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REPORT SUMMARY

A. PROGRAM SCOPE AND OBJECTIVES

This interim technical report describes DARPA/ONR-sponsored
research, carried out during the period May 25, 1978 to February
23, 1979, directed towards the development of high power visible/
UV lasers. The overall objectives of this research are to: (1)
identify the key physical processes governing the operation of
mercury and rare gas monohalide laser systems, and (2) experi-
mentally verify laser performance and scaling predictions made
by comprehensive laser models.

During this reporting period a portion of the effort was

devoted to the study of e-beam controlled discharge pumping of

HgCl lasers. Discharge pumping is attractive for this laser

. because of the possibility of a high Hg* production efficiency
which may lead to a highly efficient, scalable laser in the : |
visible.

Also in this period the effect of temperature on KrF laser
operation was investigated using the one-meter laser device. High

temperature KrF laser operation is expected to lead to improved

laser efficiency because three-body quenching of KrF*, (the upper

laser state), by Ar and Kr has been shown theoretically to decrease

with increasing temperature. !
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In addition, experiments were performed to explore the
limit of specific energy (J/liter) achievable in e-beam pumped ]
XeF lasers. Specific energy has been shown to be critical in
determining the cost of a large-scale device suitable for DARPA
missions.

In parallel with the above, theoretical calculations were
carried out for the rates of XeF ground state vibrational mixing
and collisional dissociation as functions of temperature. The
results of these calculations will be incorporated into a com-
prehensive XeF laser model code which will predict XeF laser
performance and energy scaling.

B. ACCOMPLISHMENTS AND FINDINGS
The major accomplishments and findings obtained in this

reporting period are summarized as follows:

(1) E-beam controlled discharge experiments were carried

out in Hg/Clz/Ar mixtures where no prereaction between

Hg and Cl2 was detectable.

An HgCl intrinsic laser efficiency of 3% was obtained

with a discharge enhancement ratio of 11.

The measured small-signal gain and fluorescence effi-

ciency under optimum laser conditions suggest poor

HgCl* formation from Hg*(3P0,3P1) reactions with 012.

(4) Active medium photoabsorption of Hg/ClZ/Ar mixtures

near the laser wavelength was measured using a probe

laser and found to be large (0.4-0.8%/cm) under typical

operating conditions.

<UVAVECOD EVERETT



(5)

(6)

(7)

(8)

(9)

(10)

The results of HgCl* laser experiments have been

compared with model calculations and good agree-
ment obtained.

KrF* and KrzF* fluorescence was measured versus tem-
perature. The results are consistent with calculated
temperature dependence of three body quenching of KrF*
by Ar and Kr.

The KrF intrinsic laser efficiency was shown to improve
with temperature.

Energy deposition per unit active laser volume was
increased by using magnetic compression of the e-beam.
A XeF laser specific energy of 14 J/liter was achieved
at 3 amagats (4.7 J/liter-amagats) with 5% intrinsic
efficiency.

The XeF laser performance has been compared with model

calculation.
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I. INTRODUCTION

The overall objective of the DARPA/ONR sponsored rare gas
monohalide laser program is to determine whether this class of
UV/visible lasers can be made both efficient and scalable to
high average powers needed for achieving specific DARPA goals.

In order to meet this objective various parts of the underlying
physics governing these lasers are resolved, where possible, on
small-scale devices. These experiments provide the various
parameter values (cross sections, rate constants, etc.) which
are used to develop comprehensive laser models. One-meter laser
experiments are performed to first help identify the key processes
; . that must be correctly modeled and, second, to experimentally
verify that performance predictions made by model calculations
can be achieved. Once the predictive capability of the models
has been demonstrated then these laser models can be used to
accurately assess the performance achievable with larger scale
versions of these lasers.

In the previous reporting period one-meter experiments
were performed to explore the performance of XeF lasers at ele-
vated temperatures. These experiments have led to the demonstra-
tion of intrinsic XeF laser efficiencies of > 5%. Experiments
were also carried out to study energy extraction, gain saturation

and triatomic formation in KrF lasers. The results of these

<UAVEOD EVERETT




experiments have been compared in detail to predictions of a
comprehensive KrF laser model. The comparisons have shown that
for pulselengths > 250 ns and e~beam excitation intensities

< 0.5 Mw/cm3, the model correctly predicted laser performance
over a wide range of operating conditions.

In this reporting period the one-meter device has been
used to study e-beam controlled discharge pumping of the HgCl
laser. This laser, with output at 5576 R, was discovered at
AERL under direct e-beam excitation.(l) With e-beam pumping its
efficiency was low, principally due to the low quantum efficiency
and poor energy channeling from e-beam ionization into HgCl*,
the lasing species.

