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;W Shao-Chi Lin
k.'(” :
L \“(\V University of California, San Diego f\/
L \ ' La Jolla, California 92093 &(‘“ \__\

3 A ,\ ‘\.‘ \

+ \ N

\‘ ‘ Abstract . v -
j y \

An experimental study has been carried out to explore the"pouibilicy
. v ! ~

A

of utilizing resonance radiation trapping as a fnethod of gain improvement for

efficient power extraction from the XeF C — A blue-green lager transition.

.

The experiment involved placing low-lo\s dichromatic mirrors to form a high-
Q optical cavity around axl\x-ray preionizes;\\hqmogeneous pulsed avalanche/
self-sustained discharge of ~1 liter volume and ~200 nsec; duration. The
double-peak spectral reflectivity of the dichromatic mirrors was ;so chosen‘(

that most of the uv resonance radiation from the XeF B - X transition assoc-
. /.'

iated with the low-order TEM modes of the optical cavity coﬁi& be trapped

while the blue-green laser radiation built up within the same cavity from the
. s

- -~

C «A—inverston could be partially coupled out. No gain imp:p#einent has been

observed, however, in such an experiment. In-“tg’ad,‘géin measurements at

. s

e

several XeF C 4 A transition wavelengths repeatedly showed large absorption ! i

losses during the early and late phases of the discharge, regardless of whether M ‘
rj i
the uv resonance radiation trapping mirrors were used or not. Various fac- ———-—uof |

—————

tors which may have contributed to these negative results are examined and —_— ;

discussed.
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- visible lasers in the 470 - 510 nm wavelength region using the C 1l

I. INTRODUCTION

There appeared to have been considerable interests in the generation of
: 32”4 ZII3/z
transition of the XeF excimer. 1-8 This transition is interesting not only be-
cause its emission spectrum happens to lie conveniently in the blue-green, but
also because it is a bound-free transition so that the resultant laser action should
be continuously tunable over the wavelength region jﬁst mentioned., Furthermore,
very lo'w population of the A-state is automatically guaranteed by the repulsive
breakup of the XeF molecule immediately after the Franck-Condon transition.
This tends to facilitate population inversion between the A- and C- states even
at relatively low rates of excimer formation.

When the C-state excimer molecules are generated photolytically, 5 the
overall lagser generation efficiency and output power can be expected to be ulti-
mateiy limited by the efficiency and power of the photolytic light source, no mat-
ter how efficient is the subsequent process of excited states utilization. On the
other hand, when the C-state is generated electrochemically in an e-beam or
electric-discharge excited rare gas halogen mixture containing low mole frac-
tions of Xe and Fz or NF3 » past kinetics studies ? indicated that the total
formation rate of the ionically bound XeF excited states can be expected to be
proportional to the current density (or electron number density ) and that the
formation efficiency is generally very high., According to the spectroscopic ]

studies of Kligler et al. 1 and Brashears et al. z. the C Zn3 / state was actual-

2
ly found to have a slightly lower ( ~ 0.08 eV ) minimum potential energy than

the B2

2; 2 State, so that statistical equilibrium at or near room temperature




would favor a much higher (i.e., about a factor of 40) population of the C ZII

state over that of the B 22'; /2 state, However, during the main part of the

3/2

e-beam or electric-discharge excitation pulse where both the mean electron
energy and the electron number density remain high, the C- and B-states can
be expected to be rapidly mixed and hence kept at nearly equal population density.
At nearly equal C- and B-state population densities, the peak spectral gain of
the C -+ A trangition will always be much lower (by a factor of 50 - 100 at gas
pressures of the order of 1 atm ) than that of the -B ~ X ultraviolet transition 10
as long as this latter transition is not saturated. This is due to the much longer
spontaneous emission lifetime 1 as well ag the much wider emission bandwidth
of the C - A bound-free trangition in comparison with thoie of the B - X bound-
bound transition. Because of this large disparity in spectral gain, it has been
found necessary in the experiments reported by Fisher et al. 6 and by Burnham8
to use anti-reflection coatings on the optical cavity mirrors in the 350 - 353 nm
region in order to suppress the B -~ X laser oscillation. At the same time, the
Q of the optical cavity was maximized in the 440 - 500 nm region to lower the
lagser oscillation threshold for the C - A tranasition. Even after such precau-
tions, C - A laser oscillations were observed only toward the end of the excita-
tion period or even in the after -glow on account of the slow intensity buildup
associated with the small spectral gain. Because of the low cavity field inten-
sity throughout the excitation period, the extractable laser power and pulse
energy from the C -~ A transition were found to be very low when compared with

what can be extracted from the B = X transition under identical excitation con-

ditions. These led Fisher et al. 6 to conclude that in order to realize the high
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power, high efficiency potential of the tunable XeF C - A transition lasger, a
m’ethod would have to be found to saturate the C ~ A transition in order to com-
pete effectively against the very rapid excited-state losses through the high-gain
B-X trmsition. Burnham8 has estimated that if the B- and C-states are
strongly coupled by electron collisions, efficient optical extraction of the C = A

transition laser would require an intracavity flux of about 10 MW/ cmz.

