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ABSTRACT

This report presents the results of the first phase of an experi-
mental investigation of the minimum e-beam current density requirements
for repetitively pulsed XeF lasers with 10 to 100-mJ pulse energy. Mea-
surements were made in the self-sustained and e-beam preienized mode of
operation. The e-beam preionized experimental results were similar to
those obtained with UY preionization at other laboratories, indicating
that jonization phenomena ({rather than photodissociation) are dominant in
both experiments. Multi-pulse e-beam experiments in a single gas fill
resulted in rapid gas degradation, possibly due to electron bombardment
of insulated surfaces with subsequent evolution of gaseous impurities.
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1. INTRODUCTION

This report describes the results of an experimental program on the
self-sustained and externally preionized XeF laser in support of laser de-
velopment for the laser isotope separation (LIS) program at Lawrence Livermore
Laboratory (LLL). The wavelength of the Xef laser, 353 nm, makes it suitable
for use as a visible dye laser pUmb, and the wavelength is long enough to
minimize photochemical decomposition of the dye in camparison with the sharter
UV wavalengths of the KrF and ArF lasers.

One of the basic requirements for a commercially viable LIS scheme is
that the lasers be repetitively pulsed with the repetition frequency in excess
of 1 kHZ. This impases a severe constraint on the excitation technique used
for the laser, Althcugh electron beam excited and e-beam sustained discharges
have been used successfully for scalable, high-power rare gas monohalide laser

1-4 this has usually involved e-beams with very high current density

excitation,
of the order of 10 to 100 amps/cm®. Such high current densities limit the
possible repetition freguencies to 1ess than 100 Hz due to foil heating prob-
lems. It is, therefore, desirable to minimize the electraon beam current
density requirement or ta look for alternate excitation techniques to meet

the Livermore requirements. The present program was therefore initiated to
investigate the minimum e-beam current density requirements and to explore

self-sustained discharge operation in a short-pulse Taser system, recognizing

the modest energy requirements for LIS aop]ication.s
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The experimental results described in this report were pbtained with
a short-pulse discharge having a pulse width of the arder of 20 to 50 nsec.
This falls within the pulse length limits expected for the LIS application
and helps to 1imit discharge instabilities arising from two-step fonization
processes a5 discussed by Daugherty, et a].6

Section II of this report describes the experimental apparatus,
including the various discharge configurations tried in the experiments as
well as the discharge diagnostics. The experimental results are presented
in Section IIT together with a discussion of the results, including a compari-
son of the physical phcaomena in the e-beam preionized and UY preionized

discharges.



II. EXPERIMENTAI. APPARATUS

2,1 Short-Pulse Discharge Circuit

A flat plate Blumlein circuit was chosen to provide a fast Tow-
inductance discharge pulse. This line, which is shown schematically in
Figure 1, was folded for economy of space and consists of three parallel
plates equally spaced, with the center plate shorter than the outer plates.
The line makes use of 0.08-mm copper sheet bonded to a similar thickness of
Kapton. The Kapton did not appear to have suffered deterioration during
passivation with F2 although it was usually protected by a glass cover
plate in the discharge chamber. The circuit parameters and discharge cham-
ber characteristic cimensions are 1isted in Table I.

Optimum utilization of the Blumlein pulse characteristics requires
that the electrical switch (see Fig. 1) be designed for very low inductance.
For this reason, a rail gap switch was built using the triggered spark gap

7 and eTsewhere.8 The switch is

concepts developed at Culham Laboratories
shovn schematically in Figure 2 and the rise time is caiculated to be a
few nanoseconds, One important factor in minimizing the switch rise time is
the development of a large number of spark cnannels. We found that seven
to eight spark channels could be abtained using air in the switch at several
atmospheres.

The discharge chamber was constructed from teflon and aluminum for
compatability with Fy. It wes designed for flexihility so that the discharge ~

electrode geometry could be readily changed. The characteristic dimensions

are listed in Table I,
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Figure 7. Schematic of Blumlein Line. Conducting Surfaces are 0.075 mm Copper Bonded to
0.075 mm Kapton. 0.25-mm mylar sheets were stacked for the bulk of the df-
elactric.
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Table I

Experimental Parameters

Blumlein Line Characteristics

Length 350 cm

Hidth 60 cm

Capacitance 26 nfF

Inductance 18 nH

Energy Stored 1M.74020K
Characteristic Impedance 1=/TjC =0.672
Nominal Pulse Duration 17.5 nser