It was recognized from the outset that with discharge
pumping the ultimate efficiency can be much higher if Hg¥*,
which can be efficiently made in a discharge, can be used to
f form HgCl* via a "harpooning" reaction with a suitable chlorine
donor. More recently HgCl* has been made to lase in a dis-

(2,3)

] charge using Cl2 as the donor in small-scale experiments.

These experiments have been seriously hampered by wall catalysed
pre-reaction problems between Hg and C12. However, the rate for

this reaction is sufficiently slow,(4) especially on teflon-~coated

surfaces, that in a large scale device such as the one-meter

(1) Parks, J.H., Appl. Phys. Lett. 31, 192 (1977).

(2) Tang, K.Y., et al., Appl. Phys. Lett. 32, 226 (1978).

(3) Mangano, J.A., Jacob, J.H., Private Communication.

(4) Medhekar, A.K., et al., Chem. Phys. Lett. 65, 600 (1979).

10
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device, with a favorable volume to surface ratio, sufficient

time should be available to perform the experiment before appre-
ciable prereaction occurred if care is taken.

The purpose of these experiments was to study the dominant
processes (e.g., discharge stability, HgCl* formation, excited
species absorption, etc.) governing the operation of this laser
and to demonstrate efficient energy extraction. These experi-
ments and results obtained are discussed in Section IT.

Also in this reporting period the one-meter device was
used to study the performance of e-beam pumped KrF lasers at
elevated temperatures. The efficiency of KrF lasers was expected
to improve at elevated temperatures because the rate of three-
body quenching of KrF* by Kr and Ar should decrease with in-

(5}

creasing temperature. Reduced KrF* quenching would lead to
increased small-signal gain, increased KrF* fluorescence effi-
ciency and decreased formation of the triatomic KrZF* which is
an absorber at the laser wavelength. The objectives of the
one-meter experiments were to verify reduced KrF* gquenching,
reduced KrzF* formation at elevated temperatures, and demonstrate
improved laser efficiency. The results of these experiments are
discussed in Section III.

In Section IV we report on further XeF laser experiments

performed to explore critical specific energy (J/liter) issues.

It had been shown that besides efficiency the most critical

(5) sShui, V.H., Appl. Phys. Lett. 34, 203 (1979).
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parameter in determining the cost of a large-scale repetitively

(6)

pulsed XeF laser is specific energy. Previous experiments
had been directed towards achieving high intrinsic laser effi-
ciency. The issue of specific pulse energy had not been ade-
quately addressed, primarily due to limitation of specific
energy deposition when cold cathodes are used. In the experi-
ments described here magnetic compression of the e-beam was used
to increase the specific energy deposition in the laser mixture.
In parallel with the above, theoretical calculations
continued on the rate constants for XeF ground state deactiva-
tion. The effects of vibrational/rotational energy and tempera-
ture on these rate constants have been included in these
calculations. The results of these calculations will be used
in the XeF laser model code. These calculations are summarized

in Section V.

(6) Jacob, J.H., Private Communication.
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II. E-BEAM CONTROLLED DISCHARGE PUMPED
HgCl LASER EXPERIMENTS

A. KEY HgCl LASER ISSUES

HgCl* was first made to lase on the B22+1/2 -+ x22+1/2 tran-
sition at AERL under DARPA/ONR sponsorship.(l) The BZZ+1/2 upper
state is predominantly ionic in character, correlating with sep-
arated ions Hg+(281/2) + c1'(1so). This ionic characteris pro-
vides the opportunity for efficient formation similar to that
found in the rare-gas monohalide lasers. The X22+1/2 state is
covalent in nature and bound by 1.04 eV. Although the lower
state is bound, the lasing transition terminates in high vibra-
tional levels (v" = 21, 22) of HgCl, thus rapid lower state
removal may be possible through vibrational relaxation into
lower vibrational levels. These characteristics make HgCl* an
attractive candidate for a highly efficient laser in the vis-
ible.

The first HgCl laser experiments were carried out using
direct e-beam excitation. The efficiency achieved was low pre-
dominantly due to the low HgCl* production efficiency by the
e-beam. However, it was recognized from the outset that if dis-
charge pumping can be used, much higher efficiencies should be
possible. (1)

In a discharge, Hg*(6p) states can be pumped efficiently.