II. THE PROPOSED METHOD OF B - X RESONANCE RADIATION TRAPPING

As suggested in the original proposal which led to the present i.nvestigation{z

one possible method for realizing the high power, high efficiency potential of the
tunable XeF C - A transition laser is to do just the opposite of what has been
done by the other investigators 6-8 in regard to the treatment of the B - X uv
radiation. That is, instead of minimizing the Q of the optical cavity to allow
this uv radiation to escape as completely as possible to discoﬁrage B - X laser
oscillations, it was proposed that the Q of the optical cavity be maximized so
as to trap all the B « X resonance radiation 13 as completely as possible. This
can be done in principl.e. for example, through the use of a pair of low-loss
dichromatic mirrors to form the optical cavity., The double-peaked spectral
reflectivity is to be so chosen that the mirrors behave like perfect reflectors 14
over the main part of the XeF B - X fluorescence spectrum ( say, between 345
and 355 nm 10) and like good partial reflectors at the C - A transition wave
lengths (470 - 510 nm). The transmittance of the partial reflectors, 15 of
course, must be properly matched to the spectral gain of the C ~ A transition

for optimum blue-green laser output coupling. If so desired, dispersive elem-

ents ( gratings, prisms, etc.) may also be added to the optical system to provide
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tuning of the C - A laser oscillation and for selection of the laser output wave
length.

To illustr;te.how trapping of the B -« X resonance radiation may improve
the small-signal (unsaturated ) gain and hence facilitate power extraction from
the C <A transition laser, let us refer to the symbolic energy level diagram

shown in Fig. 1 and the dichromatic optical cavity mentioned in the preceding

paragraph, Before the intracavity flux reaches the saturation intensity at either

the B -~ X or the C - A transition frequencies, spontaneous emissions and ampli-
fied spontanecus emissions (ASE) will progress in the normal manner and the
radiation patterns for these emissions will be nearly isotropic. In view of the
fact that the optical cavity is open everywhere except at the mirror surfaces,
and that the solid angles subtended by these mirrors from the excitation region
are generally quite small, the usual assumption is that most of the spontaneous
emission photons and ASE photons will escape. The rates of depletion of the
B- and C-state populations per unit volurne due to these processes are accord-
ingly, nB/-rB and nc/'rc » respectively, where ng and ne denote the instan-
taneous number density of XeF excimer molecules in the B- and C-states,
respectively, while 8 and T denote the corresponding spontaneous emission
lifetimes for the two excited states. Here we have neglected the effects of ASE
on the depletion rates of ng and ne. The neglect of ASE effect on ne is cer-
tainly justifiable under marginal C -« A gain conditions. The effect of ASE on
ng could be significant at the two ends of a long excitation volume under high

gain conditions but is neglected here for consideration of the average depletion

rate over the whole excitation volume during the early phases of the excitation




and gain buildup processes. As the excitation pulse progresses, laser oscil-
lations will begin to build up. Due to the much higher gain of the B - X transi-
tion mentioned earlier, laser oscillations from this transition can be expected

to reach saturation intensities long before those arising from the C - A transi-
tion. Since the Q of the cavity at the B - X transition wavelengths is very high
one may expect the field intensity at these wavelengths to reach very high satura-
tion vilues. When this occurs, spontaneous emission may be suppressed and

the B - X radiation may become strongly trapped. This possibility is suggested

by the early observation of Kluver 16 that when a coherent signal of strong enough

initial intensity to saturate the gain of the 3.508 ym laser line was injected into
a d.c. excited He-Xe discharge, the lagser amplifier noise (i.e., amplified
spontaneous emission) was greatly suppressed. Accordingly, for the purpose
of a simple analysis, one may define a ''trapping efficiency'', to be denoted by
the symbol n, for the B - X radiation during the saturation period such that the
net rate of depletion of the B-state population per unit volume due to the spon-
taneous emission process is reduced from nB/w'B to (1 -1 )nB/TB. Even
though the numerical value of n can only vary between 0 and 1 according to
this definition, actual determination of its value on purely theoretical grounds
can be quite complicated since the nonlinear effects of close coupling between
the coherent radiation field and the molecular system must be taken into consider-
ation. 17 On the other hand, the effective value of n for any given saturated
system can at least be determined, either directly or indirectly, through some
suitable experimental arrangement. By making use of the trapping efficiency

so defined and neglecting the rates of de-population of the excited states due to




stimulated emissions, one may then write down the rate equations governing

the instantaneous number density of the B- and C-state excimer molecules:

dnB

v ~“Rs - (1 -ning/rg -~ kqp oy ng . (1)
dnc _

where Rp and R denote the rate of formation of the XeF excimer molecules
,‘ i into the B 22:/2 and the C ZHS/Z state per u.nli.t volume per unit time, respec-
tively, Ny denotes the total number density of all molecules in the gas mixture,
and kQB , kQC denote the mixture-averaged collisional quenching rate coeffi-
cients for the B- and C-state molecules, respectively. It is important to note
that when the B - X transition is already saturated, the B- and X-states are
closely coupled by the intracavity field so that np ™ ny. Thus, in neglecting
the rate of depletion of the B-state molecules due to stimulated emission by the
strong radiation field within the optical cavity, we are in effect assuming that
the rate of removal of the XeF ground state molecules XZZI /2 by collisional
dissociation (Fig. 1) is very slow in comparison with the rates of depletion of
the B-state molecules due to the untrapped B - X spontaneous emission and due
to collisional quenching. 18 The neglect of the rate of depletion of the C-state
population due to stimulated emission in Eq. (2) is, of course, completely justi-
fied since we are only considering the small-signal gain of the C « A transition

at this point

Agsuming that the B- and C-states are very rapidly mixed by electron
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collisions, one may let np = n., 80 that Eqs.(1) and (2) can be combined ;'

into a single equation,

2Eﬂ:=R-[l-n+(TB/TC)+ TBanM]nC/TB: (3)
dt

where R = RB + Rc represents the combined rate of formation of the B- and

I R A A T W TSy e

C -state excimer molecules, and kQ B kQB + ch represents the combined
quenching rate coefficient for the B- and C-states. For quasi-steady-state

excitations where dnc /dt = 0, the C-state population density is given by
nc=RTB/[1+(TB/TC)+1'BanM-'n]. (4)

