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REPORT SUMMARY

A. PROGRAM SCOPE AND OBJECTIVE

This interim report covers the period 23 February 1977. to 22 August
1977. We report on research directed toward demonstrating efficiency,
energy density and scalability of rare gas monohalide laser systems for
development of high average power lasers applicable to DARPA missions,

During the previous reporting period, using pure e-beam excitation
of KrF*, we were able to obtain single pulse laser outputs of 102 J in an
active laser volume of 8.5 ¢ (12 J/f) with intrinsic laser efficiency of 9%
(laser energy out/e-beam energy deposited in the laser medium). For this
reporting period a portion of the effort had been directed toward e-beam
controlled discharge pumping of KrF*. Discharge pumping offers the poten-
tial for higher laser efficiency and reduced foil loading for high rep-rate
operations.

A major portion of the effort for this period had been devoted to
studying the XeF* system. In order to carry out this research in an effi-
cient manner, the effort has been three-pronged. First, various parts of
the underlying physics are resolved on a small scale (20 cm) device. Sec-
ond, the results of the small scale experiments are incorporated into com-
prehensive laser models which predict laser performance and scaling. Third,
large scale e-beam excited )(eF’a< laser experiments are carried out on the

one-meter device to check the predictive capability of the laser models.




B. ACCOMPLISHMENTS AND FINDINGS

The major results obtained in this reporting period are summarized
as follows:

(1) Using e-beam controlled discharge excitation of KrF*, a laser

output energy of 75 J was obtained in an active volume of 7.5 {

(10 J/2) at an intrinsic laser efficiency of 10%. The discharge
enhancement ratio (discharge energy into the medium/e-beam
energy absorbed in the medium) was 2.

(2) The use of an externally applied dc magnetic field to
guide the e-beam is shown to remove the limit on aperture
scaling of e-beam controlled discharge excited KrF lasers
imposed by e-beam pinching due to the magnetic field asso-
ciated with the discharge current.

(3) The discharge enhancement ratio (and consequently the effi-
ciency) was shown to be severely limited by spatial and tem-
poral e-beam nonuniformities.

(4) KrzF* formation in KrF* laser mixtures is shown to occur
predominantly from reactions involving KrF asa precursor
and consequently this channel of energy lost is saturable with
KrF laser cavity flux.

(5) Important XeF" formation and quenching rates have been mea-
sured.

(6) An XeF* formation chain in Ne rich mixtures is proposed and

shown to be consistent with all the experimental observations.

(7) XeF* formation is shown to proceed with unit branching in

e-beam excited Ar and Ne rich mixtures.




(8) Using pure e-beam excitation, an XeF* laser output of 36 J
was obtained in ac active volume of 4.5 £ (8 J/f) at an intrinsic

efficiency of 2.6%.

: (9) The laser efficiency is shown to be limited by the slow vibra-
tional mixing in the upper level manifold and bottlenecking in
the lower level.

(10) Methods of improving XeF* laser efficiency are proposed.

Plans for Next Period

| For the next 6-month period a heated cell capable of operation up

| to 250°C will be assembled and fitted to the one-meter device. Experi-
ments will then be performed with e-beam excitation of XeF* at elevated
temperatures, to demonstrate improved extraction by increased rate of
lower level deactivation. With the same cell we will also look at efficiency

2 and energy scaling of e-beam and e-beam controlled discharge pumped

HgCl' lasers.
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I. INTRODUCTION

The objective of the present program is to determine whether the

rare gas-monohalide laser systems can be used to make efficient, high

power lasers applicable to DARPA missions. During the previous report-
ing period we have demonstrated 12 J/{ with a 9% intrinsic laser efficiency
from KrF using pure e-beam pumping. These results agree well with a
comprehensive laser model developed to reliably predict the performance
of large scale KrF lasers. We showed that e-beam pumped KrF lasers
can be scaled efficiently to very high single pulse energies.

In this reporting period a portion of the research effort had been
devoted to studying the performance and scaling of e-beam controlled dis -
charge pumping of KrF* lasers. Discharge pumping is interesting for two
reasons: (1) it offers the possibility of higher laser efficiency because the
upper laser level can be pumped through neutral metastable channels and
(2) foil heating is much less severe because only a small portion of the
pump power needs to be applied through a foil. Theoretical and small scale
experimental studies carried out at AERL have shown that under suitable
conditions stable discharges can be maintained in rare gas-halide laser
mixtures. The studies showed that under carefully controlled discharge
conditions, KrF* laser efficiencies of 15% at a discharge enhancement
ratio of 4 (discharge energy into the laser medium/e-beam energy absorbed)
should be possible.

A major portion of the effort had also been directed towards demon-

strating efficiency and energy scaling of the XeF* system. XeF* is

11
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attractive because at 350 nm the laser output lies in a wavelength region

where atmospheric scattering and absorption is low. To carry out this

study expeditioulsy a small scale (20 cm) device was used to measure
various cross sections, quenching rate constants and to study the for-
mation kinetics in various mixtures and pressures. The results of these
experiments are then used to develop a comprehensive laser model which
accurately predicts the performance and scaling of large scale XeF* lasers,
The predictive capability of the model is then checked with laser experi-
ments on the one-meter device.

During this reporting period some key issues were raised concerning
the formation kinetics in KrF lasers. Specifically, the question arose as
to the formation mechanism for KrZF*. It has been our contention that
KrZFJér is formed mainly through reactions with KrF~ and as such the energy
lost to KrZF* formation is saturable with laser cavity flux. However, the . 1
possibility of KrZF* formation via channels which intercepted the formation
of KrF' was raised. Therefore, a small portion of our effort in this period
was devoted to settling this.

i In this report the results of KrF* and KrzF* formation studies will
: first be presented. Then the current status of e~-beam controlled discharge 5
pumped KrF laser studies will be reported. Finally, results of e-beam

pumped XeF" laser studies will be described and methods of improving

laser efficiency will be proposed.




II. KrF' AND Krzr* SIDELIGHT EXPERIMENTS

In the previous semi-annual report“) we reported the observation of

£
strong wide -band fluorescence from typical e-beam excited KrF laser

mixtures centered about 415 nm. We attributed this fluorescence to the

2

S
B, - Al transition in the excited triatomic KrZF . We have further shown

2
that in typical KrF' laser mixtures, KrZF* is formed predominantly through
the reactions:

KrF + Kr + M=~ Kr,F + M (1)
and

KrF + Ar + M - ArKrF + M 2)
followed by

ArKrF' + Kr = Kr,F +Ar
We pointed out that since KrF" is the precursor to KrzF* formation, the
energy loss due to KrZF* formation can be made small with a suitably high
KrF* laser cavity flux; that is, the loss is saturable.

Another possibility is that KrzF* is formed predominanatly through

*
reactions which intercepted the formation of KrF , e.g.,

+

Kr2

+ F + M~ Kr,F' + M (3)
or
% %*
Kr, + F, - Kr,F + F (4)
If this is the case then the energy lost to KrZF* formation cannot be reduced
by KrF* lager cavity flux, and the ultimate attainable KrF' laser efficiency

will thus be seriously limited.

{1y Hsia, J.C., Jacob, J.H., Mangano, J. A. and Rokni, M., "One Meter

KrF Laser System', Semi-Annual Report, 23 August 1976.-to 22 February

1977.
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To confirm that this is not the case, a series of laser sidelight
measurements were performed. A schematic diagram of the experimental
apparatus is shown in Figure 1. KrF" (248 nm) and KrzF* (410 nm) fluo-
rescence perpendicular to the laser optical axis (sidelight) were monitored
using photodiodes and narrow band filters. Measurements were taken with
and without an optical resonator under otherwise identical conditions. Com-
parison of KrF* sidelight intensities will then show the effect of gain satura-
tion. The ratio of the sidelight intensities at 248 nm with and without a
laser flux should be given by

I248 (¢ = ¢cav) % 1
I248 ¢ =10 1+ ¢cav/¢ sat

(5)

(1)

where d’sat is the saturation flux defined previously.

If KrZF’°= is formed predominantly through the collisional quenching
of KrF*, then one would expect to see a corresponding variation in KrZF*
sidelight as the cavity flux is varied. However, if the formation of KrZF*
occurs predominantly through reactions that compete with the formation of
KrF*, then no such variation would be expected.