Conditions can be chosen so that > 90% of the discharge energy

13

<UAVECQ EVERETT

St it I

' oncie




is deposited to make Hg*(6p) states. Hg* can then be used to
make HgCl* via harpooning reactions with a suitable chlorine
donor. 1If this can be achieved with near unity branching, then
the maximum HgCl* formation efficiency can be as high as 40%.
In —omparison, the corresponding maximum formation efficiency
is 8.6% with direct e-beam excitation.

Of the possible chlorine donors Cl2 is attractive because,
first, it does not absorb at 5576 R, and second, the low binding
enerqgy of Cl2 allows HgCl* to »e accessed energetically from all
the spin orbit states of Hg* (6p). Also its attachment rate is
appropriate and deactivation of Hg* is rapid.

To date e—-beam controlled discharge experiments using Cl2
had been hampered by Hg and Cl2 spontaneous reaction problems.
Experiments had shown that this reaction does not occur directly

(4) and there-

in the vapor phase but rather on material surfaces
fore is not a fundamental limitation in the system. However, in
a static fill experiment care must be taken to insure that the
initial laser mixture contains Hg and C12 rather than some re-
action product. 1In the one meter heated cell described pre-

(N with its relatively large volume-to-surface area

viously
ratio and teflon-coated walls, it should be possible to carry

out discharge experiments before significant prereaction occurs.
This is demonstrated by a series of prereaction studies described

below.

(7) Mangano, J.A., et al., "One-Meter KrF Laser System" Semi-
Annual Report, November 24, 1977 to May 24, 1978.

14
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The purpose of the one-meter HgCl laser experiment was to
study the key efficiency issues important in discharge-pumped
HgCl lasers using Cl2 as the chlorine donor. These included
(1) discharge stability, (2) discharge enhancement, (3) Hg* (6p)
formation efficiency, (4) HgCl* formation efficiency, and (5)
laser energy extraction (absorption, upper and lower level kin-
etics).

B. Hg/Cl2 PREREACTION STUDIES

In a previous small-scale experiment(4) designed to study
spontaneous reaction between Hg vapor and C12, it was shown
that (1) Hg and Cl2 did not react spontaneously in the vapor
phase, (2) the reaction took place on material surfaces, (3)
the rate of the reaction depended on diffusion rate and surface
material, (4) the reaction was particularly slow on nickel and
teflon surfaces, and (5) typical reaction time is of order 60 sec
for a 2.5 cm cell at 1 atm.

Scaling from the above experiments, assuming that surface
reactions are controlled by diffusion of Hg to the cell walls,
the estimated time for appreciable reaction in the one meter de-
vice is > 30 min. However, the validity of this estimate depends
on the turbulence generated in filling the cell and subsequent
convection arising from temperature nonuniformities in the cell.

The experimental arrangement used to measure the time avail-
able before appreciable prereaction occurred upon mixing the Hg

and Cl, is shown in Figure 1. A Hg pen lamp was used as a source

2
of 365 nm and 254 nm radiation. The transmission of these through

15
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A=254nm

J402¢

Figure 1. Cl2 and Hg Density Monitoring System
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the laser cell was measured by two narrow band filtered photo-
multipliers. The 365 nm transmission was used to monitor the
Cl, concentration. The 254 nm line was used as a qualitative
indication of Hg concentration. For typical Hg concentrations
the laser cell was black to the bulk of the 254 nm line. Only
radiation far out in the wings of the 254 nm Hg lamp line pro-
file transmitted through the cell. To relate this transmission
to cell Hg concentration was difficult. It is for this reason
that the 254 nm transmission was used only as an indication of gross
changes in Hg density. The cell was first passivated using a 1%
F2/99% Ar mixture. Then the reactivity of the cell to C12/Ar mix-
ture without Hg was measured. When the cell walls were clean
(uncontaminated by Hg reaction products) no change in Cl2 con-
centration was detected with 365 nm absorption for up to 20 min.
Furthermore, the C12 concentration deduced using the measured
absorption through the cell and published Cl2 absorption cross
section, agreed with the Cl2 concentration in the initial mix-
ture to within 5%.

For prereaction studies the cell was filled first with Hg
to the desired pressure by opening the valve to the Hg reservoir.
The Hg partial pressure was determined by the reservoir temperature.
The temperature of the cell was maintained at least 20°C above
the reservoir temperature to avoid recondensation. The 012 was
introduced into the cell, premixed with Ar and preheated to the
cell temperature, through a teflon coated piccolo. Typical filling

times for 2 amagat total cell gas density was 10 s.