From this expression, one readily obtains the ratio of C-state population densi-

ties in the presence and in the absence of B - X radiation trapping,

nc(‘n) . 1+ (TJBﬁ/TC) + TBanM

. (5)
nc(o) 1 + (TB/TC)+¢BanM-ﬂ

Using the lifetime ratio g /7. = 1/6 from Ref.11, the numerical value of

n. (n) /nc (0) is plotted in Fig. 2 as a function of n for several values of the
normalized collisional quenching rate, TBkQ Bype For the typical He/Xe/NF,
mixture cited in Refs. 6 and 8, and assuming that the combined collisional
quenching rate for the B- and C-states by He is as negligible as what has been
reported for quenching by Ne, 19 the numerical value of TBkQ Ny, is typically

of the order of 0.1. From Fig.2, it is seen that if over 80% of the B -X

radiation can be trapped, a factor of 3 or 4 improvement on the C-state
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population should be possible. Since the A-state population is always negli-
gible due to the repulsive nature of the potential energy curve, the ratio hc (n)
over n. (0) is also a direct measure of the improvement factor in spectral
gain for the C - A transition due to trapping of the B - X radiation. It is im-
portant to note from Eq.(5) that the maximum improvement in the C-state
population density, and hence the small-signal gain for the C ~ A transition,
using the method of radit.tion trapping suggested here will be ultimately limited
by the lifetime ratio ( B + T )/ s 7. Nevertheless, from> the point of
view of power extraction and generation efficiency for the XeF visible laser,

a factor of 3 or 4 improvement in small-signal gain would be very significant
since the cavity buildup time is inversely proportional to the small signal gain.
When such an improvement in small-signal giin is combined with homogeneous
excitation using electron beunszo or avalanche/self-sustained discharges of

relatively large volumes and long pulse durations, 21, 22

rapid gain saturation
and efficient high-power extraction from the XeF C - A transition over a con-

siderable part of its fluorescence spectrum should be quite possible.

. EXPERIMENTAL APPARATUS AND EXPERIMENTAL ARRANGEMENTS

To test the idea of B - X radiation trapping as a possible method for
improving the small-signal gain of the XeF C ~ A transition as outlined in the
preceding section, we have carried out a number of exploratory experiments
using the rare gas halide excimer lager research facility which has already
been successfully developed at UC San Diego under previous DARPA/ONR fund-

ings. 23

As illustrated in Figs. 3 through 8, this facility consists of a low- .




inductance discharge apparatus with a water-dielectric pulse forming network
(PFN); an x-ray preionization source driven by a high-voltage, high current

electron beam which can also be used for direct pumping of the laser gas mix-
ture or for sustaining a sub-avalanche discharge; a halogen gas handling sys-
tem; a low-inductance rail gap switch for pulse sharpening; high-voltage gen-
erators; and various timing and triggering circuits. The discharge chamber
has a maximum useable discharge volume of approximately 6 liters. It was

constructed from stainless steel, aluminum, teflon, and kynar (polyvinylidene)

and is, therefore, halogen-compatible. The particular geometries of the laser

chamber, rail gap switch, and high voltage feedthroughs were so arranged that
the nominal PFN characteristic impedance is maintained all the way up to the
electrical interface of the PFN and the laser chamber. The electrical feed-
throughs consisted of two 0.63 cm x 56 cmm rounded-edges aluminum plates in
order to provide a very low inductance high voltage connector. The total un-
matched circuit inductance is only due to the discharge volume itself and was
estimated to be less than 40 nH. The water-.dielectric PFN is essentially a
double-parallel-plate transmission line, This transmission line PFN was
designed and constructed in modular form consisting of 100 nsec sections. The
PFN can be operated at voltages ranging from 20 to 150 kV at a characteristic
impedance of a few ohms down to about 1/4 ohm, even though the nominal im-
pedance has been fixed at 0.5 ohm for most of the experiments performed so
far. 21, 22

Using the above described apparatus in the x-ray preionized pulsed

avalanche/self-sustained discharge mode, we have succeeded in generating
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very homogeneous pulsed avalanche discharges of about 2.5 liter volume at
1 atm pressure in rare gas/halogen mixtures containing typically 0.2% halogen
over a pulse duration of about 100 nsec. This is illustrated in Figs. 92 and
9¢ which show a Polaroid photograph of the homogeneous plasma luminosity
from the x-ray preionized discharge and the corresponding uniform uv laser
burn pattern on a piece of developed Polaroid filmm mounted 1 m away from the
oufput mirror. The laser pulse energy output from the 100 nsec discharge
was typically 2.5 J for XeCl, 1.4 J for KrF, and 0.25 J for X‘eF.21

The experimental arrangement for measuring the spectral gain in the
blue-green region corresponding to the XeF C ZH3/Z - AZIZL_,’/2 transition is
illustrated schematically in Fig. 10. The probe laser employed is a TRW
Model 71B pulsed argon ion laser of approximately 1 ysec pulse duration FWHM
( Full Width at Half-Maximum intensity ) and 1 W peak power. As is well
known, a free-running argon ion laser with broad-band cavity mirrors shows
many strong lines within the XeF C - A emission spectrum. These lines,
the strongest of which are located at X\ = 472.69, 476.49, 487.99, 496.51,
501.72, and 514.53 nm, respectively, can easily be separated by a dispersive
element (prism). All these lines have been utilized in our gain measurement
but the results are found to be essentially similar and show no significant wave-
length dependence.