Figure 2 shows oscillograms obtained by two successive shots with
and without an optical resonator cavity, in 1.5 atm mixtures of 0. 2% FZ/
4% Kr/95.8% Ar. Using the quenching rates reported previously, (1) ¢ it
is calculated to be 1. 14 MW/cmz. For the laser shot shown in Figure 2,

the peak cavity flux is estimated to be 1.1 MW/cmZ. From the oscillograms,

the ratio of KrF' fluorescence at the peak of the pulse is

I o (6 = 1.1 MW/cm?)
eg 0.52
248
14
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W

which agrees well with Eq. (5), and confirms the validity of our quenching
rate measurements.

Furthermore, at the same time the Kx'zl-"°= fluorescence showed a
corresponding decrease. In fact, the ratio of KrZF* fluorescence measured
with KrF* laser cavity flux to that measured without is the same as the ratio
of the corresponding KrF* fluorescence. This indicates that essentially all
of the KrZF* formation occurred through reactions involving KrF ' as a
precursor. The droop in the KrZF* fluorescence towards the end of the
pulse was probably due to (probably by electrons) quenching of KrZF*.
The important conclusion drawn from these experiments is that the

loss process which led to KrZF* formation is a saturable loss and can be

made small with a suitably high laser cavity flux.

17
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III. E-BEAM CONTROLLED DISCHARGE PUMPING OF KrF* LASER

In e-beam controlled discharge pumping, a discharge voltage is
applied across the laser mixture which is ionized by an e-beam. The
secondary electrons are heated by the applied field and they produce the
excited states which then lead to upper laser state formation. Potential
advantages over pure e-beam pumping are higher efficiency and lower
foil heating. The key technical issues that must be rusolved are discharge
energy channeling, enhancement and stability. In this section these issues
are briefly discussed. The results of kinetic model calculations and small
scale discharge experiments are summarized. Finally, the results of dis-
charge pumped 1 m KrF laser experiments are presented.

A. REVIEW OF KEY TECHNICAL ISSUES AND MODELING RESULTS

In discharge pumping of KrF* the formation of the upper laser state
proceeds predominantly via the rare gas metastable channel. The forma-
tion kinetics are summarized in Figure 3 for mixtures containing Ar/Kr/FZ.
The secondary electrons gain energy from the applied e-field and excite
argon and krypton metastables. The krypton metastables then form KrF*
with unit branching(z) via the harpoon reaction with F, (Kr* + Fz - KrF*+ F).
Similarly Ar”* forms ArF" with a branching ratio of 0. 6.(2) The ArF* can
either radiate or the Ar can be replaced by a Kr to form KrF*. Because of
the lower excitation energy to form Kr* (10 eV for Krw< compared to 11.5 eV
for Ar*) and higher branching to form KrF*, the formation efficiency will be

larger if most of the discharge energy can be channeled into Kr'. The frac-

tion of the energy deposited in Kr' depends on the percentage of Kr in the

(2) Chen, C.H., Judish, J. P., and Payne, M. G., "Energy Transfer
Processes in Ar~Xe and Ar-Fz Mixtures'" (Unpublished).

19
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mixture and the applied electric field. However, since Kr quenches KrF*
much more rapidly than Ar, the Kr concentration must be kept small for
efficient extraction.

The fraction of discharge energy channeled to the production of rare

gas metastables depends also on the fractional metastable population. For
fractional metastable population (metastable density/ground state density)
2 3x 10"5, a significant fraction of the discharge energy will go into ex-
citing the metastables to higher lying levels and also into ionizing the
metastables. These effects are shown in Figures 4 and 5. These are re-
sults of calculations using a computer code which solves the Boltzmann
electron transport equation. The code takes the various collision cross
section data and the electric field and calculates the self-consistent elec-
tron energy distribution and the energy partitioning amongst the various
excited states. For these calcufations we have approximated the krypton
metastable cross sections with that of ground state rubidium. Similarly
for Ar* we used cross sections for potassium. These approximations are
justified physically by the atomic similarity between rare gas metastables
and the alkalis.(3) Some of the electron impact cross sections used in our
model are shown in Figure 6.

Figure 4 shows the percentage of discharge energy that goes into
the production of Ar* and Kr" as a function of fractional metastable density
for various applied electric fields. Note the fraction of energy into meta-
stable production falls dramatically for fractional metastable density

5

2 3x 10"°. The reason is that the peak metastable excitation cross section

(5' —- Sp) is 30 times higher than the peak value of the excitation cross sec-

tion from the ground state. Also, since the excitation threshold for 5s - 5

(3) Brau, C.A., and Ewing, J.J., J. Chem. Phys., 63, 4640 (1975).
21
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transition is < 2 eV, and since it peaks at ® 6 eV, most of the electrons
can excite the transition resulting in a cooling of the electrons, whereas
only the high energy tail of the electron energy distribution can produce
metastables from the ground state. Therefore, for high metastable den-
sities discharge energy is channeled preferentially into the excitation of
the metastables. The decrease in metastable formation can be made up
by increasing the electric field. However, the ionization rate (Figure 7)
rapidly becomes so large that it precludes discharge stabilization by elec-
tron attachment by F,. From this it is clear that for efficient energy chan-
neling and discharge stability, the fractional metastable density must be
kept small.

For small metastable densities, the KrF* production efficiency
(energy into KrF*/total discharge energy) is calculated versus Kr concen-
tration in Figure 5, for electric fields of-2 and 3 kV/cm-atm. Note that
;fﬁciencies as high as 30 to 35% (compared with 22% for pure e-beam
pumping) is possible. To achieve this high efficiency the fractional meta-
stable density must be g 3 x 10-5. However, for efficient laser energy
e xtractior the small signal gain must be kept high. This means that one
must run at high metastable densities and consequently there exists only
a small range of fractional metastable densities around 3 x 10"5 where
both high formation and extraction efficiencies can be maintained. To see
this, one can use the quenching rates for KrF* reported in the previous

T cm3/sec for the reactions

period and taking a rate constantof K = 7 x 10
Kf* + F, » KrF' + F

Ar" 4 F, - ArF ¢+ F
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one can express the small signal gain B, asa function of metastable density.
Then if one assumes a constant laser medium absorption, (not strictly true,

in general absorption depend on excitation, but constant absorption is assumed
here for illustration) one can plot the extraction efficiency as a function of
metastable density by using the extraction model presented in the previous
report. L Results of such a calculation are shown in Figure 8. Here we
have assumed an electric field of 3 kV/cm-atm, and we have taken an ab-
sorption coefficient a of 4 x 10-3 cm'l. The intrinsic laser efficiency is

the product of the formation and the extraction efficiencies. This is also
shown in Figure 8.

For efficient laser operation suitable conditions must be maintained
over the entire pulse. Therefore the discharge must be stable. The dis-
charge stability of these mixtures is strongly affected by the rare gas ex-
cited states. Under typical operating conditions with 3 x 10_5 fractional
metastable density, electron impact ionization of the metastables is typi-
cally 4 orders of magnitude higher than direct ionization from the ground
state. Therefore, in the stability analysis we can assume all the ionization
produced by the secondaries arises from a two step (metastable) ionization
process.

The equation describing the production and loss of discharge electrons

n, is given by

=+ = S+ (v- B)n, (6)

where S is the rate of e-beam ionization. The production and loss of meta-

stables can be written

£ b
dM M
- | = (0 V) ne M -—7-,—;1— (7)
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where M is the ground state density, M»< is the metastable density, T D is
the metastable lifetime and (o v) is the electron impact metastable pro-
duction rate. Since ionization is predominantly from the metastables we

can write
- * 8
vy = ((IV)i M (8)

Equations (6) and (7) are then a pair of coupled nonlinear differntial
equations in n, and v;» Itcan be shown by perturbation analysis(4) that this
system of equations predict stable steady state solutions only if

B= ZviO (9)

where v, . is the equilibrium ionization rate.

i0

We have numerically solved a system of nonlinear equations similar
to Eqs. (6) and (7) for e-beam current of about 2 A/cmz. In this analysis
we have also included Penning ionization and ionization of the ground state
atoms. Figure 9 shows the results of such an analysis. On the left-hand
side we have the stable discharge condition, i.e., the attachment rate is
slightly greater than the equilibrium ionization rate. Notice that the dis-
charge current reaches a constant value asymptotically. Another import-
ant feature for the stable discharge case is that the metastable production
efficiency M remains above 75%. If we keep everything constant but de-
crease the attachment rate by 20% we observe that the ionization rate in-
creases and after about 70 ns becomes greater than the attachment rate.
For this case the discharge current increases faster than exponentially in
time and the metastable production efficiency falls steeply.