17
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The cell was found to operate in three distinct modes.
Initially, with the cell walls uncontaminated by reaction products,
mixtures of up to 50 Torr Hg, 15 Torr Cl2 and balance Ar at a total
density of 2.5 amagats introduced into the cell exhibited no de-
tectable changes in Hg or Cl2 densities for up to 10 min. The
254 nm transmission of the cell showed no Hg density change upon
the introduction of the C12/Ar mixture. Furthermore, the magni-
tude of the 365 nm absorption agreed with that calculated from the
known Cl2 absorption cross section.

After ~ 20 fill/pump out cycles with Hg/ClzlAr mixtures, the
cell rapidly degraded into a mode where the 365 nm Cl2 absorption
indicated total Cl2 disappearance within 5 s after completion of
£ill sequence. Simultaneously, the 254 nm cell transmission in-
dicated some Hg depletion. Visual inspection of the cell walls
at this time revealed the appearance of fine gray powder coating
the walls throughout the cell.

Further operation of the cell resulted in a third mode where
upon filling the cell with C12/Ar mixture the cell became totally
opaque to both 254 nm and 365 nm radiation. Visually a brown fog
was observed in the cavity.

A complete scrubbing the cell walls and the gas feedlines
was found to be sufficient to restore the cell to the condition
where again no significant reaction was observable within the
active laser volume for 10 min. The Hg pen lamp and photodetector
C12/Hg monitoring system was then installed to continuously monitor

the condition of the cell throughout the laser experiments. The

18
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cell was periodically dismantled and cleaned when necessary to
ensure that laser experiments were carried out under conditions
where the prereaction was negligible.

The observation described above is consistent with the pre-
vious conclusion that Hg and Cl2 do not react spontaneously in the
gas phase. The prereaction problems encountered when the cell
walls were contaminated by reaction products can be attributed i
to fine particles generated on the walls which are sites where
surface reaction can rapidly occur. No attempt was made to
understand this mechanism in detail. Rather, we simply maintained
cell cleanliness so that prereaction was not a problem. In a re-

petitively pulsed laser where flow would be required, this problem

may be avoided by a suitably designed gas flow/mixing system.

19
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C. HgCl* DISCHARGE CHARACTERISTICS

E-Beam controlled discharge experiments were carried out
in Ar/Hg/Cl2 mixtures to study discharge stability, discharge
enhancement and HgCl* production efficiency. The characteristics

(8)

of such discharges had been analyzed theoretically. Before
presenting the experimental results we briefly review some of
the key conclusions of the theoretical analysis.

In a discharge Hg*(6P) states are produced via
*
Hg + eg + Hg* + eg

where e, are the secondary discharge electrons which are heated
by the applied electric field. It had been shown that, in the
regime of interest for HgCl lasers, the efficiency of producing
Hg* states depends critically on the ratios of Hg* density to
Hg density and Hg** density to Hg* density. As these ratios

increase more energy is channeled into

* * %
Hg* + e + Hg + ey

+
* &
Hg + eg * Hg + 2es

3P, 63D) states of Hg.

where Hg** denote higher excited (73S, 7
The Hg* production efficiency can be calculated via a Boltzmann
calculation as a function of Hg*/Hg density ratio with Hg**/Hg*

as a parameter. An example of such a calculation is shown in

(8) srivastava, B.N., et al., Appl. Phys. Lett. 32, 705 (1978).
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Figure 2. For this calculation we have used the electron impact

cross-sections calculated by Hyman.(g)

These are shown in
Figure 3.

It has also been shown that for regimes of interest the
discharge stability is governed by the rate of discharge ioniza-
tion of Hg**. 1In order for a quasi-steady-state discharge to
exist this ionization must be balanced by dissociative attach-

ment,

Cl2 + eg -+ Cl + Cl

The steady-state electron density in this case is then given by

S
n, =3 b (1)
nc12 i0

where Seb is the e-beam ionization rate, B is the dissociative

attachment rate constant for Clz, is the Cl2 density and

"1,
Vio is the equilibrium ionization rate by the discharge electrons.
For discharge stability it had been shown that necessary condi-

tions are

Bnoy, 2 3V (2)

and

(7]
o

Seb (3)

(9) Hyman, H.A., Private Communication.

21
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The discharge enhancement ratio, Rd' defined as the ratio
of discharge power deposited to the e-beam power deposited in

the mixture is given by .

(4)

t1
Q.

where Va is the electron drift velocity in the applied field
E, and Ei is the average e-beam enerqgy required to make an
electron-ion pair. Equations (1), (2) and (4) give

e Vd E

—_— (5)
Bnc12 E;

o
A
N

Therefore, for discharge stability, the maximum Rd achievable

varies inversely with the attachment rate fn However, the

Cl2

Clz density must be kept high in order to keep Hg* and Hg**
densities low for a given discharge power density since Vio
is proportional to Hg** density and Eq. (2) must be satisfied.