After wavelength selection through the prism (Fig. 10), the argon ion
laser probe beam is double-passed through the gain medium generated in the
x-ray preionized discharge chamber using dielectric coated mirrors. The

amplified (or attenuated) probe beam emerging from the discharge chamber

11
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is then directed through a number of collimating lenses and filters and finally

onto an ITT biplanar photodiode inside a screen cage. A number of limiting
apertures are also used in addition to the uv filters to minimize collection of
the strong XeF BZZ - XZZ spontaneous emission by the broad-band photodiode
detector. The photo-detector output is displayed on a Tektronix 7104 oscil-
loscope* inside the screen cage and recorded on Polaroid film. Triggering
of the pulsed argon ion laser and of the x-ray preionized discharge is properly
synchronized by time-delayed pulase generators so that the discharge pulse of
100 nsec duration always occur near the peak of the argon ion laser pulse of

1 usec FWHM duration.

For generation of the XeF excimers in the discharge chamber, Xe/NF3
and Xe/Fz mixtures are used with either He or Ne as the diluent gas. Many
different mixture ratios have been tried, with the Xe concentration generally
in the range of 0.1 to 2 mol percent and NF3 or FZ varying between 0. 05
and 0.5 mol percent. The total initial gas pressure is in the range of 1 to
2.6 atm (15 to 38 psia). In all the experiments, the effective length of the
discharge electrodes is fixed at 110 cm (double-pass gain length = 220 cm).
The effective width of the electrodes is kept constant at 3 c¢cm, and the gap
spacing between anode and cathode is also fixed at 3 cm so that the effective
excitation volume is approximately 1 liter. The discharge chamber is pro-
vided with anti-reflection coated fused silica windows at both ends for good

transmission at both uv and visible w_avelengths. For gain measurements

* Due to a persistent lack of fund for updating of instrumentation at the Univer-
sity, the generous help of Tektronix, Inc., San Diego office, in providing us
a demonstrator model 7104 oscilloscope on temporary loan for carrying out
these experiments are hereby gratefully acknowledge.
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without trapping of the XeF B ~ X resonance radiation, no optical cavity mir-
rors are used at either end of the discharge chamber. For gain measurements
with trapping of the XeF B -X resonance radiation, a pair of dielectric-coated
uv mirrors of approximately 98 % maximum reflectance at A= 351 nm and 90%
transmittance at the blue-green (470 <)\ <510 nm) are mounted internally to
replace the discharge chamber end windows and aligned with the optical axis of
the out-going probe beam. These mirrors are of 2-inch diameter, 5 -meter
concave radius of curvature, and coated on fused silica substrates by the CVI
Corporation. For observation of the XeF C - A laser oscillation in the blue-
green in the presence of B - X resonance radiation trapping, the argon ion
laser probe beam is turned off and the uv mirrors are replaced by a pair of
dichromatic mirrors of 2-inch diameter and 5-meter concave radius of curva-
ture. The dichromatic mirrors, also supplied by the CVI Corporation, are
rated at 96 - 98 % maximum reflectance and 0.5 - 1% transmittance at both
the uv and blue-green wavelengths (i.e., A = 351 and 488 nm, respectively).
In addition to the gain measurements and laser oscillation experiments,
comparison of the spontaneocus emission intensities of the XeF B = X radiation
in the direction perpendicular to the optical axis of the laser oscillator cavity
in the absence and in the presence of B - X resonance radiation trapping has
also been made. These ''side-light fluorescence'' experiments were made
inside the discharge chamber using a quartz fiber bundle of 0. 25 numerical
aperture directed across the discharge gap from the side-wall teflon insulator.
The B - X uv radiation collected by the small quartz prism at the input end

of the fiber bundle is guided out of the discharge chamber through one of its

13
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end walls. The light output is then filtered by an interference filter of 12-
nm bandwidth (FWHM ) and detected by an EMI 9781B photomultiplier tube.
The output from the latter is amplified by a Mini-Circuits ZHL-32A amplifier

of 150 MHz bandwidth and displayed on a Tektronix 519 oscilloscope.

IV. EXPERIMENTAL RESULTS*

1. Gain Measurements

Gain measurements in the blue-green region corresponding to the XeF
c2n3 /2™ Azn3 /2 transition using the experimental arrangement described in
the preceding section (Fig. 10) have been carried out with the electrical length
( 2-way wave propagation time) of the water-dielectric transmission line which
drives the pulsed avalanche discharge (Fig. 7) set at 100 and 200 nsec., res-
pectively, in two distinct sequences of experiments. The two sequences were
separated by a substantial period of time (~ 6 months ) necessitated by all the
mechanica. and electrical works entailed. No significant difference in results
is observed, however, in these two sequences of experiments in spite of a
factor-of- 2 difference in total discharge time. This suggests that the time
variations of absorption and gain at the XeF C - A transition wavelengths are
probably governed by secondary rate processes not directly correlated with
the instantaneous electron number density in the long duration pulsed discharges.

