simulation results,
with extensive interpretation, may be found in [ié].
As an example of XeF modeling, results of a simulation of an
e-beam-controlled XeF laser are compared with experiment [16] in

Table III. For these calculations, the measured e-beam current

and discharge voltage waveforms were used as input to the code.

91




Eaccan

>

o —

The predictions of laser performance agree within experi-
mental error. The slightly high values for optical output
may be explained from the incomplete treatment by the model
of direct formation and mixing (by heavy particles and electrons)
of the B and C states of excited XeF. Detailed studies of
the role of the C state in XeF lasers have been carried out
for e~beam pumping [}i] but the effect of discharge electrons
(possibly iuncreased mixing) in XeF B- and C-state kinetics is
not yet well understood.

Curves showing the computed temporal evolution of selected
laser-medium components for the XeF laser model of Table III
are plotted in Figure 6. The pump pulses (e-beam and sustainer)
for this simulation are switched on at a time corresponding to
zero on the abscissa of Figure 6, have a 100 ns risetime and
are cut off at 1200 ns.

The curve labeled "th" is the number density of intracavity
laser photons traveling along the laser axis. The buildup time
of ~ 200 ns for the laser flux agrees well with the experiment.
Note the drop in XeF* density when the laser flux begins to build
up towards saturation. The curve for NeXe+ is shown since for
these conditions it is the main precursor of the upper laser
level, XeF*,

For long-pulse rare-gas-halide lasers it has been observed
that the pulse duration over which one can obtain high efficiency

is limited by the onset of discharge instability. Some insight
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into the mechanism for the instability onset is apparent from
Figure 6. The steady rise in electron (e") density during
the pulse is shown from the kinetics calculations to be due
to a steadily declining electron loss rate caused by depletion
of the electron attacher, NF3. The dashed curve in the figure
indicates an NF3, a depletion of about a factor of two for
the conditions modeled here.

The increase in ionization rate accompanying the rise
in electron density, when coupled with a reduced attachment
rate caused by NF3 depletion, tends to drive the discharge
toward instability. Both the experiment and the simulation
show that the discharge remains stable for the complete 1200 ns
pump pulse at 160 J/& total energy input. However, for an
E/N value only ~ 10% higher than that used for the experiment
of Figure 6, the model shows a faster than exponential rise
to an unrealistically high electron density before pump cutoff
and, in agreement, the experiment shows a discharge arc resulting
in a rapid drop in discharge impedance and premature termination

of the optical pulse.

VI. CONCLUSION

None of the individual techniques described here is parti-
cularly novel. But the careful interworking of them has produced
a predictive capacity of unprecedented precision in high-powered
lasers, and made significant contributions to the developments

of these lasers. These results were obtained not by concentration
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on sophisticated numerics, but by close cooperation with experi-
mentalists while both codes and lasers were being developed.

In fact, conscientious efforts were made to keep the numerics
the simplest that could be made to do, so that experimental
uncertainties were always greater than computational ones,

In such a hybrid model the chief difficulties one must be
conscious of arise not from subtleties in the numerical
approximations themselves, but from inconsistencies (qualitative

and quantitative) in the fusion of many physical assumptions.
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Fig. 3 - Diagram of an LRC circuit coupled to discharge
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ELECTRON-BEAM-CONTROLLED XeF LASER

Both expem’menta]1 and modeHng2 studies were undertaken during
the past year to determine whether an electron-beam-controlled XeF laser
would have any advantage over an electron-beam-pumped XeF laser for
large-scale systems. We have been able to obtain comparable output
powers and efficiencies from both systems experimentally. The signifi-
cant difference between the two pumping schemes being that the optimum
pressure of operation for the e-beam-controlled XeF laser was 3 atmospheres
as compared to 5 atm for the e-beam-pumped XeF laser. On the basis of
joules per liter-atm extracted energy, this represents an improvement
of ~ 70%. Under optimum laser conditions, laser enhancements of 3.2:1
can be achieved in an applied electric field without sacrificing overall
efficiency. In this mode of operation, ~ 75% of the input energy to the
gas is supplied by the sustainer. These results indicate that, for com-
parable energy loading of the foil, the electron-beam-controlled Xef
laser is capable of generating ~ 4 times the average output power density
than is the electron-beam-pumped XeF laser. This can be achieved at
comparable efficiency.

The most sensitive parameter for maintaining maximum output power,
efficiency, and stable operation is the concentration of NF3.

Extensive numerical modeling using a time-dependent computer code

has been conducted on the e-beam-controlled XeF laser in conjunction with
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the experiments mentioned above. Excellent agreement between calculated
results and measurements were obtained for both laser output and discharge
stability.

The effect of the concentration of NF3 on the stability of the
discharge in Ne/Xe/NF3 mixtures was investigated computationally for
pump pulses in the microsecond range and it was shown that a significant
depletion of NF3 can occur at high pump-energy loadings for long pulses.
Figure 1 shows computed number densities of selected species for an e-beam
controlled XefF laser in which 120 J/1 pump energy is supplied by the
sustainer and 40 J/1 is supplied by the e-beam. The gas mixture is
Ne/Xe/NF3 = 99.7/0.225/0.075 with a total pressure of 3 atm and the
pump pulse duration is 1.2 pusec. Note that the NF3 concentration is
reduced to one-half its initial value after -~ 1 usec. In this attachment-
dominated discharge, the electron density ("e " curve in Fig, 1) con-
tinually grows throughout the pulse as the main electron loss process
(dissociative attachment to NF3) diminishes with the depletion of NF3.
After sufficient depletion of the attaching species, the growth rate of
the electron density increases rapidly with time and discharge instability
occurs.

Discharge instability has been observed experimentally and has been
calculated by the model for slightly (~ 10%) higher applied electric
fields and for slightly longer pulses than the conditions of Fig. 1.

For large energy loading, a high electron density is required and thus
high discharge enhancement lasers operate near the limit of discharge

stability.
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Characteristics of the electron-beam-controlled XeF laser®

Output power and efficiency for e-beam-controlled operation which 1s comparable to e-beam-pumped
operation is reported. Under optimum conditions laser enchancements of 32 | can be achieved n the
presence of an applied electric field at an overall efficiency of ~ 1 8% In this mode of operation greater
than 78% of the input energy to the gas is supplied by the sustainer The concentration of NF, is the
most sensitive parameter for maintaining maximum output power, efficiency, and stabie operation

PACS numbers: 42 55 Hq, 42.60 By, 42 60 Da

Efficient long-pulse operation of the e-beam-pumped
XeF laser has been demonstrated. '™ The use of neon
in place of argon has been shown to reduce significantly
the transient optical absorption in the laser medium with
consequent increases in efficiency and output power, '

Scaling of e-beam-pumped lasers to high average
powers 1s limited by inefficiencies in e-beam generation,
electron energy loss and subsequent heating of the elec-
tron-beam window (foil), and nonspecific conversion of
the electron energy into desired excited states.

By contrast, e-beam-controlled lasers offer both the
promise of converting electron energy directly into
preferred excited states where most of the energy 1s
deposited into the gas by the discharge and avoid the
nefficiencies of e-beam production and transmission,

In this paper we discuss the operating characteristics
of the e-beam-controlled XeF laser. We have been able
to compare stable operation of the e-beam-controlled

Hisponsored in part by DARPA,
M Present address: Ton Physics Corporation, Burlington, Mass
oL1o:,
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XeF laser with the e-beam-pumped laser for the gene-
ration of I-usec optical pulses, Similar output powers
(2.8 J71) and efficiencies (1,8 () were obtained. How-
ever, the optimum pressure was 3 atm rather than 5
atm used in the e-beam-pumped system. Under these
conditions 757 of the energy input to the gas was sup-
plied by the sustainer.

The experimental apparatus, which has been de-
scribed in detail previously,' consists of a 1-m active
length laser chamber with a 2, 2-cm optical aperture,
For e-beam-controlled operation a capacitor bank was
connected to the laser anode by means of a pressurized
gas switch, The switch prevented any electric field
from being applied to the laser gas in the absence of an
electron beam, In addition, a capacitor was attached to
the laser anode to reduce the voltage change caused by
the electron beam. These precautions were necessary
as even a small electric field applied to the laser gas,
in the absence of adequate e-beam pumping, would re-
sult in premature breakdown, The current generated in
the laser gas by the apphed electric field was monitored
by a Pearson current transformer and the field itself
was measured by a voltage divider connected directly
to the laser anode. The optical characteristics of the
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discharge were measured with probe lasers, On line
gain was measured with a discharge pumped XeF laser®
and absorption was measured on either side of line
center with a rare-gas ion laser’ operating at 338 or
364 nm. The optical pulse {rom each probe laser was
monitored with S-5 photodiodes both before and after
probing the excited gas mixture, Laser energy coupled
out of the resonator was monitored with a Gen-Tec
ED-500 pyroelectric detector. In all cases, the laser
was operated well above threshold so that it was pos=-
sible to accurately observe the effect which small
variations in the laser constitients (NF, and xenon)
had on laser enhancement and discharge stability in the
presence of an applied electric field.