Furthermore, since Hg density must be kept low to minimize
Hg quenching of HgCl*, the lasing species, the requirement of
low Hg*/Hg and Hg**/Hg* ratios for efficient Hg* production puts
a lower bound constraint on the C12 density required. Aall the

above lead to tradeoffs in Rgv the input power density and Hg*

production efficiency. High discharge power density can only be

maintained at low discharge enhancements. This is analogous to
(10)

rare gas halide discharges studied previously.

(10) Hsia, J.C., et al., "One-Meter KrF Laser System," Semi-
Annual Report, Feb. 23, 1977 to Aug. 22, 1977.
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To accurately model the discharge characteristics one
needs: (1) the electron attachment rate constant for C12,
(2) the gquenching rate constant for Cl, on Hg* and Hg**, and
(3) the electron impact cross section of C12. B for Cl2 has

been measured in a previous experiment.(ll)

The Hg* quenching
rate constant for Cl, has been measured for only one, (3P2) spin
orbit state of Hg*. The gquenching rate constant for (3P1) and
(3P0) states have not been measured. The quenching rate con-
stants for the higher excited state are also not known. The
low energy (0 to 10 eV) electron impact cross section of Cl2
has not been measured.

For our model calculations we have assumed that the guench-
ing rates for Cl2 on all the Hg*(3P) states and Hg** states

are the same with a value of 4 x 10-10

(12)

cm3/s which corresponds

to that measured for (3P2). We have also approximated the

Cl2 electron impact cross section by using that of O With

¢
these approximations the calculations showed that for discharge

5 3

power density of order 10~ W/cm™, a R, of ~ 10 can be stably

d
achieved with Hg* production efficiency =~ 90%. The required
Cl2 density is calculated to be of order 2 x 1017. A discharge
power density of 105 W/cm3 is required in order to achieve a
specific laser energy of 10 J/liter assuming an intrinsic laser

efficiency of 10% and a pulselength of 1 us. In this case the

(11) Rokni, M., Jacob, J.H., Mangano, J.A., Appl. Phys. Lett. 34,
197 (1979).

(12) Krause, H.F., et al., Chem. Phys. Lett. 31, 577 (1975).
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required e-beam power density is 104 W/cm3 which in 2 amagat

of Ar corresponds to an e-beam current density of ~ 0.5 A/cm2

at 250 kv.

Discharge experiments were carried out to study this
regime. Typical discharge V-I characteristics obtained are
shown in Figure 4. Figure 4(a) are oscillograms of the e~gun
cathode voltage and transmitted cell current density. The
peak e-beam voltage was 250 kV and the pulselength was 900 ns.
The e-beam current continually increased during the pulse due
to diode closure and the peak cell current density was 1.1 A/cmz.
The discharge anode-cathode spacing was 5 cm and the discharge
cross section was 100 cm x 9 cm. Figures 4(b), (c) and (d) are
discharge voltage and current oscillograms taken at various
applied voltages. For all the pulses shown, the discharge volt-
age was applied 200 ns after the start of the e-beam pulse. The
discharge circuitry has been described previously.(lo)

Figure 4(b) shows a typical stable discharge where the
discharge voltage was maintained at a relatively constant value
throughout the pulse. The discharge current increased during
the pulse due to the increase in e-beam current and destruction
of C12 during the pulse. When the e-beam was turned off the
discharge current first began to turn off, but the inductance
in the external circuitry induced a voltage spike across the
discharge and the discharge went unstable. The discharge went

into an arc and the discharge voltage then collapsed and the

current was limited only by the external circuitry.
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Figure 4(c) shows a shot close to the limit of discharge

stability, where near the end of the pulse the discharge voltage
began to decrease. For this shot the peak discharge current
density was 92 A/cm2 at a discharge electric field of 3.3 kV/cm
which corresponded to a discharge enhancement ratio of 12.

Figure 4(d) shows a shot where volumetric instability
occurred during the pulse. When that happened, the discharge
voltage quickly collapsed and the current became limited only
by the external circuitry.

The HgCl* fluorescence was measured with a calibrated
photodiode through a bandpass filter of known transmission.
For conditions of Figure 4(c), the fluorescence intensity at
the peak of the discharge current pulse was 9.5 kW/cm3 which
corresponded to a HgCl* fluorescence efficiency of 3.1%.