In Fig. 11, we show some typical oscillographic traces of the XeF C - A

gain (or absorption) signal observed in the 200 nsec discharge experiments.

* The experimental results presented here represent the collective works done
by former graduate students Jeffrey I. Levatter, Yuh-Shuh Wang, and Karin
L. Robertson during the 21-month performance period, 1/1/80 -~ 9/30/81.

14
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The gas mixture employed here is of initial mol ratio He:Xe:NF,=996:3:1
and the total gas pressure p is 1 and 2.4 atm for the traces on the left and
right columns, respectively. The pulse-charged voltage on the transmission
line, which is initially isolated from the discharge chamber before rail gap
switching (Fig. 6), is ~ 50 kV. From the lower traces, it is seen that the
discharge voltage across the electrodes first rises rapidly upon rail gap swit-
ching, reaching a peak of ~ 50 kV, and then drops rapidly as the avalanche
process approaches completion at t ~ 20 or 30 nsec, depending on the gas pres-
sure, The discharge voltage is then stably self-sustained at a level which is
roughly proportional to the gas pressure until the end of the ~ 200 nsec period.
The voltage waveform is, therefore, very similar to those observed in the
XeCl laser discharge reported in Ref, 22. The gain coefficient plotted in
Fig. 12, which is deduced directly from the transmitted probe beam intensity
shown in the upper traces of Fig. 11 and from the known pulse shape of the
probe laser power output assuming a lifxear photodiode response, however,
indicate that the spectral gain of the excited plasma at the probe beam wave-
length A = 487. 99 nm is first negative (i.e., positive absorption) during the
avalanche phase of the discharge. It remains negative for a period of time
which appears to vary inversely with the total gas pressure p (i.e., 10 <t <
85 nsec at p = 1 atm, and 10 <t < 65 nsec at p = 2. 4 atm, where t = 0 refers
to the instant of rail gap switching). After this period, the gain becomes
positive over a time duration which is again varying inversely with the total
gas pressure ( 85 <t < 220 nsec at p= ] atm, and 65 < t < 120 nsec at p =

2.4atm). At later times, the gain returns to a negative value for the remain-

15
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der of the observation period (500 nsec) and such negative value appears to
be a rapidly increasing function of the gus pressure.

In Fig. 13, we show a plot of the time variations of the spectral absorp-
tion and gain observed in the 100 nsec discharge experiments using a some-
what different mixture mol ratio ( He: Xe: NF3 = 9986:8:6) at three different
values of the initial total gas pressure, p=1, 1.7, and 2,5 atm. These are
deduced from oscillographic traces of the transmitted probe beam intensity
similar to those shown in Fig. 11 when the electrical length of the transmis-
sion line (Fig. 6) was set at 100 nsec. The probe beam wavelength is again
487.99 nm, As in the case of the XeCl laser discharge experiments reported
in Ref. 22, the discharge voltage waveforms are also quite similar to those
shown in the lower traces of Fig. 11 except for an earlier termination of the
nearly flat self-sustaining voltage plateau at t ~ 100 nsec instead of 200 ngec.
Comparing Figs. 12 and 13, it is seen that the overall pressure dependence
and absolute values of the peak absorption and gain coefficients observed in
the two sets of experiments are surprisingly similar in spite of the difference
in initial mixture mol ratio and the factor-of- 2 difference in total discharge
time. In fact, the general waveform of the transmitted beam intensity showing
the initial absorption, subsequent positive gain, and late time absorption is
quite similar to those observed by Fisher et t1.6 in their uv preionized dis-
charge experiments of 40 nsec FWHM current pulse duration in a He: Xe: NF3
= 2280:3:2 mixture at p = 3 atm. The initial absorption and subsequent gain
were also observed by Hill et ‘1‘24 in their e-beam-excited Ar:Xe: NF, =

12160:3:10 mixture at p = 16 atm over a total observation period of ~ 100 nsec.

16




The highest positive gain observed in our experiments is from the mixture

of initial mol ratio He:Xe:NF, = 996:3:1 at a total gas pressure of 2.4 atm

(Fig. 12). Unfortunately, this mixture mol ratio and total gas pressure also

yielded the shortest period of positive gain and the highest late-time absorp-

The peak gain coef-

tion among all the mixtures and gas pressures tested.

ficient observed here, ¢p, ., ™ 2 X 10.3 cm-l. is comparable to, but somewhat i

lower than that reported by Fisher et al. in Ref. 6. In varying the mole ratio

of the He/Xe/NF3 mixture, it is found that there is no dramatic change in the

time variation of the spectral gain except when the Xe mol fraction is marked-

L] ly increased. Thus, at the mol ratio He:Xe:NF, = 979:20:1, positive gain

is observed only at p = 1 atm and at no other pressure. The use of Fz in

place of NF3 as the fluorine donor makes both the gain and absorption levels

less sensitive to changes in gas pressure, but the gain is relatively low in com-

parison with that obtained from the NF3 mixtures.