To fully utilize the advantages of discharge pumping one must also

operate at large discharge enhancements. The discharge enhancement is

(4) Daugherty, J.D., Mangano, J.A., and Jacob, J. H., Appl. Phys. Lett.
28, 581 (1976).
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defined here as the ratio between power deposited in the laser mix by the
discharge, Pd, to the power deposited by the e-beam, Peb’ This ratio

is given by
P d _ eV DE
Peb 0= v By

(10)

where VD is the electron drift velocity, E is the applied electric field, B
is the electron attachment rate, v; is the secondary electron ionization
frequency and Ei is the average energy required to produce an electron-
ion pair by the e-beam.
At the limit of discharge stability the enhancement is given by
P eVDE ZVD Ee

d
= - (11)
Fob Vi By

For a given electric field, one can use the Boltzmann code to express the
ionization rate v,asa function of metastable production efficiency. Then
using Eq. (10) one can calculate the enhancement factor as a function of
metastable production efficiency. A result of such a calculation is shown
in Figure 10 where we have taken an electric field of 3 kV/cm-atm. The
analysis shows that it is possible, under stable discharge conditions, to
obtain an enhancement as high as 4 with metastable production efficiency
~70%.
B. SMALL SCALE EXPERIMENTS

To compare in detail our experimental results to theoretical pre-
dictions we have developed a kinetics code which uses the rates
predicted by the Boltzmann code and follows the temporal evolution of the
secondary electrons, positive and negative ions, Ar*, Kr* and KrF*. We

couple our kinetics code to a simultaneous set of differential equations that
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describe the external electrical circuit. The outputs of this code include
the temporal evolution of the discharge current and voltage and the KrF
fluorescence for a given preionization level, discharge capacitor charge
voltage and gas mixture. The predictions of this discharge model have
been compared with our small scale (20 cm) KrF laser discharge experi-
ments. Figure 11 compares the experimental results with model pre-
dictions for a case where the cavity was filled with a 2 atm mix of 93. 7%
Ar/6% Kr/0.3% FZ’ and a 0.3 yF capacitor charged to 10 kV was used to
power the discharge. The third trace is the KrF*< fluorescence. By the
end of the pulse the enhancement in the fluorescence is 3. The metastables
are being produced with a maximum efficiency of 1.4 times the efficiency
of metastable production by a pure e-beam. Figure 12 shows the results
when the capacitor is charged to 16 kV. In this case the discharge current
continually increases until the discharge goes through the glow to arc tran-
sition which is marked by an abrupt decrease in KrF* fluorescence. We
believe that the initial (slow) increase in the discharge current is caused
by a volumetric discharge instability discussed previously. The efficiency
for producing the metastables rises rapidly to 1.7 times the efficiency of
producing metastables in a pure e-beam and then begins to fall despite the
fact that the voltage is constant. The KrF* production efficiency decreases
because the metastable density increases and the discharge pumping effi-
ciency of Ar* and Kr* falls.

The agreement between the kinetic code predictions and the small
scale experiments demonstrates that the important physical processes
governing the operation of e-beam controlled discharge excitation of KrF

lasers are adequately described by the kinetic model. Scaling calculations
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based on this code predicts that for a one meter active volume KrF‘* device,
an intrinsic laser efficiency of 12 to 13% at an energy density (laser energy
out/active volume) of 15 J/f should be achievable with a discharge enhance-
ment ratio of 4.
C. ONE-METER DISCHARGE PWMPED KrF' LASER EXPERIMENTS

The apparatus for studying e-beam controlled discharge pumping
on the one-meter device has been described in the previous semi-annual
report. (1) For these experiments a grounded screen electrode is placed
2 cm from the plane of the foil. The beam collector is pulsed to high volt-
age and serves as the other discharge electrode. The polarity of the dis-
charge supply can be readily reversed so that discharge current can either
be driven parallel or anti-parallel to the e-beam current.

For efficient laser operation a typical discharge current density of
50 A/crn2 is necessary and it was anticipated that the magnetic field gen-
erated by this current will either cause the e-beam to pinch (parallel
discharge current) or to spread (anti-parallel discharge current). Beam
pinching is illustrated in Figure 13.

For an initially uniform discharge with discharge current density

J, and height h, the magnetic field, B, at the edge of the discharge is

d
given by
h
B2 pgidy ¥
The radius of the beam electron orbit under this field is given by

ma & mu

Tr = =
be eB eponE

where mu is given by
1/2
1/2 E
mu = (2m_E) (l+—-——2-)
iy 2m_C
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mo is the electron rest mass, and E is the beam energy. The width, W,

of the discharge is limited to :srbe/Z, that is

mu

W & e
ep, Jg

This leads to a constraint on the product of the discharge current density

Ta and the laser aperture hW given by

mu
thW v

Ho

The maximum aperture area is shown in Figure 14 as a function of
e-beam energy. For a discharge current density of 50 A/crnZ in the pres-
ent device with a beam energy of 250 kV, the aperture is limited to 30 cmz.
Therefore, beam pinching is expected to be severe.

Initial discharge experiments using parallel discharge current in-
deed showed severe beam pinching. An example of a KrF* laser burn
pattern obtained with a discharge current density of 50 A/crn2 is shown in
Figure 15. The laser optical resonator consisted of two flat mirrors with
high output coupling. With this configuration the laser output burn profile
reflected the variation in energy deposition across the laser aperture. At
the foil the e-beam was 10 cm high. As the beam propagated across the
discharge region the beam was pinched by the magnetic field due predom-
inately to the discharge current, so that the ionization by the e-beam was
more intense at the center of the beam. The higher e-beam ionization at
the center in turn led to increased discharge current at the beam center.
Since the electric field E was essentially constant over the height of the

\
discharge, more discharge energy was deposited into the center ‘of the beam,

resulting in a constricted burn pattern shown in Figure 15. Note that for

38




3 i
»
Q.
=
S 2t i
e
= [
I
z b | .
=° |
|
|
' 0 1 | P 1 ]
. o 0.2 0.4 0.6 0.8 1.0
é 63081 BEAM ENERGY (MeV)
|
! Figure 14 Maximum Aperture Area and Discharge Current Density

Product as a Function of E-Beam Energy




SCREEN APE RTURE

HII26




interesting discharge enhancements, the discharge current JD must be
typically > 10 Jeb' therefore, the magnitude of the magnetic field generated
by anti-parallel current operation will be comparable and the e-beam will
diverge leading to large transverse deposition gradients and inefficient
laser performance.

The application of an external magnetic field in the direction of the
e-beam with intensity much larger than field produced by the discharge
current eliminates beam pinching or spreading. In the present device, at
50 A/cmz discharge current, the magnetic field generated at the edge of the
discharge is =300 G. When an external field of 800 G was applied, beam
pinching was effectively eliminated and a typical burn pattern is shown in
Figure 16. This result demonstrates that by using an external magnetic
field the constraint on discharge cross sectional area shown in Figure 14
can be overcome and e-beam controlled discharge pumping can be scaled
to very large single pulse energies.

The above also underszores the importance of uniform e-beam energy
deposition in e-beam controlled discharge excitation. We have shown prev-
iously that, for optimum KrF* formation and laser energy extraction, the
level of excitation must be kept within a narrow range just below the limit
of discharge stability. Equations {10) and (11) show that the highest dis-
charge enhancerments are also achieved close to the stability limit. There-
fore if the e-beam energy deposition is not uniform over the discharge
region, then when conditions are chosen for stability at regions of high
e-beam deposition, the regions of low e-beam deposition will be insuffi-
ciently excited for efficient extraction and the overall laser efficiency will
be lower than that achievable with uniform e-beam deposition. The average

discharge enhancement will also be lower than that given by Eq. (11).
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One can raise the average e-beam current so that the regions of low
beam deposition can be effectively excited. However since stability must
be maintained over the entire volume, the peak discharge enhancement will
be lowered. This can be seen clearly if cne rewrite Eq. (11) in a slightly
different form. Since two step ionization implies that local ionization rate,

vy is proportional to P at the limit of stability we have

d'
de = :;ds (12)
eb d i

where A is a constant. This implies that

Pa 1

°‘ (13)
Peb P e
eb

or that when the e-beam intensity is raised the peak discharge enhancement
is necessarily lowered.