The HgCl* production efficiency in the discharge can
be estimated from the measured HgCl* fluorescence efficiency

using the equation

Nform -~ "f1 1+ Ts kCl2 nCl2 + Ts ng an

(6)

+ Tg kAr Dar + Ty ke ne)

where "orm is the efficiency of producing HgCl* by the discharge,

Neq is the fluorescence efficiency, Tg is the spontaneous lifetime

of HgCl*, the k's are the various heavy particle and electron
quenching rate constants, and the n's are the densities. TskAr
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and Tsng

The measured values

and TskClz have been measured by Mandl and Parks
has been measured by Parks and Klimek.(l4)
are listed in Table 1. The electron quenching rate constant,
k_, has not been measured.

In Table 2 the various terms in Eg. (6) are calculated
for the experimental conditions of Fiqure 4(c). For the elec-
tron quenching term we have estimated the rate by using the
} rate constant measured for KrF* of 2 x 10—'7 cm3/s. The electron
density n, was estimated to be 2.1 x 1014 in this case. Equa-
tion (6) then suggests a HgCl* formation efficiency of = 13%.

If for every Hg*(3P) state produced by the discharge, a

HgCl* was made, then a HgCl* formation efficiency of 13% implies

a Hg* production of = 29%. (The quantum efficiency of producing
HgCl* which has 2.23 eV of energy, from Hg* which has 5 eV
energy, is 45%.) For the conditions of the experiment the model
calculations predicted of a Hg*(3P) production efficiency of 90%
which is over three times that deduced from HgCl* formation :
assuming unit branching from Hg* into HgCl¥*.

The reaction of Hg*(3P2) with 012 has been measured and

shown to lead to HgCl* formation with near unit branching.(lz)

The reaction of Hg*(3PO, 3P1) states with Cl2 to form HgCl* is

exothermic and are energetically allowed. HgCl* fluorescence

(15)

has been seen from Hg*(3P0) reacting with Clz. However,

(13) Mandl, A. and Parks, J.H., Appl. Phys. Lett. 33, 498 (1978).
(14) Parks, J.H. and Klimek, D., Unpublished.
(15) Mandl, A., Private Communication.
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TABLE 1.

Ar

Cl

Hg

TABLE 2.

HgCl* QUENCHING RATE CONSTANTS

kQ Tg kQ(Ts = 29 ns)
< 3 x 10722

3.8 x 10718 1.3 x 10710
1.2 x 10718 4 x 10711

CONTRIBUTIONS TO HgCl* QUENCHING

< 0.02

0.874

1.13

7

1.22 (k_ =2 x 10 cm>/s)
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the branching ratios for HgCl* production are not known for

either 3P1 or 3Po states. A likely explanation for the observed

low HgCl* production in our discharge experiment is that the

branching from both of these states into HgCl* were low (< 0.1).

Such low HgCl* formation can be due possibly to a potential
3

barrier in the Py and 3P1 reaction channels but not in the 3P2
channel.

For discharge conditions of Figure 4(c), the Boltzmann
code calculated a Hg*(3P2) formation efficiency of = 50%. Of
those Hg*(3P2) states made, kinetic model calculations showed
that only = 60% of them react to form HgCl* because the competing

electron impact rate

-+ Hg + es

Hg*(3P2) +t e, > Hg** + e, :
was roughly equal to the Cl2 quenching rate of Hg*(3P2). The
predicted HgCl* formation efficiency is then 14%, which is con-
E sistent with that deduced from the HgCl* fluorescence.

Circuit equations which describe the external discharge
circuitry used in these experiments have been incorporated into !
our HgCl* discharge model code. The code can thus predict the
1 self-consistent electric field and current density in the dis-

charge for a given initial gas mixture, charge voltage on the

discharge supply capacitor bank, and e-beam current density.
A comparison between the measured discharge voltage, and current

characteristics and those predicted by the model, up to the time
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of e-beam pulse termination, is shown in Figure 5. The agree-
ment is within 20%. After the e-beam was switched off the

discharge went into an arc, and the code was no longer valid

in that regime. 1
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D. HgCl LASER EXPERI@ENTS

Experiments were carried out to study energy extraction in
HgCl lasers. The purpose of these experiments was to experimen-
tally determine whether laser energy extraction could be achieved
with high efficiency and to identify the dominant causes of in-
efficiency (e.g., absorption, bottlenecking) so that remedies and
optimum operating regimes could be chosen.

Laser experiments were performed in the discharge regime
around where the strongest HgCl* fluorescence was observed. The
best laser performance achieved is summarized in Table 3. The
highest intrinsic laser efficiency observed was 3% which was a
factor of 4 lower than the HgCl* formation efficiency estimated
from fluorescence measurements. This indicated poor energy ex-
traction by the laser cavity flux.