The e-beam-controlled XeF laser operated in a pres-
sure range 1—5 atm but the largest laser enhancement
(ratio of output power in the presence of an applied elec-
tric field to output power with no electric field present)
occurs at 3 atm. At higher pressures the output power
and efficiency increase slightly but the laser enhance-
ment falls from 3.2 to ~ 1.5 at 5 atm. At lower pres-
sure the laser enhancement remains comparable but the
output power and efficiency decrease dramatically.

At the optimum concentration (Ne: Xe:NF,
::99,7:0,225:0.075) and a 3-atm operating pressure,
it was possible {or the sustainer to deposit energies up
to 3.2 times that deposited by the electron beam alone,
which increased the laser output by a factor of ~ 3. 2,
These conditions corresponded to an energy deposition
of 160 11", Laser enhancements as large as 3.5 to 1
could be achieved at slightly higher applied electric
fields but the corresponding rise in sustainer current
from 80 to 120 Acm™, significantly lowered the effi-
ciency. This rapid rise in current was indicative of
the onset of an instability. Increasing the applied elec-
tric field above 0.5 kVem™ atm™ resulted in an optical
pulse which terminated before the end of the pump pulse,
The dependence of laser enhancement on electric field

38y —
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FIG. 1. Measured laser enhancement of a one microsecond
as a function of the applied electric field at dif-
ages of xenon and NF. The ratio of xenon to NF,
is held constant (3: 1),
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FIG. 2. Measured laser enhancement of a 1-gsec optical pulse
as a function of applied electrice field at various NF; concen-
trations. Xenon concentration is held constant,

and gas composition 1s shown ia Fig. 1. It should be
noted that the concentration which yields the best output
power and efficiency for pure e-beam pumping is also
best for e-beam-controlled operation, Increasing the
xenon plus NF, concentration degrades the output power
and efficiency, When the xenon plus NF, concentration
is reduced, the output power for the 1-pusec optical
pulse is not degraded. However, stable operation and the
extraction of a 1-usec optical pulse requires a lower
applied electric field. Also, the sustainer current
rises rapidly at all values of £/N thereby reducing the
laser efficiency.

The small-signal gain was measured for conditions
yielding the best efficiency, Here, the input energy was
160 J 1" with a laser enhancement of 3.2 yielding a
gain of 1,3% cm™ and an efficiency of 1.8%. For the
highest output power condition (input energy of 200 J
1"'), the small-signal gain was 1.85% cm™, the laser
enhancement 3.5, and the efficiency 1.5% . Background
absorption for the optimum laser mixture at both input
energies was measured to be <0,1% cm™,

The operation of the e-beam-controlled XeF laser as
a function of the minor constituent, NF,, is presented
in Fig.2, which shows a plot of laser enhancement as
a function of applied electric field for various concen-
trations of NF,, at constant xenon concentration. In all
cases the electric field was varied from zero to the
onset of breakdown. As the concentration of NF, was
increased, the maximum value of the applied electric
field for which a 1-psec optical pulse could be main-
tained also increased, However, the output power and
laser enhancement decreased for this nonoptimum mix-
ture. For the production of a fixed optical pulse length |
there is an optimum concentration of molecular halo- |
gen donor. Depletion of the molecular halogen donor |
species during the discharge, in this case NF,, limits
the optical pulselength output power and efficiency which
can be expected. This depletion also has an adverse 3
effect on the stability of the discharge since the principal E
loss of electrons in the discharge is through electron ¥
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FIG. 3. Measured laser enhancement of a 1-usec optical pulse
as a function of applied electric field at various xenon concen-
trations. NF; concentration is held constant.

attachment by the halogen donor. If we compensate for
the depletion of the NF, by adding more NF, initially,
then the excess of NF, leads to lower efficiency at the
start of the pulse, That the NF, 1s depleted during the
laser pulse is supported by the NRL modeling calcula-
tions. For the laser conditions which yield maximum
output energy at maximum efficiency, a time-resolved
analysis of the various constituents of the laser gas
(ions, neutrals, electrons, radiation) indicates that in a
1-isec pulse the NF, is depleted by 50/ from its initial
value and the F~ population is depleted to 33( of its
maximum value by the end of the pulse,®

In Fig. 3 laser enhancement 1s plotted as a function
of applied electric field for various xenon concentrations
and a fixed concentration of NF,, Laser enhancement
output power and efficiency decreased slightly as the
ratio of xenon to NF, was increased. At reduced ratios
of xenon to NF, the laser enhancement remained low for
small electric field but rose rapidly at the higher
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electric fields. Operation at the higher electric fields
caused optical pulse distortion as the gain and output
power rose rapidly during the pulse, In extreme cases,
the optical pulse was terminated by ay arc.

In conclusion, we note that the e~-beam-controlled
XeF laser is capable of more than three times the
average output power density than is the pure e-beam-
pumped XeF laser. Efficiencies are comparable. The
connection between peak output power and pulse length
1s more complicated, depending not only upon the known
relationship between pulse length and current density
of modern electron guns™'® but also upon the additional
concentration of halogen donor molecules needed to
compensate for their depletion during the pulse,” How-
ever, these relationships are known and may be used to
design XeF lasers for very high power levels,
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ABSORPTION EXPERIMENTS RELEVANT TO THE XeF (B-X) LASER

The use of a probe laser whose output wavelength is known exactly
has lead to the first observation of a narrow band absorption at one of
the XeF (B-X) wavelengths. Ne* may be the absorbing species.

Previous work1 showed the presence of a high transient optical
absorption in Ar/Xe/NF3 laser mixtures. The substitution of neon for
argon as the diluent gas was found to significantly reduce this absorp-
tion.2 At the same time, ab initio calculations led Stevens to propose
Ar2+ as the dominant absorber.3 In Ne/Xe/NF3 mixtures laser performance

was observed to be limited by the amount of xenon which could be added.

+

For xenon concentrations > ~ .2% transient absorption attributed to Xe2

limited laser performance.4 In this work we are once again attempting
to improve the XeF laser performance through a better understanding of
absorption processes which occur in e-beam irradiated discharges. The
scope of the present work covers absorption at 4 amagats Ne at 20°,

150°C as a function of % Xe, % NF3, A near XeF A, and current density.

The one meter e-beam device1

used for room temperature work was
modified to operate at 150°C. A cross sectional view of the modified
laser chamber is shown in Fig. 1. Two stainless steel plates were added
to thermally insulate the monel laser chamber. Stripline heaters were
attached to the upper and lower surfaces of the laser chamber. An

argon ion laser was used to probe the discharge. The argon ion laser
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provides a line at 3511.13 R which is close to the room temperature

XeF lines, 3510.8 R, doublet at 3511.5 R, and 3512.6 R.* The closeness
was demonstrated by a gain measurement of ~ 1.0%/cm (at a current density
of 7 A/cm2 at room temperature). Thus the unique wavelength of the

argon ion laser makes this laser a better probe laser than an XeF laser.

Table I and Figures 2-4 present the data collected with the use of
the argon ion laser at 3511.1 R and other selected wavelengths. In
addition, some data was taken with an XeF probe laser. Fig. 2 shows a
strong narrow band absorption at 3511.1 R in pure Ne. Previous work in
Ar suggested a broad band absorption and it was assumed that the absorp-
tion in Ne would also be broad band. The discovery of this narrow band
absorption suggests that laser modelling at 20°C should be performed on
individual laser lines rather than lumping the lines together. A can-
didate absorber is Ne* (3s-4p) at 3510.72 R.

Other data in this section was obtained to provide a better under-
standing of the magnitude of absorption as a function of temperature,
composition, and pumping current density. The reduced absorption illus-
trated in Fig. 2 and 3 at 150°¢C explains at least some of the improved
laser efficiency at 150°C. The intrinsic efficiency was measured to
increase from 2.0% to 4.5%. Fig. 3 provides data which could be used
to extrapolate to higher current densities. Table I gives some data
on Ne/NF3 mixtures. Altogether we have the beginning of an absorption

data base to allow better assessment of the XeF (B-X) laser.
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TABLE I. SUMMARY OF ABSORPTION MEASUREMENTS

GAS

Ne
Ne/Xe
99.5/0.5

Ne/NF
99.933/0.065

TAKEN AT 4 AMAGATS

TEMP. ABSORPTION %/cm
3511.1  3507.4 3637.8 3378 A°

20°¢C 2.6 5 0.6 0.6
150 0.55 <0.1

20 0.35 0.2 -0.2
150 <.

20 0.5 13
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E-BEAM SUSTAINED MERCURY-HALIDE LASERS

Despite similarities in molecular configurations, mercury-halide
lasers have not matched the rare gas-halides in efficiency. In order
to further explore the experimental possibilities with the goal of
improving the operation of the mercury-halide lasers, the following two
experiments were undertaken. The first experiment investigated the use
of Hq8r2 in an e-beam sustained discharge. Of course, the use of HgBr2
avoids the problem of possible prereaction of Hg with the halogen
donor. The second experiment was designed to assess the importance of
the prereaction problem when using metallic Hg.