In the one meter device, the application of an external magnetic field
effectively eliminated large scale e-beam nonuniformities due to beam pinch-
ing by the discharge current. However, in spite of this, substantial e-beam
nonuniformities still exist. The inhomogeneity is caused predominently by
(1) stopping of the e-beam in the high pressure laser gas and (2) the localized
beam intensity fluctuations believed to arise from the bipolar diode effect in
the e-gun. These effects together with measured spatial beam variations are
discussed in detail in the previous report. (1) Stopping of the beam gives rise
to a factor of 1. 6 variation in e-beam energy deposition in the direction of the
beam current as one moves across the discharge region from the anode to the
cathode. The fast localized beam fluctuations can give rise to transverse

beam variations greater than a factor of 2.
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In addition diode closure in the e-gun give rise to a continuously
rising beam current during a pulse so that the optimum beam current den-
sity for discharge excitation can only be maintained for a fraction of the
e-beam pulse. The percentage of e-beam variation during the pulse depends
on the e-gun anode-cathode spacing and e-gun voltage. Typically at 6 cm
anode-cathode spacing and 300 kV applied, the variation in 0.5 pus is of order
30%.

Compared with the one meter device, e-beam uniformity in the 20 cm
device is significantly better. The e-gun on the 20 cm experiment is driven
by a cable which, inspite of diode closure, yields a relatively constant e-beam
current during its 300 nsec pulse. The discharge anode-cathode spacing in
the 20 cm device is only 2 cm and typically at 1.5 atm, beam stopping and
scattering gives rise to only 30% beam deposition variation over the discharge
volume. Furthermore, since the pulse length in that device is limited to 300 nsec
and it takes ~300 nsec for the fast beam fluctuations to appear, the fast fluctua-
tions did not contribute significantly to e-beam nonuniformity. Therefore the
e-beam in the 20 cm approximated the uniform e-beam condition assumed in the
discharge kinetic model and all major predictions of the model agree well with
experimental measurements. However in the one meter device, with the
measured e-beam nonuniformities, close agreement with kinetics model pre-
diction can not be reasonably expected.

Nevertheless attempts were made to run the laser discharge at con-
ditions calculated to be optimum assuming an uniform e-beam. The code
calculations indicated that at an e-beam current of 2.5 A/cmz, a discharge
enhancement ratio of 4 could be maintained at an applied field of 3 kV/cm-

atm in 1.5 atm laser mixtures containing 0. 3% F,. Under these conditions
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the excitation was calculated to be 2.2 x 105 W/cm3 at a discharge current
density of 40 A/cmz.

The e-beam current was adjusted by choosing the e-gun anode cathode
spacing. At 7 cm spacing a transmitted e~-beam intensity of 2 to 3 A/cm2 in
the discharge region was obtained. Figure 17 shows oscillograms of the
e-gun cathode voltage and current pulse shapes. Also shown is the trans-
mitted e-beam current density measured in the laser cavity. Because of

(5)

diode closure in the e-gun, the current density monotonically increased
during the pulse. However, from 0.6 ;s to 1.4 ;s after the initiation of
the e-beam, the transmitted current in the discharge region averaged
~2.5A/ cm?.

When a discharge voltage was applied across the electrodes it was
found that the desired operating electric field of 3 kV/cm-atm can only be
maintained for 200 to 300 nsec. Typical discharge voltage and current
oscillograms are displayed in Figure 18. Shown are three shots taken with
discharge supply capacitor bank charged to 60, 80 and 100 kV respectively.
At the higher applied fields the average electric field in the discharge is
initially high, but quickly collapsed. At the same time the discharge cur-
rent increased until limited by the external circuitry. Open shutter photo-
graphs of the discharge showed no evidence of a glow to arc transition
resulting in the formation of a constricted arc. An example is shown in
Figure 19. The electron density appeared to have increased volumetri-
cally which resulted in high discharge currents and low electric fields.

Under these conditions efficient excitation occurred only for a short
time during which the electric field was high. Efficient lasing was observed
only during that time with laser output pulses typically lasting 200 to 300 nsec

and typical output energy was 10 to 20 J.

(5) Parker, R.K., Anderson, R.E., and Duncan C. V., J. Appl. Fhys.,
45, 2463 (1974).
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Attempts to stabilize the discharge with higher attachment (higher

Fz mixtures) resulted in lower discharge enhancements as expected. There-
fore, to reach interesting laser operating regimes with higher FZ concentra-
tions, the e-beam current density was raised to 4 A/cmz.

With 4 A/cmz e-beam density and 0. 5% FZ/IO% Kr/89. 5% Ar mixture,
a discharge enhancement of 2 with electric fields of 2 to 3 kV/cm could be
maintained for up to 500 nsec. Efficient lasing was observed during that
time. Best results achieved are summarized in Table 1 while typical dis-
charge current, voltage and output laser pulse oscillagrams are shown in
Figure 20. In Figure 20 we also compare these to predictions of the kinetic
model.

The comparison shows that the calculated e-field assuming uniform
e-beam deposition is higher than those actually obtained. We attribute this
to e-beam nonuniformities which led to regions of high electron density and
low electric field. The calculated discharge voltage decreased for the latter
part of the pulse because of F, consumption. The observed voltage decrease
is faster than that calculated. A possible explanation for this is that F, is

consumed in the discharge somewhat faster than that accounted for by the

model. F?. is consumed by the following reactions:

Fy +8 - F +F (1)
% 3

Fz + Kr - KrF + F (2)

FZ 4+ hv (laser) - 2F (3)

F, + Ar -~ ArF 4+ F (4)

FZ + KrF’°= -  products (5)

F2 + e - 2F + e (6)
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TABLE 1

E-BEAM CONTROLLED DISCHARGE PUMPING OF KrF*
1 METER DEVICE (0. 5% FZ/IO% Kr/89.5% Ar AT 1. 5 ATM)

LASER PERFORMANCE

DISCHARGE CHARACTERISTICS

Laser Energy

Active Volume

Laser Energy Density

Laser Energy/Energy Deposited
Laser Pulse Length
Output Coupling

- Discharge Electric Field

— Discharge Current Density

— Discharge Energy Deposited

E-BEAM CHARACTERISTICS

— Beam Current Density

Beam Energy

— Beam Energy Deposited

el

50

75 Joules
7.5 Liters
10 J/Liter
9. 5%

500 nsec
71%

2 kV/cm-atm
70 A/c:m2
70 J/Liter

4 A/cm2

300 keV
35 J/Liter
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In the model reactions (1) through (5) have been included, but (6) have not .
because the relevant cross sections are not known. The importance of re-
action (6) is currently under study. The model also assumes a temporally
constant e-beam current while the actual e-beam current rises monotonically
during the pulse. The inclusion of these effects should account for the ob-
served voltage current characteristics.

D. CONCLUSIONS

Using e-beam controlled discharge pumping of KrF' we have demon-
strated, in the one meter device, a laser intrinsic efficiency of 10% with a
single pulse output energy of 75 J extracted from an active volume of 7.5 {
(10 J/2). The discharge enhancement ratio was limited to 2.5 and the laser
output pulselength was limited to 600 nsec. These results do not agree with
results of kinetic model calculations based on the assumption of a spatially
and temporally uniform e-beam. We attribute the discrepancy to the spatial
and temporal e-beam nonuniformities measured in our device and to possi-
ble effects of electron impact dissociation of Fz which was not included in
the kinetic model.