The early-time absorption observed in our experiments and in the experi-

ments reported in Refs. 6 and 24 are most likely caused by some higher-lying

excited states of Xe or by photodetachment of F~ even though no positive iden-

tification has yet been made. [ Note that the same early-time absorption have

been observed at many different probe beam wavelengths in the blue-green so

that the absorption must be broad-band, On the other hand, the blue-green

wavelengths are all below the threshold energy for photoionization of the lower-

lying Xe metastables. The absorption spectra of some of the molecular

species, such ag Xeg’ and XQQ , may algo extend into the blue-green, but

the formation rates of these species are probably too low to make these species
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significant contributors to the early-time absorption.] Continuous production
of these absorbing -_peciu during the XeF excimer formation period may well
be a major limiting factor of the spectralvgain at the C - A transition wave-
lengths.
In regard to the late-time absorption observed after the positive gain
period, Fisher et al.6 suggested that this is a beam steering effect due to the
buildup of transverse refractive index gradient rather than molecular absorp-
tion. However, we find that when binary mixtures of He/Xe and He/F, are
used in place of the He/Xe/NF3 mixture in our discharge experiments, no
absorption nor gain is observed at the same blue-green probe beam wavelengths.
The absence of beam steering effects here is probably due to the fact that the
transverse dimensions of our discharge plasma (~ 3 cm) is much greater than
the diameter of the ArT lager probe beam employed (~ 0.3 cm). On the other
hand, when the binary mixture He/NF3 is used in our discharge, late-time
absorption of magnitude comparable to that observed in the He/ Xe/NF, mix-
ture is again observed, even though there is no positive gain. This indicates
that the late-time absorption observed in our experiments must be of a mole-
cular nature. In fact. it may well be caused by some decomposed fragments
of NF3 {e.8., NFZ » NF , etc. ) even though no positive identification has ']
; yet been made.
In Fig. 14, we show a comparison of the time variations of the spectral
absorption and gain observed at \ = 487. 99 nm in the absence and in the pre-
sense of B = X resonance radiation trapping. The gas mixture employed here

is He:Xe:NF, = 9986:8:6 at p = 1 atm, and the discharge pulse duration is
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100 nsec. The solid curve is obtained from the gain measurement without
using any uv cavity mirrors for trapping the XeF B - X resorance radiation
and is, therefore, the same ag the p = 1 atm curve shown in Fig. 13. The
dotted curve shown in Fig. 14, on the other hand, is obtained by directing the
once-reflected Ar’ laser probe beam (Fig. 10) through a pair of pre-aligned
uv cavity mirrors of ~ 98 % maximum reflectance at A= 351 nm, ~ 90% trans-
mittance at A = 487. 99 nm, 2-inch diameter, and 5-meter concave radius of
curvature as described earlier in Section III. It is seen that the two curves
are identical during the early absorption period and departs from each other by
about 20% during the subsequent positive gain period, with the uv trapping
curve showing a lower gain, During the late-time absorption period, the two
curves show greater departure (~ 40%), with the uv trapping curve showing

a smaller absorption. Experiments with other He:Xe:NF, mol ratios and

total gas pressures show similar trends. In no case have we yet observed a
spectral gain that is higher with uv resonance radiation trapping than without
uv resonance radiation trapping at the XeF C ~ A transition wavelengths.

2. Lager Oscillation Experiments

Laser oscillation experiments at the XeF C - A transition wavelengths
have been performed using the stable resonator cavity formed by the dichrom-
atic mirrors withi.n which the XeF B - X resonance radiation is intentionally
trapped. Ags described in Section III, these mirrors are of 2-inch diameter,
S-meter concave radius of curvature, and dielectric-coated on fused silica
substrates by the CVI Corporation. According to the specifications provided

by CVI, these mirrors are rated at 96 - 98 % maximum reflectance and 0.5 -
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1% transmittance at both the uv and the blue-green wavelengths (i.e., at
A= 351 and 488 nm, reléectively) and were coated according to the best
available technology at the time when the mirrors were ordered. The peak
reflectance at A~ 351 nm is intended for trapping of the B —« X resonance rad-
iation as much as possible while the peak reflectance at \ ~ 488 nm is intended
for building up the C - A lager oscillation within a high - Q resonator cavity
of small but finite output coupling coefficient. The mirrors are internally
mounted to replace the end windows of the discharge chamber so as to maxi-
mize the Q of the optical cavity at the two selected wavelengths. The mirrors
are pre-aligned before each discharge, using the Art probe laser. The probe
lager is turned off before initiation of the pulsed avalanche discharge. Laser
oscillation at the blue-green wavelengths, if any, is detected by the same photo-
diode used in the spectral gain vand abgorption experiments (Fig. 10).

The results of the XeF C - A laser oscillation experiments just described
have been completely negative, in the sense that no laser power output above
the noise level has been observed using the same set of gas mixtures and over

the same range of discharge conditions as described in the spectral gain and ﬁ

absorption experiments. Since the art probe laser is turned off during the
discharge, these experiments can be considered as self-excited laser oscilla-
tion experiments in the absence of any injected signal.

In addition to the self-excited laser oscillation experiment just mentioned,
we have also performed some C -« A laser oscillation experiments with narrow-
band signal injection. This is accomplished simply by leaving the Art probe

lager on during-the pulsed discharge. In this case, the pulsed avalanche dis-
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charge is synchronously triggered with the pulsed art probe lager so that

the discharge takes place during the period of maximum probe laser intensity.
With a maximum transmittance of 0.5 - 1% for the cavity mirrors and a max-
imum Ar* laser power of about 0.4 W at A= 487.99 nm in the probe beam
of ~ 0.3 cm diameter, the injected beam power density into the optical cavity
is, therefore, of the order of 3 x 10-2 W/cmz. The XeF C - A laser oscil-
lator power output, if any, is detected together with the transmitted power of
the Art laser probe beam through the optical cavity by the same photodiode.
In view of the fact that the experimental arrangement here is actually identical
to that of the spectral gain and absorption experiments described earlier in
Section III and Sub-section IV-1, the laser oscillation experiment with narrow-
band signal injection can also be considered as a spectral gain and absorption
measurement at the XeF 'C - A transition wavelengths in the presence of
B - X resonance radiation trapping within the dichromatic optical cavity.