1. E-Beam Sustained Discharge Studies Using HgBrp

A few grams of HgBr2 crystals in two ceramic boats were placed
inside the discharge chamber of the 40-cm-long e-beam device.(]) The
chamber was operated at a temperature of - 150°C to produce a HgBr2
vapor pressure of - 3 torr. The blue-green fluorescence output was
optimized while the discharge excitation conditions and Ar/N2 concen-
trations were varied. For a given mixture, it was found that the
fluorescence efficiency increased with discharge E/N in the range of
2 to 4 x 10']6 v cmz. The highest E/N ratios were obtained at the low-
est values of e-beam current density (< 0.1 A/cmz) consistent with main-

taining discharge stability. Although use of N2 concentrations higher

than 10% allowed higher E/N ratios to be obtainable without arcing, the
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fluorescence efficiency was found to decrease.

Various sustainer configurations were used including pulse forming

networks (pfn) approximately matched to the discharge impedance (- 1 o).

However, the use of a pfn did not prevent the occurrence of discharge
arcs but only served to 1imit the peak current in the event that an
arc occurred.

The maximum fluorescence efficiency measured using Ar/NZ/HgBr2 mix-
tures was - 0.16%. Addition of a few torr of Hg vapor to this mixture
caused the fluorescence efficiency to decrease.

The maximum laser output was ~ 3 mJ using a 16% transmission output
mirror. The active volume was -~ 30 cm3 giving a specific laser output
of - 0.1 J/1iter. The discharge energy input was - 225 J/liter giving
a conversion efficiency of - 0.04%. The energy input from the e-beam
was negligible.

For comparison, the fluorescence efficiency of a XeCl laser mixture

was measured using the same setup. The fluorescence efficiency using

only e-beam excitation was - 107 and the discharge efficiency was - 0.8%.

2. Mercury-halogen Ground-state Reaction Study

An important question to be answered concerning the operation of
HgX (X = C1, Br, I) lasers starting with metallic mercury and the
molecular halogens is: '"How fast do the constituents react with each
other in the ground state?" The specific question to be answered here
is: "Is the halogen concentration severely depleted by prereaction
with mercury vapor (or with the chamber walls) before the excitation
can be applied?" To answer this question, an optical absorption tech-

nique was used to monitor the concentrations of C12 and Br2 in the
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presence of metallic Hg both at room temperature and at a laser opera-
ting temperature of 150°C. To assure a saturated Hg vapor pressure, a
ceramic crucible containing several cm3 of Hg was placed within the laser
discharge chamber. At 150°C, the Hg equilibrium concentration is

- 6.4 x 100 em3, halogen concentration of 1.74 x 10" em3 in an
argon diluent was used. These concentrations were found to be near
optimum for HgCl laser operation. All tests were conducted at 1 atm
total pressure in order to obviate effects of possible leaks.

A chopped white light source was monitored through the 65 cm long
optical path of the laser chamber with a monochromator-photomultiplier
(PM) combination. The PM output was fed into a lock-in amplifier and
then into a strip chart recorder.

The C12 concentrations were monitored using a narrow wavelength
region centered at 350 nm, and for Br2, a narrow region centered at 420
nm was used. After passivations, the measured room temperature optical
absorptions agreed well with published data (cf. Photochemistry, Cal-
vert & Pitts, pp. 184 and 226). As shown in Figs. 1 and 2, the dis-
appearance of the halogen was a very slow process at room temperature.
It had also been determined, in preliminary tests without mercury in
the chamber, that both halogen half-lives were > 3 min at 150°C.  So
thus, although reactions with the chamber walls are important, they are
not a Timiting factor.

However, as seen in Fig. 1, at a chamber temperature of 150°C and
in the presence of Hg vapor, 012 had a half-1ife of only > 1 minute.

More important is the initial rapid reaction of Br2 with the available
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Hg vapor as seen in Fig. 2. The dashed curve portions correspond to
the few seconds it takes to open a valve to admit the halogen-argon
mixture to the chamber. The missing Br2 concentration corresponds
closely to the initially present Hg concentration. After the initial
cleanup, the Br2 concentration continues to fall with a half-life of

> 2 min after the first half-minute. This latter rate probably corres-
ponds with that of additional Hg vapor becoming available out of the
reservoir. In summary, the ground state reaction of metallic Hg with
molecular Clz is relatively slow, but with molecular Brz is extremely
fast.

The rapid cleanup of molecular Br2 explains the low fluorescence out-
put obtained from the e-beam sustained discharge. This information also
serves to explain the quite different results obtained in the uv pre-
ionized discharge system. To review these results: the best halogen
donors were found to be the dihalides of mercury. However, it was
found that molecular bromine also worked quite well, but molecular
chlorine did not. It is apparent now that the molecular bromine reacted
with the available mercury vapor to form the dihalide which was then
dissociated in the discharge to form the HgBr B-state.

To further test this theory, molecular Br2 was used in the e-beam
sustained system with the same excitation conditions as were used for
HgBr2 mixtures, i.e., with e-beam current densities of < 0.1 A/cmz.
Indeed, it was found that the fluorescence output starting with
molecular Br2 and metallic Hg was then comparable with the results

starting with crystalline HgBrz.

Since the reaction of Clp with Hg is not as rapid, the question
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still remains as to why our efficiency results are not as high as those
reported by Maxwell and AVCO. We intend, however, to restudy the

Hg + C12 system under flowing conditions and also to try lower e-beam
currents. We will also try Kr as a diluent gas because its use will
avoid the Penning reaction between metastable Ar and Hg which may be
responsible for premature discharge instabilities.

Incidentally, the detrimental effect of N2 on the Hg* + Cl2 system
can be understood now with the recent measurements by Wodarczyk and
Harker at Rockwell on the reactive quenching of metastable Hg (6 3Po)
atoms by molecular chlorine. They determined the quenching cross-
section to be 28 Rz and that the HgCl (BZEL+) state is formed in only

2
1% of the reactive collisions. Thus, the Hg (3

(3

PO) state is much less
effective than either the (3P2) or P]) states in forming the HgC1(B)
state, even though the reaction is also exothermic. Since Hg (6 3P])
atoms (and probably (6 3P2) atoms as well) are rapidly quenched by
nitrogen to form the (6 3PO) state, less of the HgC1(B) state is formed.
Reference
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PHOTOLYTIC PUMPING OF RARE GAS-AND MERCURY HALIDE LASERS

Several diatomic molecules which radiate in the ultraviolet (UV)
or vacuum ultraviolet (VUV) have excellent fluorescence efficiencies
(>10%) but operate poorly as lasers. For some time now it has been
recognized that these radiators are potentially efficient optical pump
sources for UV and visible lasers. In fact, one of the prime candidates
for the laser driver for a thermonuclear fusion reactor has been the
Se(]S -> ]D) laser which is pumped by photodissociation of 0CSe by Xe;
f]uorescence.] The Xe; excimer was chosen as the optical source due to
the large fluorescence efficiencies (-50%) projected both experimenta]]y2
and theoreticaﬂy3 for this molecule. During the last eight months,
NRL has been investigating the possibility of using rare gas excimer
fluorescence to photolytically pump rare gas- and mercury-halide molec-
ular lasers. There are several attractive aspects of this pumping
technique, particularly for DARPA applications:

1) The pumping quantum efficiency is high due to the large

*
RG2 fluorescence efficiencies and the selectivity of the excitation

mechanism;

2) The high pressure pump region is physically separated from
the relatively low pressure active medium. Therefore,the operating para-
meters for both the pump and active medium can be optimized separately;

3) The low pressure of the active medium (< 1 atm) may ease
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the acoustic problems (shock waves) that are normally encountered in
high power, high pressure gas lasers;

4) The active medium is electron free and so upper laser level
population losses due to collisions with electrons will be eliminated,
and

5) Photodissociative pumping may reduce the optical absorption
of the active medium due to the small number of fragments produced by the
excitation process.

Figure 1 is a schematic diagram of the pumping process used to
create XeF*(B) molecules by photodissociation of XeF2. Upon absorbing a
VUV photon, an XeF2 molecule is electronically excited to an unstable
XeF; state which rapidly (< 1 ns) dissociates, forming an XeF(B) molecule
and an F atom fragment. Due to the strength of the XeF-F bond and the

7.2 eV energy of a 172 nm photon, the XeF(D) + F exit channel is inacces-
sible to the photodissociation process. For this reason, the quantum
efficiency for producing XeF(B) molecules by VUV photodissociation of
XeF2 has been estimated by Brashears and co-workers4 to be unity.