Discharge Chamber
Electrode Length 52 cm ‘

Active Volume 73 ec (52 x 1.4 x 1)
Total Gas Volume 667 cc
Electrode Separation Variable fram 0 - 20 mn

Discharge Chamber
Construction Teflon
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Figure 2. Schematic of Rail Switch for Blumlein Line

76 00652



IV

Both a curvent and a voltage probe were used for the discharge
diagnostics. The currant monitor is a folded stainless steel foil, 5 cm
long x 0.0025 cm thick, which is mounted across the 60-cm wide transmission
1ine as shown in Figure 1. The voltage drop across this stainless steel
section is measured and i5 retated to the transmission line current by the
resistivity of the stainless steet giving a sensitivity of 2,9 x 10~ V/amp.

A capacitive divider, shown in Figsre 3a, was used to measure the
voltage at the discharge chambar. A capacitance divider is inherently a pure
reactance, and,as a result, inductances which are always present lead to high
frequency oscillations which may be introduced on the leading edge of the
voltage pulse (see Ref. 9). In this reference, it is noted that simply using
cable termination (Ro=zo) with a capacitance divider can result in a differ-
entiation of a rectangular pulse. However, fairly good results are obtained
with capacitive dividers by inserting a resistance Rm in series with the
cable input as shawn in Figure 3. Ra should have a value nearly equal to ZO
but care must be taken that Rm % C2 js much larger than the duration of the
event to be measured.g’]0 A typical voltage probe oscillogram is shown in
Figure 3b, The osciliogram appears to show an accurate shape of the voltage
appearing at the discharge chamber, but more experience with the capacitive
divider design is required for complete confidence in these measurements.

The performance of the Blumlein/ri i1 gap switch combination was mea-
sured using a dead short far the discharge load. This produced a vinging
frequency of 8 WHz, which is consistent with the calculated Blumiein circuit

parameters and implies a switch inductance of several nanohenries or less.
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Figure 3. Voltage Probe
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2,2 [Discharge Configurations

Several different electrode geometeies were built for use in these
experiments, both in the self-sustained dischargé mode of operation and in
the e-beam ionized mode. The different geometries include (a) ane flat
electrode opposed by a wedge-shaped electrode, (b) one flat electrode opposed
by a resistor array using copper leads as electrodes with or without cover
buttons. In additien, the solidelectrode configuration was used together
with razar blades mounted between the electrode and the Blumiein conductor.
These various configurations arve sketched in Figures 4a, b, ¢, d.

The uedge-shaped electrode was chosen based an some earlier experiments
with self-sustained discharges at NRL.1] The 100-resisto- array electrode
(gach resistor being 22 ohms) was used as a vesistively-ballasted electrode
to minimize the effects pf local discharge instabilities. The addition of the
fazur blades was an attempt to obtain UV preionization by initiating a corona
discharge between the knife blades as had been previously demonstrated in

high-pressure nitrogen 1asers.]2

Both the smooth electrode and the resistively-ballasted electrade were
used in the purely self-sustained mode of operation as well as with e-Leam
ionization, In the e-beam experiments, the Blumlein discharge chamber config-
uration was coupled to the e-beam with the foil window holder acting as the
cover plate to the discharge chamber as shown in Figures 5 and 6. The e-beam
was generated by a cold cathode electron gun with variable electrode spacing
to permit changing the e-beam current density. The e-beam was operated with
an applied voltage of 160 KV and the current density was varied over the

range from 0.3 ta 4 amps/cm® through the foil,
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Figure 5. Simple Electrode Geometry with e-Beam Preionization
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Figure 6. Schematic of MSNW Short Pulse XeF Experiment

75 00460




2.3 Gas_Handling
A stainless steel gas mixing manifold was used to prepare the gas mix-
tures for these experiments. NF3 rather than F2 was chosen as the F-atom

1,13 which sugges-

donor based on previous experiments at MSNW and elsewhere,
ted that NF3 was the preferable F-donor molecule. The entire gas handling
system was passivated with F2 grior to praparing the gas mixtures. These were
typically 1 to 2% Xe, with 0.3 to 1% NF3 dilute in helium. The discharge
chamber was passivated with F, every time it was opened to alter the discharqge

configuratian.

2.4 Cavity Optics
A1l the Tasing experiments were performed with a stable resonator,

using a 2-m radijus-of-curvature max reflector mirror, opposing a flat output
coupler with 10 to 60 percent transmission. The cavity optics were directly
mounted an the discharge chamber using flexible stainless steel bellows to
obtain mechanical freedom for mirror aligament.