In Fig. 15, we show some typical oscillographic traces of the Art laser

probe beam signal at A= 487,99 nm through the dichromatic optical cavity during

the x-ray preionized pulsed avalanche discharge in the presence of XeF B - X
resonance radiation trapping under otherwise identical experimental conditions
as in the simple gain and absorption experiment illustrated in Fig. 11. As in
Fig. 11, the initial offset of the oscillographic trace is so arranged that the
zero-level of detected probe beam intensity is aligned with the bottom line of
the oscillogram. Thus, the instantaneous gain or absorption can be inferred
from the vertical position of the oscillographic trace relative to that observed

before the avalanche discharge is initiated near ¢t = 0. However, in contrast |
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to the simple gain and absorption measurement where the effective path length

is simply twice the length of the discharge gas sample, the effective total pro-
pagation path length here is determined by the Q of the optical cavity as well

as by the length of the excited gas sample. Nevertheless, the relative magni-
tudes of the peak gain and of the maximum absorption during each discharge
can readily be compared through the corresponding maximum upward and down-
ward deflections of the oscillographic trace from the initial vertical position.
Comparing the upper row of oscillographic traces shown m Fig. 15 with that
shown in Fig. 11, it is seen that the observed peak gain in the presence of XeF
B - X resonance radiation trapping is considerably lower than that observed

in the absence of B - X resonance radiation trapping,. When viewed as a XeF
C - A lasger oscillation experiment with narrow-band signal injection, the small-
ness of the incremental total detected power by the photodiode during the peak
gain period observed here indicates that the C - A laser oscillator output, if
any, is below the noise level.

3. Side-Light Fluorescence

The side-light fluorescen;e measurements (Section III) show a slight
suppression of the XeF B - X and C - A spontantaneous emission intensity
when the end windows of the discharge chamber are replaced by the monochro-
matic uv cavity mirrors or by the dichromatic uv and blue-green cavity
mirrors. The amount of suppression is only comparable to that of the sup-
pression of peak gain shown in Fig. 14. The time-variations of the XeF
B - X side-light fluorescence is qualitatively similar to that reported in Ref.

22 for the XeCl B ~ X transition.
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V. DISCUSSIONS

The negative experimental results obgerved in the present investigation
suggest that the XeF B - X resonance radiation 'trapping efficiency', n ,
as defined in our theoretical model (Section IT and Fig. 2) that can be achieved
using the available optical components is exceedingly low. In fact, the trap-
ping effect is generally so weak that it is not sufficient to overcome the factor-
of- 2 suppression of the B-state population which is to be expected during a
sudden gain-switc-ing of the B - X transgition. In our theoretical model, we
implicitly assumed that gain-switching is a relatively short transient in a rela-
tively long quasi-steady-state discharge. Thus, in our analytical model, we
assumed that in the quasi-steady-state period under consideration, the B - X
trangition is already optically saturated after gain-switching, and the B- and
X-states are closely coupled by the strong intracavity field so that ng = Dy .
Furthermore, it was assumed that the B- and C-states are rapidly mixed by
the free electrons and that the rate of removal of the weakly-bound X 22;' /2
ground electronic state by collisional dissociation (Fig. 1) is very slow. Thus,
even though the C-state population may be momentarily depressed together
with the B-state population during the B - X gain-switching, one may expect
a rather rapid recovery and eventual increase of the combined B- and C-state
population beyond the pre-gain-switching level. This would be the case, for

example, if the kinetic rates of production of the B- and C-states remain very -

- high in comparison with the total loss rate of the B- and X-states due to incom-

plete resonance radistion trapping and collisional dissociation after gain-gwit-

ching. sinco this expected rapid recovery and subsequent improvement of the
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C -~ A small-signal gain have not been observed in any of our long duration
(up to 200 nsec) pulsed discharge experiments, we may tentatively conclude
that the transient effect of B - X gain-switching cannot be ignored, or that
some of the requirements for satisfying the various inequalities in time scales
assumed in our quasi-steady-state model cannot be met under our experimen-
tal conditions. In order to gain a better understanding of this problem, how-

ever, one must carry out a more detailed kinetics study of the XeF laser dis-

charge, gain-switching, and other transient rate processes in a manner similar

to what has recently been carried out for the XeCl lager di_-clnrge.zs

Another surprising result of the present investigation is the apparent
predominance of the spectral absorption over gain during most of the ocbserva-
tion period and at all the Art laser probe beam wavelengths tested. In fact,
the onset time, peak value, and FWHM duration of the positive gain period at
the XeF C - A transition wavelengths observed at a fixed mixture mol ratio
and total gas pressure appear to be quite independent of whether the discharge
pulse duration is 100 or 200 nsec (Sub-section IV-1). The duration of the
positive gain period also tends to decrease with increasing gas pressure and
peak gain. With such predominance of absorption and only a brief appearance
of positive gain, no matter how long the discharge current pulse, building up
of the C - A blue-green laser modes within the optical cavity would be quite
difficult. Accordingly, better understanding of such strong absorption effect,
and discovery of methods toward its elimination, are just as important as re-
duction of the depletion rates of the B- and C-state populations due to spontan-