Figure 2 shows the experimental apparatus used to study photo-
dissociative rare gas- and mercury-halide lasers. A 450 keV, ~ 1 kA-cm'2
beam of electrons is used to transversely excite 5000 Torr (- 6.5 atm)
of xenon gas which is contained in a cylindrical steel cell. A Suprasil
quartz tube, which has a transmission of -~ 85% at 172 nm, is positioned
*
2
produced in the outer jacket enters the quartz tube, photolyzing 0.5-3

along the axis of the xenon steel cell. Therefore, the Xe, VUV radiation

Torr of Xer. Several hundred Torr of He are also admitted to the quartz

tube to equilibrate the XeF* vibrational manifold.
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The XeF (B > X) spontaneous and laser emission spectra obtained from
this device are shown in Fig. 3. Dominant fluorescence originates from
the low-lying v- = 0 and 1 levels although some emission out to 330 nm is
observed. When high reflectivity dielectric mirrors are positioned
around the quartz tube, laser oscillation is achieved as shown in the
lower two traces of Fig. 3. It is also evident that by varying the He
background pressure, one has control over the dominant laser line and so
a small amount of Tine-tunability is available.

The quantum efficiency of the XeF photodissociation laser is
NmaX Z 12 [hV(35‘]nm)/h\)(‘l72nm)]:. 249,

where the fluorescence efficiency of e-beam excited Xez* molecules is
taken to be 507. In the future it is planned to investigate the
efficiency obtainable in this device, possibly using cylindrical e-beam
excitation to more uniformly irradiate the xenon gas. By varying the
output coupling of the laser resonator and using NZO calorimetry to
accurately measure the Xe; radiative energy incident on the Xer, the
efficiency and absorption processes affecting the performance of this
laser may be ascertained. Studies of the relaxation of various XeF(B)
vibrational Tevels could also be conducted by photolyzing XeF2 at low
pressure.

A similar approach has been used to obtain lasing in the green from
the HgCl molecule. The laser spectrum (shown in Fig. 4) differs from
the high pressure e-beam pumped Ar/Xe/Hg/CC14 experiments in that the

558.4 nm line (corresponding to the v- = 1 » v°~ = 23 transition of the

B » X band) dominates over the usual 557.6 nm transition.
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The same experimental apparatus was used to determine the HgCl
(B »~ X) radiative transition probability. To do this, HgC]2 was
irradiated by ArCT* 175 nm spontaneous emission and the radiative decay
of the HgC]* fluorescence was recorded. As shown in Fig. 5, the HgC1*
population decayed exponentially over several time constanti. By
plotting the exponential decay constant (for a given [HgC]Zj ) versus
the HgCl2 concentration (cf. Fig. 6), the HgC1*(B) radiative lifetime
was determined to be 22.2 + 1.5 ns.

The results achieved with the HgCl laser suggest that a photo-
dissociative HgBr* laser pumped by Xe; radiation may be possible. Such
a laser may be line-tunable over a limited wavelength range in the

blue-green.

E-Beam Pumped IIB Metal-Halide Gas Mixtures

In our report of April, 1978, we described the completion of the
first stage of a program to determine the feasibility of obtaining lasing
on the B »~ X band of the cadmium and zinc-halide molecules. Intense
Cd* And Zn* emission had been obtained from e-beam pumped Ar/Xe/Cd (or
Zn) mixtures where the metal vapor comprised - 0.1-0.5% of the total
mixture pressure. These results were in agreement with the close coin-
cidence between various energy levels of Xe* and Xe; and excited states
of Zn and Cd. It was suggested that this energy transfer mechanism could
lead to ZnX or CdX lasers more efficient than the already demonstrated
HgCl and HgBr systems.

Since that time, a wide range of experiments in Ar/Xe/Cd (or Zn)/
halogen donor gas mixtures have been conducted. A new oven and laser

cell, which are shown schematically in Fig. 7, were constructed to

134




enable metal vapor pressures up to several hundred Torr to be obtained.
The oven enabled operation up to 700°C to be readily achieved and the
main feature of the heated cell is that the windows were re-entrant and
the lab air on the exterior face of the window could be evacuated to
eliminate metal condensation on the window.

The result of these experiments is that although large concentra-
tions (1014 - 10]5 cm_3) of Zn*(3P) or Cd*(3P) could be created by rare
gas-metal energy transfer, formation of the desired metal halide molecule
was not demonstrated. Apparently, the pre-reaction problems that have
been encountered at - 200°C in HgCl laser mixtures are much more severe
(as would be expected) at the 400 - 700°¢C operating temperatures
encountered here. Pre-reaction is so fast that even with flowing the
gas mixture, no molecular emission was observable. Upon removing the
halogen donor (such as CC14) from the gas stream, the metal atomic
emission again became strong. A wide variety of halogen donors were
tested in an unsuccessful attempt to find one with a halogen bond strong
enough to withstand the high temperatures.

For this reason, we have begun to look at several diatomic metal
vapor molecules where mercury is one of the atoms composing the molecule.
In particular, the purpose of the project is to determine the feasibility
of populating (in e-beam excited gas mixtures) a low-lying metal vapor
excited state that is connected to ground by a strong optical transition.

W 1020 cm-3)

In the presence of a large (10 background Hg concentration,
this fast atomic transition should be perturbed strongly by the forma-
tion of a bound diatomic molecule. The reason for investigating such

systems is to find a bound-free (dissociative) laser system with a
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relatively large stimulated emission cross-section. The dissociative
molecuies under study by DOE, for instance, such as CdHg have stimu-
lated emission cross-sections on the order of 10']9 cm+2.

One of the prime candidates to be studied is the magnesium-mercury

molecule. Although not shown in Fig. 8, the L

P level of Mg is connected
to ground by a resonant transition at 285 nm. Perturbation of this level
by Hg could result in bound-free emission for 1>320 nm in the UV. The
emission profile of this molecule would be homogeneously broadened and
thus an ideal candidate for a tunable laser. To pump the MgHg* excited
state, it is obvious that the NZ(A) state vibrational manifold overlaps
various Mg* excited states. Therefore, Ar/NZ/Mg gas mixtures may be
effective in efficiently populating these levels which are, in turn,
optically connected to the 1P] state.

In conclusion, photolytic pumping of the XeF and HgCl lasers has
been demonstrated. Studies of the potential efficiencies and limita-
tions of these lasers are ongoing. Also, although spontaneous emission
from the ZnX* and CdX* molecules in e-beam excited Ar/Xe/Zn (or Cd)/
halogen donor gas mixtures has not observed, an oven-laser cell combina-
tion that is ideal for the study of several metal molecules has been
constructéd and tested.
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Fig. 3. Spontaneous emission and laser spectra for XeF2 photodissociated

*
by Xe2 fluorescence. By adjusting the He background pressure

(from 400 to 700 Torr shown here) limited line tunability of

the laser can be achieved.
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Fig. 4. Spontaneous and laser emission spectra for the HgCI* molecule
*
again photolyzed by Xe2 emission. The dominant laser line is the v- =

1 »v”” = 23 transitiongf the B - X band at 558.4 nm.
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Fig. 5. Temporal dependence of arc1” (175 nm) and ch1* (558 nm)
fluorescence waveforms. The exponential decay of the HgC1*

trace can be used to determine the HgC]* radiative lifetime.
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vuv-pumped HgCl laser®
J. Gary Eden

Naval R, h Lab

Washi

D.C. 20375

» .
(Received 9 June 1978; accepted for publication $ July 1978)

Photolytic pumping of the HECI"(B—X) laser has been demonstrated. Oscillation at $57.6 and 558 4 nm
was obtained by irradiating HgCl, vapor and helium with incoherent Xe®*; emission at 172 nm from an e

beam-excited xenon

plasma. Also, by photodissociating HgCl, with ArCI® (175 nm) fluorescence, the

HgCI(B) state radiative lifetime was determined to be 222+ 1.5 ns

PACS numbers: 42.55. Hq, 31.50 + w

Since the initial demonstration of lasing from HgCl
and HgBr utilizing electron-beam pumping, ? 3 surge
of activity on the mercury-halide laser family has pro-
duced stimulated emission from HgCl and HgBr with
e-beam-sustained™* and uv preionized discharge exci-
tation® of rare-gas/Hg/Cl,, CCl,Br, or Br; mixtures.
Unfortunately, chemical reaction of the mercury and
halogen donor in these systems has forced the use of
flowing gas mixtures® or fresh gas fills for each laser
pulse, ?

Recently, several investigators®’ have successfully
induced lasing on the F — X band of HgX (X =Cl, Br, or
I) by dissociating the salt HgX, by electron impact.