Daspite the use of NF3, some unexpected difficulty was experienced
with window deterioration, presumably due to the generation of F2 ar
F-radicals following discharge of the gas mixture, Following the initial ex-
periments, all the mirrors were sent back to the manufacturer for overccating
with MgF2 which considerably improved the resistance of the windows to attack
but did not completely overcome the problem.

A photodiode {ITi F4000 S-5) was used to monitor the temporal varia-

tion of the laser pulse. A calorimeter {Gentec ED-200) was used to measure

the pulse energy.
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II1. EXPERINENTAL RESULTS AND DISCUSIION

Expariments were performed using the various discharge configurations
described in Section 2.2 with and without e-beam jonization. The results
with e-beam fonization wera significantly different from those obtained in
the self-sustained mode of operation in absolute emergy, pressure scaling,
and shat-to-shot repeatability with a single gas £i11. This section is there-
fore divided into three parts to describe separately the puise energy measure-
ments in the self-sustained discharge and the e-beam jonized discharge experi-
ments as well as the measurements of the effacts of multiple discharges in

the same gas fill.

3.1 Self-Sustained Discharge Expariment

Some initial experiments were made using the wedge and plain electrode
geometries to monitor the discharge performance both in Nz and Xe«NF3~He mix-
tures. A temporal variation of the discharge curreat for both N, and Xef
Jasing are shown in Figures 7a and 7b. The pulse rise time was limited to
10 nsec or more by the rise time of the available oscilloscopes (Tektronix
656). The pulse width is in reasonable agreement with expectation based on
the design of the Blumlefn but the ringing indicates some mismatch between
the load and the line impedance, Some Measurements were also made using the
fast respﬁnse photodiode and a typical trace is shown in Figure 8, The
pulse half-widths were typically in the range of 20 nsec which is consistent
with the discharge current pulse widths.

The early Xef laser experiments were perfarmed with varying gas mix-

tures, however the dependence on the gas mixtures did not appear to be very

JREETSTREY L]
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Figure 7(2). Discharge Current-Time Curve
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Figure 7{b)}. Discharge Current-Time Curve
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strong and most of the experiments were done with 1% NF5 and 2% Xe dilute
in helium.  This s typical of gas mixtures used in other self-sustained
discharge experiments.”’13

Mthough the razor blade preionized configuration seemed to work
quite well in pure nitrogen, giving better performance than without the
razor blades with an output of several millijoules, no success was achieved
in XeF laser experiments, Visual observation of the discharge in the XeF
experiment indicated arcing across the razor biades. The arcs occurred
at discontinuities, i.e., at the edges of the blades, and were not eliminated
by increased spacing of the blades. Therafore, experiments with this con-
figuration were dropped very early in the program because of the limited time
available, However, this configuration merits further investigation. Recent
expermental data by Hasson, et al.14 suggest that careful design and con-
struction of a segmented transmission 1ine/discharge configuration can be used
to obtain UV preionization with the razor blade approach.

The typical laser performance with varying mixture pressure is shown
in Figure 9 for bath the solid electrode configuration and the resistor array-
electrode configuration, These data were obtained with a 60 percent output
coupler which gave a maximum optical output at the peak of the pressure
curve, The major difference between these two electrade geometries was in
the pressure scaling as shown in Figure 9. It is evident that the resistance
array cathode led to useful operation at significantly higher pressures,
presumably due to the ballasting effect on the discharge. The pulse energy
was significantly smaller when the resistor array was capped with aluminum

buttons. It should be pointed out that a1l the data in Figure 9 were obtained
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Figure 9. XeF Laser Energy vs. Pressure in
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with a fresh gas charge for each experimental data point to eliminate inter-
ference caused by gas degradation.

The experimenta) results shown in Figure 9 were obtained with an
electrode spacing of approximately 7.5 ¢m. Experiments were also performed
with electrode spacing ranging from 0.8 c¢m to 2 cm. In general, the pressure
scaling effects were similar with these different electrode spacings but the
lasing performance, i.e., pulse energy, was quite sensitive to the spacing
and the performance became more erratic at the smaller gap spacings. This
change in performance may be due to m.dification of the cathode fall region
resulting from the changing electric field distribution. Visual observation
of the lasing pulse shape indicated a rectangular pulse shape with narrower
dimension across the electrodes, This was consistent with nbservation of
pitting on the electrodes which indicated that the discharge was running pre-

dominantly near the center of the electrodes.