eous emission for further improvement of the XeF C -« A laser performance.
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Fig. 1. Symbolic energy level diagram showing the various physical
processes associated with the proposed method for enhancing
the small-signal gain of the XeF C =+ A visible laser transition
through trapping of the B + X uv resonance radiation.
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Fig. 2. Ratio of the XeF C-state population densities in the presence

and in the absence of B #+ X radiation trapping as a function v
of the trapping efficiency, n, at various selected values of
the normalized collisional quenching rate, Tgknny, . It may #
be noted that this ratio is nearly identical to the inversion

density ratio and the small-signal gain ratio for the C-+ A

transition in the presence and in the absence of B < X radia- ,

i tion trapping since the population density for the repulsive >
A-state is always negligible. _
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Fig. 7. Cross-sectional drawing of the laser chamber showing some
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Fig. 8. Cross-sectional drawing of the self-triggered rail gap
employed in the discharge circuit for initial voltage iso-
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charged voltage from the transmission line to the laser
chamber. Proper synchronization of the sharp ( short
rise time ) high voltage pulse at the discharge electrodes
and the X-ray preionization pulse is essential for homo-
geneous avalanche formation and stable sustenance of
the high pressure discharge.




Fig. 9.

Top row: Polaroid photographs from open-shutter camera looking
directly into the laser chamber through one of the quartz end windows
during a discharge in rare gas/halogen mixture showing (a) homogene -
ous discharge with X-ray prelonization; (b) inhomogeneous discharge
in the absence of x-ray preionization. Bottom picture: uv burn pat-
tern on Polaroid film target from the output beam of a single pulse,
x-ray preionized, rare gas halide excimer laser discharge.
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36




‘wau 66 L8F =\ ‘YjBuardaem
weaq aqoxg *d sanssoad sel [ej0} 9Y} JO 8INJEA JUIIIIJIP OM]} Je dINIXFW
1:€2966 = €IN:9X :9H © Yy 28aeyosyp oe8u 00z ® ut (O ‘S1d) Ioquueyd
o81eyosp 9Y3 uo smopuim pud edi[Is pesn Ljuo Supsn Aq pauyejqo axe I8aYJ
*Suyddea; uopjeiped 9oueUOSIX X ~ g JO 9d2UISqe Iy} uy syjBusasem uoyjrsuesy
V = D Jd9X 9Y3 je sjusweansesw uted pue uopydrosqe [ex3doads ayj uy pealasqo
( 895exj aemoy) a8ejroAa adxeyssyp 9y3 Jo pue ( 89oex3 19ddn) ewserd pajroxe
ay3 ySnoays £3jsuajuy weaq pajjwsues; ayj jo 8adexy owdeaBorrioso redydAy, ‘11 3t

(o98u) aurl (o9su) Lwu]
00% 00¢ 0 0 00¥ 002 _ 0 0
(Ax)
oy o¥ af8ejoA
e3aeyosiqg ~
oy
08 08
00¥% 00¢ 0 0 00% 00¢ 0 0
\ - 001 _ [oot1=(0)1]
001 Ajsuejuy
uredg
pentwasuex ],
=00¢ - 002
une p°2 =d uge 1 =d
-~ . L J *

e e e 2 e AR




+3 | I k] 1
He:Xe:NF, = 996:3:1
p=2.4atm !
‘E‘ +2 - m
]
h -
&
™
>
=
B0 -?
[
=
(o)
9]
Z
-y
i aF -
5 1
[
<
x
B
i
R -2 r -
) y
.3 ] { { L
0 100 200 300 400 500 ‘-
TIME (nsec) ;
2
Fig. 12. Typical time variations of the spectral gain coefficient in the ]

absence of XeF B - X resonance radiation trapping observed

at two different values of the total gas pressure p in 2 200 nsec

pulsed avalanche discharge using & He:Xe:NF4 = 996:3:1

mixture. These are deduced directly from the smoothed out

oscillographic traces shown in Fig. 11 for the transmitted beam )
intensity at the probe beam wtvelength A = 487.99 nm and from

the known pulge shape of the Art lager power output (Fig. 10).
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Fig. 13. Time variations of the spectral gain coefficient in the absence
of XeF B - X resonance radiation trapping observed at three
different values of the total gas pressure p in a 100 nsec
pulsed avalanche discharge using a He: Xe:NF, = 9986:8:6
mixture., The smoothed out curves represent averaged values
deduced from oscillographic traces of the type illustrated in
Fig. 11 for the transmitted beam intensity at a fixed wavelength
A= 487.99 nm, assuming a linear photodiode response.
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Fig. 14. Comparison of the spectral gain coefficient observed in the 100
nsec pulsed avalanche discharge in the absence ( solid curve ) and
in the presence (dotted curve) of XeF B - X resonance radia-
tion trapping. The solid curve is the same as the one shown in
Fig. 13 for p= 1 atm. The dotted curve is obtained under the
same set of discharge conditions but with the fused silica end
windows (Fig. 10) replaced by a pair of pre-aligned optical
cavity mirrors of ~ 98 % reflectance at A= 351 nm and ~90% -
transmittance at the probe beam wavelength, A= 487.99 nm.
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