One of the attractive features of these dissociation
lasers over the Hg ‘haiogen donor chemical laser has
been pointed out by Schimitschek and Celto® who noted
that the salt molecules appear to be recycled following
dissociation and subsequent lasing, For example,

HgCI(X) + C1 + He - HgCl, + He + aAF, m

This process has presumably enabled these devices to
operate for long periods of time without any noticeable
degradation of the output power ‘pulse,

Stimulated emission on the (0,22) and (1, 23) lines of
the P —~ X band of HgC1*, by photodissociating HgCl,
with the vacuum ultraviolet (vuy) spontaneous emission
from the Xe? excimer, has been observed and is de-
scribed in this paper. Also, from pulsed photolysis
experiments using ArCl* (175 nm) fluorescence, the
HECL(F) state radiative lifetime has been measured to
be 22,2:1,5 ns,

Previously, HgBr and Hgl photodissociative lasers
have been reported® where an ArF discharge laser was
used for the optical pump, However, since the wave-
length threshold for photolytic production of HgCL(B)
molecules from HgCl, is ~188 nm, * an opt ically pumped
HgCl laser has not been previously developed due par-
tially to experimental difficulties associated with the
vuv,

Wieland'® has studied the absorption spectrum of
HECl, in the ultraviolet and found it to be dominated by
two continua with maxima lying at 181 and 185 nm,
Subsequent to absorbing a photon at one of these wave-
lengths, a HgCl, molecule 1s dissociatively excited and
the products are a Cl atom and a HgCl molecule in a
low-1ying vibrational level of its lowest excited elec-
tronic state /7,

Y'Work supported in papt by DARPA and ONR.
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For the laser experiments described below, vacuum
ultraviolet fluorescence from the Xes excimer was
used to photolyze HgCl,. In this case, the excess
energy above that required to photolytically produce
a HgC1(B) state molecule is ~0, 6 eV, and so

HgCly+ hv(172 nm) — HEC1# —~ HgCI(F, 1’ <30)+ Cl + AF,
(2)

where (1) the F state vibrational constants given by
Wieland' have been used to compute the highest vibra-
tional level accessible by Xes photolysis and (2) 0 - aF
=0.6 eV. Although the HgCl7 triatomic species is a
precursor to HgC1(F) formation, comparisons between
the Xes pump and HgCl(R — X) fluorescence waveforms
lead to the conclusion that the HRCls lifetime is <1 ns,
This is, as noted by Maya, ! significantly shorter than
the ~10-ns lifetime for HgBr} calculated from uv ab-
sorption data,

The high fluorescence effic iencies projected for the
rare-gas dimers® (~507) make these excimers attrac-
tive sources of intense vuy radiation for optical pumping
of a variety of molesular lasers. Recently, ! Xe? was
shown to be suitable for inverting various transitions of
the XeF (F — X) band by photodissociating XeF,.

To produce the xenon excimer fluorescence used in
these experiments, ~5000 Torr of Xe was transversely
excited by a high-current (~1 kA cm™) beam of 450-keV
electrons in a 50-ns FWHM pulse. A Suprasil quartz
tube (transmission - 85 at 172 nm for a 1-mm wall
thickness) containing HRCl, and 200 Torr He was posi-
tioned aiong the axis of the cylindrical xenon cell to
provide for coaxial coupling of the Xes vuv radiation to
the HgCl, vapor. The excitation length of the cell was
~15 em. Two metal foils, one 37, 5- um-thick titanium
and the other 37, 5- um-thick Inconel, were used to
Separate the electron-beam gun from the high-pressure
Xenon region, A more detailed description of the elec-
tron-beam generator and the Xenon photolytic cell can
be found in a recent paper, !

The quartz laser cell (which included Suprasil win-
dows fused onto the cell ends at Brewster's angle) was
baked out under a vacuum of - 10 Torr and sealed after
several milligrams of HeCl, and 200 Torr of He were
admitted to the cell. For the laser experiments, the
optical cavity consisted of two dielectric-coated spheri-
cal mirrors of 5-m radius of curvature separated by
=30 cm,. Onme was a high reflector (99,57 at 557 nm)
and the transmission of the output coupler was mea-
sured to be 4 7. Laser and fluorescence spectra were
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recorded by a 1, 0-m Czerny-Turner spectrograph and
positive-negative film, A photodiode with a 5 - 5 photo-
cathode response and a green bandpass filter (T =15%
at A, — 535 nm: ax ~ 90 nm) monitored the HgCUE — X)
emission propagating along the axis of the laser cell,

In addition, the temporal dependence of the Xe! vuv
fluorescence was studied by mounting a sapphire window
on the xenon cell and viewing the spontaneous emission
with a bandpass filter (7, =18 at A, =172 nm; ar = 20
nm) and a solar blind photodiode. The temperature of
the laser cell was measured by Chromel- Alumel ther-
mocouples and the HgCl, particle density was detei-
mined from the vapor-pressure equation. '

Investigations of the spectrum emitted by 172-nm
photolyzed HgCl, reveal that only the HgCL(E — X) band
{shown in Fig. 1) is produced. Although peak fluores-
cence occurs around 557 nm, significant emission can
be seen out to 500 nm which is consistent with the
exothermicity of Eq. (2). Stimulated emission occurs
on both the (1,23) and (0, 22) lines of the ' -=X band of
HgC1® at 558, 4 and 557. 6 nm, respectively. Strongest
lasing is observed on the »''= 1 - 1" =23 transition which
contrasts with the e-beam-pumped HgCl laser. *? The
inset of Fig. 1 shows the laser spectrum under higher
resolution (0,1 nm). Although the resolution is insuffi-
cient to resolve individual rotational lines, some struc-
ture due to groups of high rotational levels (/~50) of the
HgC1¥® (B,»’ =0 and 1) states'® is evident,

The spontaneous and laser emission waveforms are
given in Fig, 2 where the arrows denote the “on” and
“off" points for the e-beam current pulse. Both the
fluorescence and laser signals closely follow the Xef
emission waveform (not shown), Therefore, the fact
that these signals peak ~ 10 ns after termination of the
e-beam current is due to cooling of the electrons in the
Xe plasma, enhancing dissociative recombination (of
Xe; ions) which ultimately leads to Xef formation,

With the 4 output coupler mentioned earlier, a laser
output of several uJ in @ ~50-ns FWHM pulse was ob-
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FIG. 1. Densitometer tracings of the HgCl (£ = X) fluores-
cence (top trace) and laser emission spectra produced by the
photodissociation of HECl, by Xet (172 nm) emission. The
spectrograph resolution of ~0.4 nm is insufficient to clearly
resolve the two laser lines at 557, 6 and 558.4 nm. The inset
shows the laser spectrum obtained with spectrograph resolu-
tion of 0.1 nm. For these spectra, 7~400° K, MgClLl

< 1.6« 10" em™ and [Hel ~ 6« 10" ¢cm™; xenon pressure in
the photolytic cell was 5000 Torr.
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FIG. 2. Tipical spoatancous (topd
b and la<er emission waveforms.
he two arrow = denote the begin-
ning and termination of the clec-
tron-heam current pulse, The cell
temperature and, hen Mgl
]/ are the same as for Fig. 1 and
N P'xe” 5000 Torr., The fluorescence
trace closely follows the Ne? pump
pulse (not shown), Horizontal
‘ “ seale: 20 ns division: vertical units

arbitrary.

tained, Although the resonator was probably over-cou-
pled for the experiments, other mirrors were not
available. More uniform pumping of the xenon by utiliz-
ing a coaxial e-beam diode would likely increase the
system’s efficiency. Also, although HgBr, and Hgl,
absorption spectra in the uv are known,'! few data
appear to be available for HgCl, but would, along with
HgC1(F) quantum yields versus wavelength, be valuable
in designing a HgCl laser cell of the proper diameter.
Scaling of the laser cell's diameter is especially im-
portant since it was found that the HgCl photolytic laser
produced maximum output power at cell temperatures
of T~400°K (HgCL| ~1,6x10' cm™) and sharply
diminished for elevated temperatures, Since this ob-
servation indicates that HgCl, strongly quenches the
HgC1(B) state, increasing the diameter of the laser
tube is the simplest way of absorbing more pump
radiation, Extraction of the power stored in the various
HgC1(F) state vibrational levels would be improved by
using higher He pressures in the laser cell. Presum-
ably, the helium pressure could also be used to control
the dominant laser line as was possible with the XeF
photodissociation laser, '3 Finally, repetitive pulsing

of the laser showed no observable decrease in the out-
put power and no unusual deposits on the laser tube
walls, These observations are consistent with Eq. (1)
and the results reported by Schimitschek and Celto®
and Burnham,’

To determine the radiative lifetime of the HgCl(B)
state, several fluorescence measurements using
ArCl* (175 nm) spontaneous emission to photoexcite the
HgCl, were made. Knowledge of the radiative lifetime
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FIG. 3. ArCl® (—) and HgCl (£ - X) (@) fluorescence wave
forms for 2000 Torr Ar 10 Torr Cl, in the photolytic cell,
MeCl,1=2. 7+ 10" em™ and [He]= 6~ 10™ em™.
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FIG. 4. Dependence of the
o exponential decay constant
PSS =1 on the gCL, particle den-
sity. The e density was
fixed ot ~6- 10" ¢cm™, The
zero=density asymptote of