3.2 E-Beam Preionized Discharges

In these experiments, the 1-usec e-beam pulse was fired at a pre-
determined time before the Blumlein discharge pulse; the time delay varying
from O to 50 usec. For this reason, the experimants are termed e-be2m Dre-

jonjzed rather than e-beam sustained since dissociative electron attachment
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processes such as e + NF3 + NF2 + £ would result in the disappearance of
the electrons on a sub-microsecond time scale.

Typical ekperimental data for these e-beam experiments are shown in
Figure 10, Some initial experiments indicated {mproved parformance with
{ower NFa concentration for these e-beam preionized experiments than for the
self-sustained experiments described in Section 3.1, The NF3 concentration
was reduced from 1 to 0.3 percent, this mixture being typical of thase used
in pure e-beam and e-beam sustained discharge experiments.4’15

It is interpsting to note from Licse e-beam experiments thet the
lasing pulse energy is almost independent of the e-beam current density over
a wide range of current densities if the discharge and the e-beam pulse are
coincident, Furthermore, the output pulse energy does not depend upon coin-
cidence between the e-beam and the main discharge pulse at the higher current
densities. However, the output energy decreases with decreasing preionization
at a fixed delay time.

One can compare these e-beam preionization data with results obtained

16

by W preionization from experiments performed at NRL™™ and LF\SL]7 during the

course of the MSNW experimental program. In principle, the basic discharge
and kinetic behavior should be the same with either a UV or an electron source
if the assumption is made that the only function of the source is to ionize

a small fraction of the gas. (The discharge and kinetic behavior would be
completely different if photodissociation were the prime effect of the UV
source leading to some F-radical which was important in the kinetic scheme.)

The fact that Jasing, with large pulse energy, does not depend upon coincidence
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between the jonization and the main discharge pulse indicates that jenization
phenomena are dominant in both the UV and the e-beam experiments.

The decrease in laser energy with increasing time delay between the
e-beam and discharge pulses can be interpreted as simply due to the loés of
negative jons Dy two~ and three-body ionization processes where the negative
jon is probably formed Ly dissociative attachment during the jonization pulse
itself. This is also consistent with the observations by the two groups using
w preionization,16’17

Some results for the pressure dependence of the pulse energy with e-
beam ionization are shown in Figure 11 for two different gas mixtures. These
experiments were performed with near coincidence of the e-beam and discharge
pulse and an e-beam current density of several amps/en”. The nerformance might
be expected to improve with increasing gas pressure due to the linear depen-
dence of the jon-pair production on the gas pressure. In this regard, the
pressure dependence of the low NF3 concentration ndixture ssems entively
. reasonable. The unexpected pressure dependence of the high NF3 concentration
gas mixture may be due to collisional &eactivatiun at high pressures by the
NF,, but this is pure conjecture since there is no information available on
collisional quenching of XeF*.

The pressure depandence of the e-beam fonized experiments is signifi-
cantly different from that of the self-sustained experiments and, in par-
ticular, the e-beam jonization permits operation at much higher pressures.
Although the detailed physical phenomena in e-beam (or UV preipnization) experi-
ments are not well understood at present, «t is certain that the discharge is
far more uniform with the e-beam preionization due to the uniform energy

deposition by the primary electrons.
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3.3 Gas Degradation Experiments

Because of the importance of gas degradation on the laser performance
and its impact on cost for repetitively-pulsed operation, experiments were
made to monitor the variation of the laser pulse energy with the number of
discharges in a single gas fil)., These experiments were performed with the
plain electrodes and the resistor array. The vepefition frequency in these
experiments varied from 0.1 Hz to 2 Hz.

Some results for both the self-sustained and the e-bewm jonized dis-
charge are shown in Figure 12 using the solid electrodes. The data in Figure
12 were obtained at 1 atm pressure and 30 kV applied voltage in 0.3% NF -

1% Xe dilute in He. The entire system was carvefully passivated with Fa prior
to these experiments. The results are very encouraging since they indicate
over 50 discharge pulses to degrade the performance by a factor of 2 and are
comparable with the best data obtained in Krf. There is some indication from
the data that wall effects are still present since the laser output seems

to decrease with the repetition frequency.

The e-beam data is guite pessimistic in comparison with the self-
sustained discharge data and the difference is not understood af present.
However, one possible cause for the rapid degradation of the gas with e-baam
{onization may be electron bombardment of the insulated surfaces and the
possible subsequent evolutfon of gaseous impurities. It would be useful to

repeat these experiments with UV preionization.
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