Currently a separate e-gun technology program is underway at AERL
to develop methods of generating an e-beam with the spatial and temporal
uniformity required to fully utilize the potentials of the e-beam controlled
discharge technique. If such an e-beam can be produced, then uniform
energy deposition in the laser medium can easily be achieved by going to
two magnetically guided face to face e-beams. A calculated energy deposi-
tion profile of such a system is shown in Figure 21. The face to face geom-
etry effectively smoothes out the longitudinal deposition nonuniformities
introduced by beam stopping in the laser gas. The implimentation of these
techniques should lead to discharge enhancements of > 4 and intrinsic laser

efficiencies of > 12% under stable long pulse conditions.
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IV. E-BEAM PUMPED XeF"' LASER

Based on the molecular similarity to KrF*, the XeF system is ex-
pected to possess many of the characteristics of KrF\\ (e. g., high formation
efficiency, high gain, low self-adsorption, etc.). In thie section, the results
of formation, quenching, gain and adsorption measurements carried out on
the small scale device will first be briefly summarized. Results of laser
performance calculations based on these measurements will be presented,
Then, e¢-beam pumped Xo}"‘\\ laser experiments will be described and results
will be compared with calculations. A series of sidelight experiments per-
formed to resolve the discrepancy between the observed laser efficiency and
calculated laser efficiency will be described. The implications of the sidelight
measurement results on energy extraction in the XvF\\ laser will be discussed

Y
and finally methods of improving XeF  laser efficiency will be proposed.

A. FORMATION, QUENCHING, GAIN AND ABSORPTION MEASUREMENTS

Efficient scaling of XeF\\ lasers to high average power requires know-
ledge of the processes responsible for the formation and quenching of the upper
laser level. From the formation kinetics, one can determine the upver level
production efficiency, and from quenching rates one can choose appropriate
lagser mixtures and determine the laser saturation flux,

N
In XeF'' laser mixtures using Ar as a diluent and ¥, as the halogen

-~

-y
1

in a series of experiments done

o2
donor, the dominant kinetic pathways leading to XeF (B

(6)

/ ,) formation
have been determined by Rokni et al,

on the 20 ¢cm device, Table 2 lists the dominant formation reactions and

(6) Rokni, et al., Appl. Phys, Lett, 30, 458 (1977).
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Figure 22 shows schematically the various pathways. In mixtures containing
sufficient Xe so that the rate of reaction (6) in Table 2 is much greater than
the rate of decay of ArF*, the formation of XeF* from e-beam ionization of
Ar and Xe proceeds essentially with unit branching. This implies a XeF
formation efficiency in suitable mixtures of approximately 17%.

In these mixtures the dominant quenching of XeF* is by two body re-

actions with Ar, Xe and F_, and three body reactions with Ar and Xe with

2'

the third body being mainly Ar. These reactions together with their measured

rate constants are listed in Table 3. The rates for reaction (1) and (2) were

(7)

measured by Brashears et al,, while the remaining were measured by

Rokni et al. Using these rate constants one can calculate the saturation flux,

6 q‘)s is defined as the flux at which the rate of stimulated emission is equal

to the sum of the rates for radiative decay and collisional quenching. In mix-

tures of Ar/Xe/FZ d)s is given by

w BEwd o2 2
oy - o [rr * Kye Nxe * KFZ NFZ t Kpr Nar  Kopp Nyo
*Rirxe Vas NXe] e

where the K's are the rate constants given in Table 3, N are the number

densities for the gas species, o is the stimulated emission cross section

and T is the radiative lifetime. Taking o, = 4 x 10716 o (8)

(9)

and 7_ =
r

16 nsec'’’ we get for typical laser mixtures at 2 at total pressure

6, = 2-3 x 10° W/em®

The formation and quenching described above have been incorporated

into a comprehensive kinetic code, In Figure 23 the fluorescence versus

(7) Brashears, H.C., Setser,T). W., and Des Marteau (Unpublished),
(8) Rokni, M. (Unpublished).
(9) Eden, G.J. and Searles, S. K. (Unpublished),
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TABLE 2

+
Ar _Br T he

e+Xe"'Xe 8

e +F, - F +F

s 2
¥ . *
Ar' + F +M - ArF + M

Ar++Ar+M->Ar;+M

2 *
Ar;+F - ArF + Ar

ArET & Xe + XeF 4 Ar

%t 1T 4 M - XeB & M

++Xe+M—-Xe++M

Xe 2

R *
Xe;+F - XeF + Xe
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(2)

(3)
(4)

(5)

(6)
(7)
(8)

(9)




TABLE 3
DOMINANT XeF QUENCHING KINETICS IN Ar/Xe/ F, MIXTURES

XeF' + Xe = products 3.4 x 10711 cm3/sec (1)
XeF* + F, - products 3 x 10720 cm3/sec (2)
XeF® + A - products 8 +4 x 10713 cm3/sec (3)
XeF" + A - products 1.5 .5 x 19722 cm6/sec 4)
XeF" + Xe + M — products 3 + 1.5 x 10731 cmb/sec (5)
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Figure 23 Predicted and Measured XeF Fluorescence vs Pressure
for Various Xe Concentrations in Ar/Xe/F2 Mixtures
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1
pressure and mixture predictions of the kinetic code are compared with ex- {
q
perimental measurements. At low pressures the fluorescence efficiency is |
|
|
|
:

higher for mixtures with high Xe concentration because the displacement

* *
reaction Xe + ArF — XeF + Ar competes more effectively with the decay

of ArF* while at higher pressures, two and three body quenching by Xe
cause the fluorescence to roll over faster for high Xe concentrations. 1

Beside Ar and F,, N]’:‘3 have been used as the halogen donor and Ne
have been used as a diluent. The use of NF3 has the advantage that 1\‘1*"3 ]
quenches XeF ' some 16 times slower than FZ' ¥%) Further NF, does not :

absorb at the laser wavelength. The use of Ne as a diluent has been shown
to lead to higher XeF‘>€< laser efficiency. e 14 As will be shown below this
is due predominantly to lower excited species absorption and slower quenching.
The formation kinetics in Ne rich mixtures have not been firmly es-
tablished, however measurements show that the branching into XeF ' is near
unity for appropriate mixtures. A possible formation chain that is consistent
with our fluorescence observations is given in Table 4 and Figure 24. 13}
An interesting feature of this chain is that Xe+ is formed through reactions.
with NeF*, F* and FZ*. All these species have enough energy only to form
Xe+ in the (2P3/2) state but not ZPI/Z state. Since Xe+ (ZPI/Z) generates
XeF* (D) states, one expects to find, in Ne rich mixture, much weaker D-X
emission at 260 nm. This is indeed what is observed.
The dominant quenching reactions in Ne/Xe/NF3 mixes are listed in
Table 5. Also shown are the measured rate constants. The rate constants
for three body quenching by Xe and Ne with Ne as the third body was mea-
sured by Rokni et al. , e in the 20 cm device. Two body quenching by Ne

(10) Champagne, L.F., et al., presented at the 7th Winter Colloquium on
High Power Visible Lasers.

(11) Mangano, J. A., Hsia, J., and Hawryluk, A. M. (Unpublished).
(12) Rokni, M. and Jacob, J. (Unpublished).
(13) Rokni, M. et al. (to be published in Appl. Phys. Lett. )
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TABLE 4
XeF' FORMATION KINETICS IN Ne/Xe/NF, MIXTURES

é’+Ne-—Ne++es+é’ (1) '.
e, + NF3 = NF, + B (2)
Net + 2Ne - Ne,™ + Ne (3)
+ - *
Ne +F +M - NeF + M (4)
Ne,” + F* =~ NeF" + M (5)
NeF' = Ne + F* (6)
% N %*
F' +NF; - F," +NF, (7)
F*
NeF' } + Xe - Xet (8)
%*
Fp
+ - *
Xe +F +M -+ XeF + M 9)
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Figure 24  Possible YeF Formation Processes in E- Beam Excited
Ne/xe/Fz Mixtures




TABLE 5

DOMINANT XeF' QUENCHING PROCESSES IN Ne /Xe/NF, MIXTURES

Reactions Rate Constants
(1)  XeF +NF, - Products 1.2 107 con faec
(2) XeF® + Xe - Products 2.9 % 1011 cm3/sec
(3) XeF* + Ne - Products Negligible
(4) XeF® + Xe + M - Products 2% x 10°°) o es

(5) XeFﬁ< + Ne + Ne -+ Products 2.0 x 10-33 cm6/sec




is small and can in general be neglected. Using these quenching rate con-

stants we calculate for typical laser mixtures at 4 atm total pressure a

saturation flux

6, ~ 1-2 x 10° W/em®

The fluorescence efficiency versus pressure and mixture predictions
of the kinetics code which incorporates the above rates are compared in Fig-
ure 25 with experimental measurements. Note that since branching from
Ne+ and Xe' is near unity for appropriate mixtures, and the formation ef-
ficiency is 14% (3.52 eV per XeF* formed/25 eV per electron ion pair formed
by the e-beam in mixtures of Ne and Xe). (14) The observed fluorescence
efficiency is lower because of quenching. If extraction can occur efficiently
the laser efficiency can be significantly higher than the peak fluorescence
efficiency observed.