= the least-squares fit to the
Poacs,] (0%em® {ata (solid line) gives the
HgCl (B — X) radiative life-
time of 22. 2 ns and the slope
of the line yields ky- 9.2
< lﬂ-ll L'm" !(‘l‘.'.
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is particularly useful for laser modeling studies and
yet its accurate measurement depends on a pump pulse
with a short decay time. For this reason, ArCl® emis-
sion and the same experimental apparatus were used.
Fluorescence from the ArCl* excimer was obtained by
e-beam excitation of 2000 Torr Ar 10 Torr Cl, gas mix-
tures and has been employed previously to measure
quenching rates for the XeF(B) molecule, '* Typical
ArCl1® and HgCl(K — X) waveforms observed for these
experiments are shown in Fig. 3 for [HgCl,| > 2.6x 10"
cm™ and [Hel >~ 610" cm™. After the termination of
the ArC1* emission, the HgCl*(B - X) signal decreased
exponentially over two orders of magnitude and several
time constants. Due to the rapid decay of the ArCl*
pump pulse, the destruction of HgC1(B) molecules by
radiation and collisions is described by the relation

[HgCU(P)| = [HgC1(B) ], exp(~ t/7), @)

where 7' = 77! 4 i [HgCL,], T ] indicate particle densi-
ties, 7, is the F state lifetime, and kg is the rate con-
stant for quenching of HgC1* by HgCl,. Equation (3) as-
sumes that loss of HgC1(F) state molecules by two-body
collisions with the He background gas is negligible,

Data analysis, then, consisted of recording
HgCL(F — X) spontaneous-emission waveforms on an
oscilloscope for various values of [HgCl,|. These
traces were then digitized by computer and the falling

portion of each waveform was fit to a single exponential
.

Figure 4 shows the dependence of 7! on [HgCl,] and
the least-squares fitting of the data points is represent-
ed by the solid line. The zero-density intercept of this
line yields the HgC1(B) radiative lifetime as 22,2+1,5
ns. Since a group of vibrational levels, extending up
to 1’ ~22, were excited in these experiments, the
radiative lifetime measured here represents an average
over those levels, This value is comparable to the
HgPBr lifetime of 23, 2 ns measured by Djeu and Mazza'’
using a laser-iaduced fluorescence technique and is
also in good agreement with the theoretical calculations
of Duzy and Hyman'® who predicted 20 = for the
HgC1(B) state lifetime.

Taking 0,7, to be 1x10™ cm®s (Ref. 1) where o,
is the HgCl(B) stimulated emission ¢ross section and
7, is the radiative lifetime determined above, o, is
found to be 4,5x107* em?,

497 Appl. Phys. Lett, Vol. 33, No. 6, 15 September 1978

The slope of the solid line gives the rate constant for
quenching of HgCl, as kg~ (9.2£1.1) 107" e~ 57!,
This rate constant and the radiative lifetime are impor-
tant for improved design of HgCl electric discharge dis-
sociation and photodissociation lasers and for determi-
nation of the HgC1(B) fluorescence efficiency under
various excitation conditions,

In summary, by photodissociating HgCl, vapor with
incoherent vuv radiation, stimulated emission on the
(0,22) and (1, 23) lines of the B — X band of HgCl has
been observed. The selectivity of the photolytic pumping
mechanism and low total pressure of the laser medium
suggest the desirability and feasibility of developing a
closed-cycle HgCl laser with an efficiency approaching
the quantum limit of 15°/, In addition, the measurement
of the HgC1(F) radiative lifetime (22,2: 1.5 ne) and the
rate constant for quenching of the P state by HgCly will
be valuable for future studies of the HgCl laser system,
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XeF(B — X) laser optically excited by incoherent
Xe,* (172-nm) radiation
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Incoh optical pumping of the XeF laser has been demonstrated. Stimulated emission on the B = X band of
XeF at 349, 351, and 353 nm has been obtained by photolyzing XeF, with Xe.* spontaneous emission (172 nm)
Peak power of ~1.3 kW in a ~30-nsec FWHM pulse has been observed from a high-@ resonator (~0.1% transmis-

sion/mirror)

Laser oscillation on the B — X band of XeF at 350
nm has previously been demonstrated for electron
beam,!2 e-beam sustained,* and discharge pumping*®
of rare-gas-NFj (or F;) gas mixtures. Efficiencies for
this laser have been limited to <3% for e-beam opera-
tion using Ne as the diluent® and to 1% for excitation by
a fast electric discharge.” However, the ability of op-
tical pumping to populate an electrc »nic state of interest
selectively has not previously been applied to the exci-
(ation of the rare-gas-halide lasers.

Both rare-gas-halide and rare-gas-excimer radiation
have been successfully utilized as optical pumps for
lasers in the near-infrared to ultravioiet ragion of the
spectrum. Rare-gas-halide fluorescence’ and laser
radiation®® have been used to excite the I (1.3-um) and
In (0.451-um) atomic lasers and the HgBr photodisso-
ciation laser. The attractive features of the rare-gas
excimers as sources of incoherent pump radiation for
electronic-state lasers have been pointed out by Murray
and Rhodes,!” who investigated the use of Xe,* or Krp*
vacuum-ultraviolet (VUV) fluorescence as excitation
sources for amplifiers (operating on the auroral and
transauroral lines of selenium and sulfur) for eventual
use in thermonuclear fusion studies. In particular, the
high fluorescence efficiencies (~50%) projected for the
rare-gas excimers both experimentally'! and theoreti-
cally'? point to electron-beam-excited rare-gas plasmas
as potentially efficient optical pumps for visible and
ultraviolet la  s.

Recently, strong XeF(B —~ X) fluorescence from the
pulsed photolysis of XeF; by VUV radiation was re-
ported.'” In this Letter, incoherent optical pumping
of the XeF laser by photodissociating XeF; with Xe,*
vacuum-ultraviolet spontaneous emission is described.
Oscillation at 349, 351, and 353 nm has been observed
with peak powers of ~1.3 kW in a 30-nsec FWHM pulse
from a low-loss optical cavity.

A partial schematic diagram of the photolytic laser
cell is shown in Fig. 1. An electron beam generator,
consisting of an 8-Q water-filled, coaxial Blumlein
driven by a LC generator, was used to deliver a 50-nsec
FWHM. 450-kV voltage pulse to a diode composed of
a carbon cathode and stainless-steel-mesh anode. For
a diode gap of ~1.5 cm, the beam current was ~110 kA.
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After leaving the diode, the e beam penetrated two
925-um-thick titanium foils situated ~1 cm from the
anode and entered a cylindrical stainless-steel cell
containing high-pressure (~3-7-atm) Xe gas. The two
metal foils were supported by a 4-mm-thick slotted
plate with 42-cm? of open area and a transmission of
~60%. Roughly 50% of the electron current emerging
from the diode reached the Ti foils, giving an e-beam
flux of ~1 kA cm~2 over the excited area. Aluminum
and gold gaskets used in the past'* to seal foils to the
laser cell have been discarded in favor of welding the two
foils, one to the laser cell and the other to the foil sup-
port plate. In this way, vacuum integrity of the laser
photolytic cell and e-beam diode could be maintained
separately.

Electron-beam excitation of the xenon gas (2500~
4500 Torr) produced intense Xe,* (O,* —+ ground)
emission at 172 nm,!51% which was transmitted by a
12-mm-o.d. Suprasil quartz!” laser tube containing a
mixture of XeF5 vapor and helium. The absorption
spectrum of XeF; in the vacuum ultraviolet, which is
dominated by the 10 o, — 7o, continuum peaked at
~158 nm, has been investigated by Jortner et al.}*
Irradiation of XeF, by 172-nm emission results in the
rapid, photodissociative production of XeF(B) mole-
cules: "

XeF,(1Y) + hv(172 nm) = XeF,* —~ XeF(B) + F.(1)
The subsequent XeF(B -+ X emission at 350 nm was

XeF, + He VUV Quar
4 W Tube
MRt | ERDESRRELVE Ay i
R { 3 et
e —
Foils

- \
£-BEAM Support Plate

-

L em

Fig. 1. Schematic diagram of the photolytic cell and quartz
laser tube. The gap between the support plate and the laser
cell has been expanded for clarity.
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Fig. 2. Densitometer tracings of (a) XeF(B —+ X) fluores.
cence spectrum obtained with photolysis of 2.0-Torr XeF,,
700-Torr He mixtures, (b) laser spectrum using high-reflec-
tivity mirrors and same gas mixture as (a), (c) laser emission
observed with 2.0-Torr XeF; and 400-Torr He mix. The Xe
pressure in the outer cell for all three traces was 2500 Torr, and
the spectrograph resolution was ~0.3 nm.

monitored along the laser cell axis by a S-5 surface
photodiede or by a 1-m Czerny-Turner spectrograph
(in first order) and positive-negative film. Laser and
spontaneous emission spectra were obtained by scan-
ning the film negatives with a microdensitometer. For
laser-power measurements, the photodiode and neu-
tral-density filters were calibrated against a carbon
calorimeter using a L.5-mJ-output XeF discharge laser.
Two dielectric mirrors of 5-m radius of curvature, sep-
arated by ~30 cm, formed the stable laser resonator.
The reflectivity and transmission of each mirror at 350
nm was R > 99% and T ~ 0.1%, respectively.