To determine the dominant cause for the low extraction
efficiency, the net small-signal gain coefficient (gain minus
absorption) was estimated by varying the optical cavity output
coupling and the length of the gain region until laser action
ceased. The length of the gain region was varied by changing
the discharge length along the optical axis. For the optimum
lasing conditions, the net small-signal gain was estimated to
be between 3.2% and 3.6%/cm.

Furthermore, the optimum ocutput coupling was found to be

close to 80%. If we then use the theory of energy extraction
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TABLE 3. DISCHARGE PUMPED HgCl LASER PERFORMANCE

Intrinsic Laser Efficiency

Specific Energy

Discharge Enhancement Ratio
Laser Characteristics

Gas Mixture

Total Density

E-Beam Current Density

Discharge Electric Field

Discharge Current Density

35

3%
1.4 J/1liter (200 ns)
11

0.4% Clz/l% Hg/98.6% Ar
2.3 amagats

0.6 A/cm2
3 kV/cm

70 A/cm?
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with distributed loss developed by Mangano,(le)

we can estimate

the magnitude of the active medium absorption. In Figure 6 we

show the calculated optimum output coupling vs goL, the small-
signal gain per pass, with al, the absorption loss per pass, as

a parameter. The experimentally determined optimum output coupling
of 80% implied an o of > 0.5%/cm.

Absorption of this magnitude should be easily observable.
Therefore, an experiment was undertaken to measure the absorption
directly. The experimental arrangement used is shown schematically
in Figure 7. A flashlamp pumped dye laer operating at 545 nm was
used to probe the active medium. The wavelength was chosen to be
near the HgCl laser wavelength but slightly offset to the blue to
avoid HgCl* gain contributions. Under optimum laser operating
conditions the absorption coefficient was measured to be 0.8 +
0.2%/cm.

With this high absorption, the low observed laser intrinsic
efficiency can be readily explained. 1If the net small-signal gain
is taken to be 3.4%/cm, then 9o = 4.2%/cm. The calculated ex-
traction efficiency assuming no bottlenecking is 30%. This,
together with the estimated HgCl* formation efficiency of 13%,
implies an intrinsic laser efficiency of = 4%. Although the ob-
served laser efficiency was lower, these experiments did suggest

that absorption was a dominant cause for inefficiency.

(16) Mangano, J.A., Unpublished
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[ ’ The accuracy of these experiments was insufficient to de-
termine whether the rate of HgCl(v = 21, 22) removal by vibrational
’ relaxation was sufficiently fast to prevent bottlenecking. Under
the discharge conditions where the small-signal gain was measured,
3

the fluorescence intensity was measured to be 6.5 x 103 W/cm”.

f The HgCl* density can be calculated usiiigy the equation

n
—P-[-?-C—l-*hv=6.5x103—P
S

£ (7)
The stimulated emission cross section for HgCl* can be estimated

from the emission spectra using

4
_ _A ~ -24 2
0sTs = Brohx ~ 2.56 x 10 cm” s (8)

where AX was measured to be ~ 500 R.(17) The small-signal gain

assuming infinitely fast lower state removal is then given by

Pe
= ;o T.0g = 5.3%/cm (9)

9% © OangCl* -]

which compares with the measured value of = 4.2%/cm. This dis-

crepancy is within the uncertainty of the measurement.

(17) Mandl, A., Private Communication
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E. CONCLUSIONS

The major findings of the HgCl* experiments can be sum-

marized as follows:

Stable e-beam controlled discharges can be maintained in
mixtures of Ar/Hg/Cl2 at discharge power densities > 10° w/cm3
with discharge enhancement ratios > 10. Under these discharge
conditions the Hg*(3P) production efficiency was calculated to
be =~ 90%.

The HgCl* production efficiency deduced from absolute fluo-
rescence intensity measurements and known or estimated quenching
rate constants was = 13%. This HgCl* production efficiency was
consistent with the Hg*(3P) production efficiency only if we
assumed that reactions of Hg*(3P

3P1) states with Cl, did not

0’ 2
produce HgCl*. Currently small-scale experiments are underway
to measure this branching ratio directly.

The highest intrinsic laser efficiency achieved was 3%.
We attribute this low efficiency to inefficient energy extraction
by the laser cavity flux due to high active medium absorption.
The absorption was measured directly near the laser wavelength
and the magnitude of the absorption was found to be sufficient
to account for the observed extraction efficiency.

The dominant absorbing species have not been identified.