For efficient laser operation another key issue is medium absorption
at the laser wavelength. Here for XeF*, laser medium absorption is ex-
pected to be lower than KrF*. First by using NF3 as a halogen donor there
is no ground state absorption at 3500 & and second Xe]:"ie< is not expected
to self-adsorb.

Systematic adsorption measurements have been carried out in XeF
mixtures. A schematic of the measurement apparatus is shown in Figure 26.
A dye laser tuned to 340 nm was used to probe the active medium. Part of
the probe beam was reflected by a beam splitter and monitored by a photo-
diode. The optical path through the active medium was doubled by a total
reflector placed at the far end of the cell. After emerging from the cell,
the beam was monitored with a second photodiode narrow band interference ;

filter with peak transmission at 340 nm was used in front of the detector to

(14) Jesse, W.P. and Sadauskis, J., Phy. Rev. 88, 417L (1952).
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Figure 25 Predicted and Measured Fluorescence Efficiencies in

E- Beam Excited Ne/)(e/NF3 Mixtures
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Measurements in XeF* Mixtures
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minimize optical noise. The dye laser was synchronized with the e-beam.

The adsorption of the active medium was measured by comparing the ratio
of the signals with and without 5 A/cm‘2 of e-beam irradiation,

Results of adsorption measurements in 0, 3% F2/99. 7% Ar and in
0.3% F2/99. 7% Xe are shown in Figures 27 and 28. If Ar;, ArZF* and Xe2+
are identified as the dominant adsorbing species with cross sections given
by:

o (Ar}) = o (Ar,F") = 1.7 x 10717 em®

o (Xe)) = 1.3 x 10710

then the absorption predicted by the kinetics code yield good fits to measured
values. The calculated absorption lines are also shown in Figure 27 and 28.

Results of absorption measurements in a typical laser mixture of
Ar/Xe/F2 are shown in Figure 29. Also shown for comparison is the ab-
sorption calculated by the kinetics code using the cross sections fcund pre-
viously.

Photoabsorption in Ne/Xe/I-"2 mixtures have also been investigated.
The measured excited species absorption in 0. 3% FZ/O' 5% Xe/99.2% Ne and
0.3% FZ/Z% Xe/97.7% Ne are shown in Figure 30. Note that the absorption
is much less than mixtures with Ar, The two main reasons for the reduced
absorption are (1) Ne;: absorbs much less than Ar; and (2) Xe; formation
is slower in mixtures containing mostly Ne because the intermediate complex
NeXe' is more weakly bound than ArXe+. From these measurements one

can establish an upper bound for Ne; absorption cross-section of 2 x 10-17

cmz. Table 6 compares the experimentally derived cross sections to those
calculated theoretically. The theoretical cross sections are expected to be
good to a factor of 2. L

(15) Wadt, W. (to be published)wy
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TABLE 6
DOMINANT ABSORPTION SPECIES IN XeF LASERS

(o] (cmz)
Species Exp Theor (300 °K)
Art 1.7 = 10717 8.7 x 10718
Xe,* 1.3 x 10716 4.8 x 10°17
Ne + <2 x 10'1‘7 9.6 x 10"19

2




Now the superiority of Ne as a diluent is apparent. Since both two
and three body by Ne is much less than Ar, and since the branching into
Xe]?’e< is just as efficient, one expects, for the same level of excitation a
higher small signal gain. Further since the absorption in Ne mixtures is
some 3 times less than that with Ar, the extraction efficiency should be
much higher when Ne is used.

B. LASER EFFICIENCY CALCULATIONS AND COMPARISON WITH
EXPERIMENT

If one assumes that the vibrational relaxation of the XeI-"‘< (B) mani-
fold and the removal of the lower laser state XeF(x), occurs much faster
than the rate of radiative decay and collisional quenching of XeF*(B), then
using the formation and quenching kinetics measured in the previous section
one can calculate the extraction efficiency and intrinsic laser efficiency.

Since the branching into XeF*(B) is near unity the rate equation for

13
XeF,'(B) can be written

i ) UL, ) e}
dt 7 eb TE

*
Where NXeF* is the density of XeF , Seb is the e-beam ionization rate and

*
> is the lifetime of XeF . In mixture of Ne/}(e/NF3 TE is given by

e 2
Ty Ty @ KNF3 NNF3 * Kxe Nxe * Exene Nxe NNe t K2ne Nne
(16)

In 4 atm of 0.2% NF3/0. 5% Xe/99.3% Ne we have, using the quenching rates
presented previously,

de e 1.46 x 10

E

8 1

sec
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For a 250 kV e-beam at 10 A/c:mz in 4 atm of Ne

5 22 3
S.p, = 5 x 10 /sec - cm

MR L

XeF
The small signal gain g is then given by

i 5 ' -1
8, = 0y Ny p* = 1.4 x 10 [crm,

Using the laser power extraction model which includes distributed medium
absorption presented in the previous semi-annual report(l) and assuming a
medium absorption of a = 3 x 10'3 c:m'l we have for the maximum extrac-
tion tion for a 1-meter active medium, Aagt = Duts The intrinsic laser
efficiency Nint is then just the product of the formation efficiency, Mg and

Next" The maximum expected laser intrinsic efficiency is then

Tt = N Mgy © 9.8%.

The results of laser experiments carried out in 4 atm of 0.2% NF3/
0.5% Xe/97.3% Ne are summarized in Table 7. Note that the maximum
laser efficiency obtained is a factor of 4 lower than that calculated above.
To resolve this discrepancy and to understand the possible sources of in-
efficiency a series of laser sidelight experiments were performed. These
experiments will be described in the following section. The results of
these experiments and their implications on power extraction in the XeF>=<
laser will also be discussed in detail.

C. SIDELIGHT EXPERIMENTS AND POWER EXTRACTION IN XeF*
LASERS

E3
The laser transiton in XeF occurs between bound-bound molecular

energy levels. The energy level diagram for the XeF*(B) and XeF'(x) states
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TABLE 7

E-BEAM PUMPED XeF* LASER PERFORMANCE
(0.2% NF3/O.4% Xe/99.4% Ne AT ATM)

Laser Performance

- Laser Energy 36 Joules
Active Volume 4.5 Liters
Laser Energy Density 8 J/Liter

Laser Energy/Energy 2. 6%
Deposited

- Laser Pulse Length 1.2 pysec

E-Beam Characteristics

- Beam Current Density 10 A/cm2

Beam Energy 250 keV




are illustrated in Figure 31. These have been derived from spectroscopic

(16) (17)

analysis of the B - X emission by J. Tellinghuise and others,

Note that the lower laser level is bound by approximately 1200 em™!,

This
is quite different from the case of KrF* where the lower laser level is re-
pulsive,

In the case of a laser working from bound-bound transitions, there
is first the possibility of '"bottlenecking''. That is the deactivation of the
lower level (which presumably occurs through collisions) may not be suffi-
ciently fast to allow high extraction efficiency. Second, because radiation
from bound-bound transitions typically have discrete vibrational band struc-
ture, if lasing occurs predominantly in one V' — V! transition, then the
laser cavity flux can only stimulate transitions from one vibrational level
in th upper level manifold. In that case if the vibrational relaxation in the
upper manifold is not sufficiently fast, then extraction can only occur from
one vibrational level in the upper manifold, and molecules formed in the
other vibrational levels are simply lost to spontaneous radiation and colli-
sional quenching,

To see if indeed these processes are limiting the extraction efficiency
in the XeF* laser a series of laser sidelight experiments were performed.
A schematic of the experimental apparatus is shown in Figure 32. Fluores-
cence emerging from the ‘side of the 1-meter laser cavity was monitored
with photodiodes and a Hilgar spectrograph. The laser cavity flux was also
monitored by photodiodes located behind one of the optical cavity mirrors.
Thin film interference filters were used in front of the photodiodes so that
emission in specific V' -+ V" transitions could be monitored. Sidelight
intensities were then compared with and without a laser cavity flux under

otherwise identical discharge conditions.