After installation in the photolytic apparatus, the
quartz laser tube (with Brewster-angle Suprasil win-
dows at both ends) was evacuated to < 10->Torr. Ap-
proximately 1 g of xenon difluoride was placed in a
quartz sidearm and degassed, using dry-ice cooling and
continuous pumping. The rare gases used in these
experiments were of research-grade purity, and all gas
handling lines were made of Teflon to prevent loss of
XeF; through reaction with the walls,

Typical operation of the photolytic laser involved
filling the stainless-steel cell with ~2500-Torr Xe and
the quartz laser tube with 0.5-3.0-Torr XeF, and
100-700-Torr He. The spontaneous and laser emission
spectra of the XeF laser for 2.0-Torr XeF; and 700-Torr
He are shown in Figs. 2(a) and 2(b). Dominant XeF*
fluorescence originates from low-lying XeF(B) vibra-
tional levels, although some emission out to ~330 nm
is observed. Laser oscillation occurs at 349, 351, and
353 nm, which have been identified!?20 g (v’ p*) =
(2,5), (1,4), and (0,3) transitions of the B —» X band of
XeF, respectively. Collisional relaxation of the B-state
population has an obvious effect on the laser spectrum,
as shown in Fig. 2(c), which shows the lasing lines ob-
tained with a 2.0-Torr XeF; + 400-Torr He mixture.
With no He in the quartz cell, stimulated emission was
obtained on the 349-nm line only; the other transitions
appeared above ~50-Torr He. Relaxation of the
upper-state vibrational manifold presumably explains
why the 349 transition has not been seen in e-beam-
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excited XeF lasers®? and is weak in discharge-pumped
systems, 4.5

Laser and spontaneous-emission waveforms are
presented in Fig. 3. With the outer excitation cell
evacuated, a small amount of XeF(B -+ X) emission is
observed as shown in Fig. 3 (trace a). Since this fluo-
rescence was observed only with the excitation cell
evacuated, then the waveform of Fig. 3 (trace a) is likely
¢ e to XeF pumping from radiation emitted by the e
beam striking the quartz cell, Also, laser emission could
not be obtained under these conditions. However, with
the addition of 2500-Torr Xe to the outer cell, the
550-nm fluorescence increases greatly [cf. Fig. 3 (trace
b)], and, though delayed in time with respect to the start
of the e-beam current, the XeF emission closely follows
the Xe,* pump pulse (not shown).

As shown in Fig. 3 (trace ¢), the laser emission follows
the fluorescence after a delay of ~25 nsec. Measure-
ments of the peak laser power as a function of XeF; and
He partial pressures in the gas mixture are shown in
Figs. 4and 5. The steep rise of laser power in Fig. 4 is
due to the increasing optical thickness of the photolytic
medium, and the inflection in the curve at 2-Torr XeF,
reflects the large rate constant for quenching of XeF(B)
by XeF., recently measured!* as 2.6 X 10710 ¢pyd gee—1,
In contrast, helium is known to quench the exciplex at

A%
I/ N
—

20 ns

Fig. 3. Fluorescence and laser emission waveforms: (a)
fluorescence obtained from 2.0-Torr XeF,, 700-Torr He
mixtures in the laser tube, outer cell evacuated: (b) sponta-
neous emission from the same gas mixture as (a) but 2500-
Torr Xe in the outer cell, and (¢) laser waveform using 2.0-
Torr XeF,, 700-Torr Me gas mixture, and 2500-Torr Xc¢ in the
photolvtic cell. Signal (a) 1s shown doubled for comparison
with (b); vertical scale: arbitrary units. The arrow on the
baseline denotes the start of the e-beam current.
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Fig. 4. Variation of photolytic laser peak power with XeF,
partial pressure. The He pressure in the laser tube and the
Xe pressure in the outer cell are both fixed at 700 and 2500
Torr, respectively.
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Fig.5. Dependence of peak power on He pressure for a fixed

XeF, partial pressure of 2.0 Torr. The Xe pressure in the
photolytic cell is again 2500 Torr.

a relatively slow rate (4 X 10~'% cm” sec™!) (Ref. 13);
thus the rare gas serves only to equilibrate the XeF*
vibrational manifold, which occurs around 400 Torr
(Fig. 5).

The maximum laser power realized in these experi-
ments from a high-Q optical cavity (mirror transmission
~0.1%) is ~1.3 kW in a ~30-nsec FWHM pulse, for an
integrated energy of ~0.04 m.J. Axial spectra of the
lasing medium confirm that power extraction in these
experiments is poor since significant fluorescence from
high-lying XeF vibrational levels is observed during
lasing (i.e., manifold relaxation time is long compared
with the laser pulse). Therefore, higher He buffer
pressures and greater output-mirror coupling will be
required to exploit the efficiency of this laser fully.

Further improvement in the performance of this
device could also be expected if the pumping of the
xenon photolytic medium were more uniform.
Transverse pumping as used in the experiments de-
scribed here is certainly not optimal. Using a MgF,-
overcoated aluminum reflector in the photolytic cell or
pumping the rare gas with a coaxial e beam would likely
improve the system'’s efficiency considerably. Finally,
for 2 Torr of XeF,, the 1/e absorption depth at 172 nm
is ~5 cm.'® Therefore, laser cells of ~10-cm diameter
could be constructed to realize high output power.

The quantum efficiency of the XeF photodissociation
laser using the experimental approach described above
is:

Nmax ® 1/2 [he(351 nm)/He(172 nm)] = 24%, (2)

where the fluorescence efficiency of e-beam-excited
xenon is taken to be 50% and the quantum yield for
production of the XeF(B) state (when XeF, absorbs a
172-nm photon) is assumed to be unity.?! Of course,
the efficiency of coupling of the vacuum-ultraviolet
radiation to the XeF, vapor will limit the maximum
efficiency attainable for this system.

The photolytic XeF laser has several advantages over
conventional-discharge or e-beam-pumped systems.
The low-pressure ( <1-atm) laser medium avoids the
index-of-refraction gradients in the lasing volume [ex-
perienced in high-pressure (2-5-atm) XeF lasers| that
deteriorate beam quality. Also, pumping is selective
and clean—the pumping process does not create opti-
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cally absorbing fragments, as is the case with NF; in
e-beam-pumped rare-gas-fluoride lasers.2? Since the
laser fuel is a solid, the design of a more-compact laser
becomes feasible. In fact, at the time of this writing, it
was learned that Basov and co-workers have recently
and independently pumped XeF using vacuum-ultra-
violet radiation from an open discharge in XeF», Ny, and
Ar gas mixtures.??

In conclusion, incoherent optical pumping of the XeF
laser has been demonstrated. Stimulated emission at
349, 351, and 353 nm was obtained by photolyzing XeF,
with Xeo* 172-nm spontaneous emission.

The author is indebted to D. Epp and C. Mullins for
constructing the laser cell and R. W. Waynant for many
helpful discussions. This research was supported in
part by the Defense Advanced Research Projects
Agency.
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THE POSSIBILITY OF A RgOH LASER

Introduction

Unstable chemical species have often been observed for the first
time in matrices at cryogenic temperatures. An example is XeF which
was detected by means of electron spin resonance in a single crystal of
XeF4 irradiated at 77°K.(]) More than one decade later the fluorescence
of excited XeF and similar compounds was reported in the gas phase.(z'B)
Shortly after the fluorescence data was reported, laser emission on

(4-5)

excited XeF and similar compounds was published. Recently,

excited rare gas hydoxides (RgOH*) were reported for the first time.(ﬁ)
These species were observed in emission at 4.2°K in a matrix. In this
paper we report an attempt to observe RgOH* in fluorescence in the gas
phase. We have also examined the possibility of a RgOH* laser. A
RgOH* laser is of interest because the laser transition is bound-free
and in the visible region of the spectrum.
Approach

Goodman and Brus(]) presented data on ArOH*, KrOH*, and XeOH*.
We selected XeOH* for study because it emits over the range 380-500 nm
where absorption by excited states is relatively unimportant.(7) Two
complete mechanisms for the production and decay of XeOH* are given

in Table 1. The basic idea of the two mechanisms is the efficient vuv

*
photolysis of H20 to yield OH(A) which combines with Xe to form XeOH .