(16) T_ellinghuisen, J., et al., "Analysis of Spontaneous and Laser Emis -
sion from XeF'" (to be published).

(17) Smith, A. L., and Kobrinsky, P.C. (to be published).
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Figure 33 XeF' Fluorescence Spectra taken with E- Beam Excited

Ar/)(e/NF3 and Ne/Xe/NF; Mixtures
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In Figure 33 we compare XeF*(B - X) fluorescence spectra taken
in 1 atm of 0.2% NF;/0.5% Xe/99.3% Ar to that taken in 3 atm of 0.2% NF,/
0.5% Xe/99.3% Ne. Note that since the spectra shown were obtained from
microdensitometer tracings, the vertical scales in Figure 33 corresponds to
film density which in turn is approximately proportional to the log of the time
integrated fluorescence intensity. A striking difference in the two spectra is
that in 1 atm of Ar the spectrum is considerably narrower than that from
3 atm of Ne, indicating that in Ar, vibrational relaxation of the upper mani-
fold is more complete than in Ne. This suggests that vibrational relaxation
of XeF*(B) in Ar mixtures probably does not occur througha V -T process,
since in that case one would expect greater vibrational relaxation in Ne mix-
tures. One possible explanation is that vibrational relaxation in Ar mixture
proceed via the formation of an intermediate complex. Since ArXe' is bound

by approximately 0.2 eV, vibrational relaxation can occur through
* L * *
XeF (high V') + Ar - ArXeF - XeF (low V') + Ar.

This process is probably not as effective in Ne because NeXe ' is either very
weakly bound or unbound.

Spectra taken of the laser output indicates that in both Ar and Ne mix-
tures lasing occur predominantly in the V' = 0 to V" = 3 transition at
3532 K. Very weak lasing is detected in the band corresponding to a blend
of V! = 0to V' =2and V' = 1 to V"' = 4 transitions at 3511 R, Figure
34 compares sidelight spectra taken in 3 atm of Ne with and without a laser
cavity flux. The location of the band heads for various V' - V' transitions
are also shown. With lasing one sees that the fluorescence was significantly

depressed only in those lines corresponding to transitions originating from
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V' = C while those from higher V' remained unchanged. This shows that
the laser cavity flux only extracted efficiently from one vibrational level in
the upper level manifold and that the vibrational relaxation time was larger
than the lifetime of the upper laser levels so that there was no significant
feeding of the V' = 0 level from higher V' levels during one lifetime.
Photodiode measurements also show the same behavior. Figure 35
shows signal traces from photodiodes looking at sidelight in the V' = 0 —
V' = 3 transition and at sidelight in the entire B - X band. Comparing

signal intensities with and without lasing at 400 nsec into the pulse we have

approximately
I0 3 (lLasing)
7y v e M
0 %3 g
and
11 (Lasing)
e 0. 82

- ~
IB - X (Non-Lasing)

which again show the sidelight is not uniformly depressed over the B - X
band. Quantitatively, one can estimate from these ratios, the fluorescence
intensity from V' = 0 transition compared with fluorescence from the entire

band. One can write

IB - X (Non-Lasing) = I‘V' =0 (Non-Lasing) + IV' = 0 (Non-Lasing)
IB - X (Lasing) = IV' &0 (Lasing) + IV' -0 (Lasing).

We have already shown that for V' = 0 transitions the fluorescence intensity
does not vary with the presence of a laser cavity flux so Ly 0 (Lasing) =

4 (Non-Llasing). Solving the above equations and using the measured

ratio, one gets 83
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IV' B (Non-Lasing)

- = 0.6,
IB - X (Non-Lasing) 9

If one assumes comparable quenching rates for all the different vibrational
levels in the upper level manifold then this implies that the laser cavity flux
was extracting only from 60% of the molecules formed in the XeF*(B) state.

Figure 36 shows similar spectra taken in an Ar mixture. Here be-
cause the vibrational relaxation is faster one does see sidelight depression
in bands with V' # 0, This implies that when the population in the V' = 0
level is depressed by stimulated emission, molecules in the other V' levels
feed into V' = 0 through vibrational relaxation so that the populations in the
higher V' states get depressed as well,

Calculations based on photodiode measurements of sidelight in the
Vi = 0 - V' = 3 transition and in the entire B - X band in Ar show that
greater than 90% of the molecules formed in the upper manifold are effec-
tively reached by the laser cavity flux. Apparently in Ar, the reduction in
laser efficiency, due to finite vibrational relaxation time in the upper mani-
fold, is small. Despite this fact the observed laser efficiency using Ar is in
general lower than that using Ne. This is because of higher medium absorp-
tion in Ar mixtures and low g6 due to higher quenching rates results in a
low extraction efficiency which more than offsets this advantage in vibrational
relaxation,

Sidelight measurements also show evidence of bottlenecking. Figure
37 shows data taken in 3 atm of Ne diluted laser mixture. Also shown are
laser output pulse shape and e-gun cathode current, First, since the laser

output pulse lasted 1 ysec we conclude that the bottlenecking was not total.
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That is deactivation of the V'' = 3 lower level must have occurred at a rate
greater than the rate of upper level removal by spontaneous radiation and
collisional quenching. Otherwise the laser would have shut off in a time
equal to the lifetime of the upper level (< 10 nsec in this laser mixture). The
data also shows that sidelight emission in the V' = 0 - V' = 3 transition
decreased by a factor of 0.6 in going from nonlasing to lasing. The laser
cavity flux calculated from measured laser output flux and mirror reflec-
tivities was 10 times the saturation flux calculated from quenching rate
constants given previously. Consequently, if bottlenecking is not a factor,
one expects a factor of 11 decreases in sidelight emission from XeF (V' = 0)
states. A likely explanation for the observed data is that the lower state
builds up to a population which depends on its rate of dissociation and vibra-
tional mixing.

A buildup in population of the lower state seriously limits the extrac-
tion efficiency. This can be seen quantitatively if we write the extraction
efficiency Toxt (laser photons out/upper states formed) as a product of two
efficiencies. The first of these, Ng» is defined as the ratio of the number
of upper states stimulated to the number of upper states formed. The re-
mainder of the upper states formed are collisionally quenched or spontane -
ously radiated. The second of these efficiencies is then the ratio of laser
photons out to the number of upper states stimulated. The remainder of the
photons are absorbed in the laser medium or in the optical cavity,

ng can be calculated by using the rate equation for the upper laser
state. In Ne there is effectively no feeding of the XeF*(B, V! = 0) from
other XeF*(B, V! = Q) states therefore we need only consider the rate equa-

tion for V' = 0, and write in steady-state
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Where

N¥ = XeF™ (B, V!

0) density
= XeF* (B, V!

0) production rate
o, = stimulated emission cross-section
N = XeF (X, V'' = 3) density

¢ = laser cavity flux

= radiative lifetime of XeF*(B)

T~ = collisional quenching time of XeF*(B)

Under fluorescence conditions when ¢ = 0 we have

N_¥
* .1 1 0

S =N (== + =) = —— (18)
0 0 TR TQ T

Where No* denotes N* when ¢ = 0 and TE is the lifetime of XeF™(B, V! =

0). In steady-state, ng as defined above is simply the stimulated rate over

the production rate,

o ¢ (N* - N)
‘r‘ =
s hv So
: hyv
Now using Eq. (8) and ¢s = T we have
s 'E
s N* N
’ﬂs ) ¢ (W °N *) (19)
s o 0

. N i ) N* .
If Eq. (17) is solved for N¥ in terms of s and N = and the result in-
0 s 0
serted into Eq. (19), the following simple equation results.

ety .ol
Tig = No*
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Now the sidelight intensity, I, inthe V' = 0 - V" = 3 line is proportional

to N* therefore ng can be written in terms of measured quantities as

I
. S
s 10*3(0)

For the case shown in Figure 37 we have . P 0.4.
Taking into account laser medium absorption, it can be shown(lg)

that at optimum output coupling the extraction efficiency is given by
Next = M Mg @ » ¢s)

Where n is the extraction efficiency assuming zero lower state lifetime

(see Figure 7 of the previous semi-annual report)(l) and ng @ >» ¢s) is

Ng at cavity flux, much greater than ¢s.