This idea contrasts with recent work where xenon excited states were
allowed to react with HZO to form a more highly excited XeOH
species.<8)
In the photolysis mechanism, vuv radiation is generated by the
electron beam excitation of Ar, steps 1 and 4 (see Table 1) followed by
collision processes 2, 3, 5 leading to Arz*. Arz* emits vuv radiation,
step (6), which is absorbed by HZO’ step (7), or which escapes the cell,
step (8). Steps 7-8 were evaluated assuming an optical path length of
1.0 cm which is representative of the shortest dimension of our laser
excitation cell. In order to obtain reasonable yields of Arz* it is
necessary to consider only mixtures with low concentrations of Xe and
HZO' Consequently, the OH(A) from the HZO photolysis is expected to
react with Ar, step (8), as an intermediate to forming XeOH* via step
10. The XeOH* decays by step 11. Steps 12-18 represent unwanted side
reactions which are to be avoided by the choice of the gas mixture.
The mechansim was evaluated by means of a computer code (9) in
which the initial concentrations were chosen to favor the photolysis
mechanism and avoid quenching reactions. The electron beam current
was chosen to be representative of the NRL gun - 500 A/cm2 of 500 KV
electrons. Sample computer-drawn plots are given in Figs. 1 and 2.

15 _ 10'0) of xeOH" are

Both figures show that high concentrations (10
possible under the given experimental conditions.

We also evaluated a second experimental arrangement. In this
arrangement the e-beam qun is used to pump a compartment filled with

the high pressure Ar gas. The 128nm fluorescence from the excited Ar
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radiates into an adjacent compartment filled with a Tow pressure mix-
ture of Xe and H20. This arrangement eliminates some unwanted side
reactions but does not utilize the fluorescent emission as efficiently.
Our computer analysis of this arrangement showed no clear cut advantage
between the two arrangements. The steps modelled by the computer are
given in Table 1, part 2. The steps are similar to those in Table 1,
part 1, except for the steps involving the radiation and absorption of
the 128nm light. It was assumed that only 5.2% of the emission passed
through the Xe-HZO compartment.
Experimental

A limited number of experiments were carried out. (The results
are presented in a qualitative manner. (Because measurements were not
extensive.) The first set of experiments involved e-beam pumping(s)
of Ar-Xe-H20 mixtures similar to those indicated in Figs. 1 and 2.
Moderate levels of OH(A-X) emission were observed showing that high
concentrations of OH(A) were present in the gas. Moderate OH(A-X)
emission shows the presence of high OH(A) concentration because the
radiative lifetime is -1us(10). Other researchers have reported high
OH(A) concentrations resulting from e-beam excitation of Ar-H,0 mix-

(11,12) foo *
Emission from XeOH at wavelengths longer than the

tures.
OH(A-X) wavelength was sought but not found. Additional experiments
were done with Ar-Kr—HZO mixtures but once again OH(A-X) emission was
observed without observation of KrOH* emission.

There are a number of possibilities for the non-observation of

*
RgOH emission. Two of these possibilities are rapid quenching of

* * *
ArOH or XeOH by Ar or a slow formation rate of XeOH . These
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possibilities were eliminated in a second set of experiments patterned
after the mechanism in Table 1, Part 2. The experiments used a cell
with two adjacent compartments optically coupled by three L:F windows
1 cm wide by 4.5 cm long by 0.1 cm thick. The e-beam pumped compart-
ment was filled with 2500-3500 torr Ar while the coaxial cell was

filled with 2000 torr Xe or Kr plus 3 torr H,0. Once again, OH(A-X)

2
emission was observed but no RgOH* emission was observed.
Conclusion

In spite of the negative experimental results, we still speculate
that a RgOH* laser could be made under the appropriate conditions.
These conditions might be lower temperature operation where RgOH*

would be more stable or reduced Xe pressure in the two compartment

apparatus to avoid quenching.
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TABLE 1, Part 1

Qechanism and Rate Constants
for XeOH™ Formation by Direct e-beam Pumping

3

3

| Step Rate Constant

| 1. Ar+é A +e+8d 1.0E-17
2. Ar' 4 2Ar > Ar," + Ar 2.3E-31
3. Ar, e A A 1.0E-7
4. Ar+e A +8 3.05E-18

i' 5. Ar + 2Ar > Ar, +Ar 6.0E-33
6. Ar, > hv(128nm) + 2Ar 2.0E+8

» 7. hu(128mm) + H,0 > OH(A) + H 2.43€-7

B 8. hv(128nm) ~ hv(escaped)

: 9. OH(A) + Ar + Ar > ArOH" + Ar 1.0E-30

r 10. ArOH + Xe - XeOH + Ar 1.0E-9
11. XeOH™ -+ hv(440nm) + XeT OH(X) 1.0E+7
12. A+ H0 > Ar + Hy0 5.0E-10
13. Ar + Xe > Ar + Xe* 1.8E-10

| 14. Ar," 4 Xe » Xe + Ar + Ar 3.0E-10

1 15. Ar,” + H,0 » OH(A) + H + 2Ar 5.0E-10

: 16. OH(A) + H,0 » OH(X) + H,0 2.0E-10
17. ArOH + H,0 » OH(X) + H,0 + Ar 5.0E-10
18. XeOH + Hy0 » OH(X) + H,0 + Xe 5.0E-10
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TABLE 1, Part 2

Mechanism and Rate Constants
for XeOH Formation by Indirect e-beam Pumping

Step Rate Constant Reference
19. Ar+é->Ar +e+é 1.0E-17 a
20. Ar' + 2Ar > Ar," + Ar 1.0E-31 b
21. Ar," +e s A+ Ar 1.0E-7 .
3 22. Ar+é > Ar +e 3.05E-18 a
i 23. Ar" 4 2r > Ar, 4 Ar 6.0E-33 d
24. Ar, -+ hu(128nm) + 2Ar 3.18E7 r
| 25. Ar, +h (128nm, Nc) + 2Ar 1.68E8 r
" 26. hu(128nm) + H,0 > OH(A) + H 2.43E-7 £
f 27. hv(128nm) -+ hv(escaped) g
28. OH(A) + 2Xe > XeOH™ + Xe 1.0€-30 h
29. XeOH -+ hv(440nm) + Xe + OH(X) 1.0E7 i
30. OH(A) + Hy0 > OH(X) + H,0 2.0E-10 0
31, XeOH + H,0 » OH(X) + H,0 + Xe 5.0E-10 q




References for Table 1

a. Effective rate constantsderived from the product of the NRL current
density times the energy loss rate of 400 keV electrons in Ar. Further
information can be found in S. K. Searles and G. A. Hart, Appl. Phys.
Lett. 25, 79 (1974).

b. W. F. Liu and D. C. Conway, J. Chem. Phys. 62, 3070 (1975).

c. Estimated value.

d. J. LeCalve and M. Bourene, J. Chem. Phys. 58, 1446 (1973).

e. Estimated value for the transition probability. Emission spectrum
available from 0. Chesnovsky, B. Raz, and J. Jortner, Chem. Phys. Lett.
15, 475 (1972).

f. Value calculated from the H20 absorption coefficient, J. G. Calvert

and J. N. Pitts, Jr., Photochemistry, Wiley & Sons, Inc., (1966) p. 200

and an assumption that the reaction products are OH(A) and H. The
assumption is supported by work reported in L. J. Stief, W. A. Payne,
and R. Bruce Klemm, J. Chem. Phys. 62, 4000 (1975).

g. Computer code assumes that hv(128nm) escapes the cell if hv(128nm)
is not absorbed in one centimeter.

h. Estimated value. True value is almost certainly lower than this
value.

i. Estimated value.

j. J. Goodman and L. E. Brus, J. Chem. Phys 4858 (1977).

k. Estimated value from inspection of Table II, Ref. 1.

1. L. G. Piper, J. E. Velazco, and D. W. Setser, J. Chem Phys. 59,
3323 (1973).

159

= g ————— B I B o e e




m. A. Gedanken, J. Jortner, B. Raz, and A. Szoke, J. Chem. Phys. 57,
' 3456 (1972).

n. Estimated value.

o. D. Kley and K. W. Welge, J. Chem. Phys. 49, 2870 (1968).

p. Estimated value.

q. Estimated value.

r. The emission from Arz* with its transition probability of 2x108
was divided into radiation which enters the Xe-H20 compartment and
radiation which misses the Xe-HZO compartment.
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WAVELENGTH CONVERSION STUDIES

Attempts were made to Raman convert the output of KrF laser in
Ca vapor to 545 nm. The KrF laser used produced a beam of about 50 md
in 23 nsec and was less than 10 times diffraction limited. This output
was focussed into a Ca heat pipe oven containing about 10 torr of the
metal vapor. No Raman emission was observed, although a three-level
gain calculation performed earlier indicated that sufficient gain should
have been present under the experimental conditions. The failure to
observe the Raman signal is attributed to the inadequacy of the three-
level model. Indeed, detailed calculations by Rescigno1 showed that
interference among a large number of intermediate states must be con-
sidered.

As a result, our efforts have been directed towards a search for
other metal vapor converters for the rare gas halide lasers. Several
promising media have been found when the XeCl laser was used as the pump.
The most notable of these is Pb vapor, in which the XeCl output has been
shifted to 485 nm with 50% energy efficiency. Details of these experi-
ments can be found in reference 2
Reference
1. T. Rescigno, Applications of Rare Gas Halides and HF Lasers Workshop,

September 19, 1978.
2. R. Burnham and N. Djeu, Optics Letters 3, 215 (1978).
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