The intrinsic laser efficiency taking into account the lack of vibra-
tional equilibration and finite lower level lifetime can now be calculated.
For Ne with unity channeling to XeF*(B) but only 60% of those formed are
available for extraction (the balance are in higher vibrational levels), the
effective formation efficiency n,, into XeF™(B, V' = 0) is then 8.4%. At

4 atm total pressure, 10 A/(:m2

coefficient of 3 x 1073 cm-l, n is approximately 0.65. The measured side-

e-beam excitation, and a medium absorption

light intensity ratio with ¢ = 0 to ¢ = 30 ¢sat is 0.5 at 4 atm. Therefore
Ns = 0.5. The laser intrinsic efficiency is then
Nint = g n ng = 2.7%.
This agrees very well with the measured value of 2. 6%.
D. LOWER LEVEL DEACTIVATION
If the process of bottlenecking, proposed in the previous section to

explain the sidelight data, is correct, then the lower level XeF (x, v'' = 3)

(18) Rokni, M. and Jacob, J., Private Communication.
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deactivation time can be deduced from the measured quantities. The deacti-

vation time ™ for the processes

Ih
XeF(x, v' = 3) = XeF(x, v!' = 3)

and

- Xe + F

in Ne mixtures is given by (see Appendix A)

0
T = (20)
D E %

RS T

¢s TQ NO*

Ter Tq and 4)8, defined previously, can be calculated from measured values
of quenching rate constants, stimulated emission cross section and radiative
lifetime. N*/NO* is just given by the ratio of the sidelight intensities in the
v'! = 0 - v'" = 3 line, ¢ can be determined by measuring the laser output
flux and relating it to ¢ , the laser cavity flux, through known output coupling.
This was done using sidelight data from experiments 1, 2, 3 and 4 atm
Ne diluted mixtures. The deactivation time calculated from the experimental
data is summarized in Table 8. The approximate 1 /pressure dependence in-
dicated by these deactivation times is consistent with collisional deactivation

through vibrational mixing and collisional dissociation processes,
XeF(x, v'' = 3) + Ne - XeF(x, v' # 3) or - Xe + F + Ne.

The rates for these processes are not sufficiently high so that the buildup of
the lower state population reduces the intrinsic laser efficiency by as much

as a factor of 2.
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Since XeF(x) is slightly bound, even at thermal equilibrium, there
will be a finite density of this species. To see if this can be a factor in

limiting the laser efficiency, the equilibrium constant for the reaction
XeF(x) < Xe + F

has been calculated by V. Shu.i(lg) from XeF spectroscopic data obtained by
Smith and Kobrinsky. (E%) A plot of the equilibrium constant versus tempera-
ture is shown in Figure 38. Details of the calculational procedure are pre-
sented in Appendix B.

The XeF ground state population at thermal equilibrium can be

calculated from this constant if the densities of Xe and F ar known. Typical

laser mixtures contain 0.5% Xe, consequently at 4 atm, NXe = By 1017

cm'3. The F atom density increases with time during the excitation pulse
since the three body recombination rate

F+F+M-F2+M

2

is small (K ~ 10-3 cm6/sec) and no significant recombination occurs during

the pulse. At the end of a one ysec pulse with a typical pump power density

of 5 x 1022 electron-ion pairs/cm3/sec. N, = 5 x 1016/cm3; that is, one

F
F atom is eventually produced for every electron-ion pair generated. The

product of NF and NXe is therefore 2.5 x 1034 cm-b. Using the equilibrium

constant for 300°K we get an upper bound on the equilibrium XeF(x) density of

3.4 x 1013 cm-3. Assuming vibrational equilibrium XeF(x) vibrational levels

at 300°K, the XeF(x, v'' = 3) population is then 1.56 x 1012 cm™>,
To see if this XeF(x, v'' = 3) density significantly affects extraction

efficiency we compare it to the upper level density N* under lasing conditions,

(19) Shui, V. (Private Communication),
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Taking an XeF(B) production rate of 5 x 1022/sec (unit branching), if half

14
c

of these end up in v' = 0 level, then N,.* ~ 1.75 x 10

-3 =
0 m (TE = 6.9

nsec). If extraction occursat ¢ = 10 qu and no bottlenecking is assumed,
then N* (¢ = 10 ¢s) =1.6 x 1013 cm-3. The calculated XeF(x, v'' = 3) is
10 times less than this, therefore, the extraction is not significantly affected
provided that the dissociation rate is large enough so that equilibrium is
maintained between XeF(x), F and Xe.

At room temperature our experiments demonstrate that the rate for
the dissociation is not fast enough. However, this rate should increase rap-
idly with gas temperature so that at higher temperatures much reduced
ground level densities may be obtained. A calculation of the temperature
dependence of dissociation by Lin at UCSD, (20} which does not include the
effects of preferential population of a given vibrational level of XeF(x) by

stimulated emission, indicates that the dissociation rate should increase by

a factor of 20 if the temperature is raised from 300°K to 550°K. If the net

rate out of the XeF(x, v'' = 3) level increases by a comparable factor, then
barring other possible effects (e.g., increased absorption by Ne; and Xe;)

the intrinsic laser efficiency should be increased by a factor of 2 at 550°K.
Increasing the lower level dissociation rate may also make efficient
extraction from the higher vibrational levels in the upper manifold possible.
The effect of higher dissociation in the lower level can be expected to increase
laser gain., This gain increase may allow strong lasing (therefore efficient
extraction) on lines that at room temperature are just barely over or even
under laser threshold. In particular, if strong lasing occurs in the 3511 &

transition, then the v' = 1 level will be effectively stimulated. Also, at

(20) Lin, S.C. (Private Communication).
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room temperature, when very low output coupling optical cavity is used,
weak lasing has been observed in the line at 3487 R, indicating low but posi-
tive gain in that line. The band centered around 3487 & has been identified
asablendof 0 - 1, 1 - 3 and 2 - 5 transitions. If strong lasing can be
obtained in this line when hot then we can expect also efficient extraction
from the v' = 2 level. In this case the fraction of the upper manifold avail-
able to stimulated emission will be greater than 95%,

E. SUMMARY OF MAJOR XeF* RESULTS

The major results on e-beam pumping of YeF” laser systems ob-
tained in this reporting period are summarized as follows:

(1) The formation of the upper laser state, XeF*, from e-beam
ionization is shown to proceed with essentially unit branching in both Ar and
Ne rich mixtures. This implies maximum formation efficiencies of 17% in
Ar mixtures and 14% in Ne mixtures.

(2) The rate constants for two body and three body quenching of
XeF*™ by Xe, Ar and Ne have been measured. These allow the calculation
of the saturation flux in typical Ar and Ne diluted mixtures.

(3) A formation chain for XeF™ in Ne rich mixt\;res is proposed
and kinetics calculations based on this chain agree with all the experimental
observations,

(4) Medium photoabsorption at the laser wavelength has been mea-

sured in mixtures of Ar/FZ/Xe. Ar! and Xel are identified as the dominant

2 2
absorbing species. The estimated absorption cross sections based on these
measurements are 1.7 x 10-17 cm2 for Ar;- and 1.3 x 10-16 cnn‘2 for
+
Xe,.
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(5) Medium absorption in mixtures of Ne/FZ/Xe have been measured.
An upper bound on the Ne; photoabsorption cross section of 2 x 10'17 cm2 is
obtained.

(6) Higher laser efficiencies obtained in Ne mixtures compared with
Ar mixtures are shown to be a consequence of much lower laser medium ab-
sorption and lower quenching of the upper laser level.

(7) 36 J of output energy was obtained from 4.5 { of active laser
volume (8 J/{) with an intrinsic laser efficiency of 2.6% in 4 atm of Ne/Xe/
NF3 mixture.

(8) Vibrational relaxation of the upper level (XeF*(B)) manifold is
shown to be faster in Ar mixtures than in Ne mixtures. This is attributed
to the formation of an intermediate complex, ArXeF*, in Ar mixtures.

(9) The laser intrinsic efficiency is shown to be adversely affected
by the lack of vibrational relaxation in the XeF*(B) manifold and by finite
lifetime of the XeF(x) lower laser level.

(10) Inclusion of these effects in laser efficiency calculations lead to

calculated efficiencies very close to those actually observed.

(11) The rate constant for the deactivation of the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>