(18)

Recently Krauss suggested the possibility of absorption from

the ground HgCl (XZZ) state to the dissociative HgC1l (Azn) state.

(18) Krauss, M., Private Communication
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The absorption was expected to be broadband and for the low
vibrational states of HgCl absorption was expected to peak near
the HgCl laser wavelength. For the laser conditions described,

ground state HgCl was expected to be generated in abundance via:
Hg*(3p., 3p.) + Cl. » HgCl + Cl
0’ 1 2

HgCl* -+ HgCl + hv.
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III. IMPROVEMENT IN KrF LASER PERFORMANCE
AT ELEVATED TEMPERATURES

In typical Ar-diluted KrF laser mixtures the following

reactions have been shown to be important KrF* quenching pro-

cesses:
KrF* + Ar + Ar -+ ArKrF* + Ar (1)
KrF* + Kr + Kr - KrzF* + Kr (2)
KrF* + Kr + Ar - KrZF* + Ar (3)
KrF* + F2 + products (4)
The rate constants for these have been measured(lg-ZI) at room

temperature. These reactions also result in the formation of
KrzF* which absorb at the laser wavelength.(22’23) More recently
Shui(S) calculated the rate constants for reactions 1 and 2
theoretically and showed that they decrease dramatically at ele-~
vated temperatures. A decrease in these rate constants should
lead to (a) increased KrF* fluorescence efficiency, (b) decreased
KrzF* fluorescence and (c¢) improved KrF laser efficiency parti-
cularly at high (> 1 atm) pressures. In this section we report

the measurement of KrF* and KrzF* fluorescence and KrF laser

(19) Mangano, J.A., et al., Appl. Phys. Lett. 31, 26 (1977).
(20) Jacob, J.H., et al., Appl. Phys. Lett. 33, 109 (1978).
(21) Rokni, M., et al., Phys. Rev. 16A, 2216 (1977).

(22) sStevens, W.J., Gardner, M. and Karo, A., J. Chem. Phys.,
67, 2860 (1977).

(23) WwWadt, W.R., Cartwright, D.C. and Cowen, J.S., Appl. Phys.
Lett., 31, 672 (1977)
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efficiency as functions of temperature. The results are compared

with model predictions made using the calculated temperature de-
pendence of the rate constants. Also included is a calculated
laser efficiency vs temperature scaling may for various densities.
The measurements were carried out on the one meter e-beam
device which has been described previously. Relative KrF* and
Kr2F* fluorescence intensities were monitored, through side ports
on the laser cavity, with S-5 planar photodiodes. A thin film
bandpass filter (xmax = 250 nm, 5 nm FWHM) and a Corning glass
color filter C.S. 5-260 were used to isolate the KrF* and KrzF*
fluorescences, respectively. The arrangement is shown schemati-
cally in Figure 8. The heated laser cell and methods of output
power measurement have been described previously.(7'24)
Relative steady-state KrF* and KrZF* fluorescence inten-
sities were measured at various gas densities for fixed e-beam
exitation intensities as functions of initial gas temperature.
Data for 1.5 amagat of typical laser mixture, 0.2% F2/4%
Kr/95.8% Ar, are plotted in Figure 9. The relative laser output
energy for these conditions are plotted in Figure 10. For these
measurements an optical cavity with 60% output coupling was used.
This output coupling was found to be approximately optimal for
these laser operating conditions. The data shown in Figures 9

and 10 have been normalized to room temperature data.

(24) Mangano, J.A., et al., "One Meter KrF Laser System,"
Semi-Annual Report, 23 Aug. 1976 to 22 Feb. 1977.
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For typical laser mixtures at density 2 1 amagat, the
dominant quenching reactions are two body by F,, three body by
Kr with Ar as the third body, and three body by Ar. Therefore,
for excitation pulselengths long compared with KrF* formation
and quenching times, the steady-state fluorescence intensity I

f1
can be written

Srs
Ier =€ 3 2 (10)
& %N, T ¥oar Mar * MarkMkeNar!
where Tg is the spontaneous lifetime of KrF*, kF ' k2Ar and kArKr

: 2
are the quenching rate constants for two-body quenching by Fo,

three-body quenching by Ar, and Kr with Ar as the third body,
respectively. NFZ, NAr and NKr are densities of F,, Ar and Kr.
One can compare the measured temperature variation of KrF*
fluorescence intensity with that one expects to find by: (1)
using the measured room temperature rate constants given in

Table 4, (2) assume that K does not depend on temperature, (3)

F,

assume that k z k2Kr and (4) normalizing the calculated k

ArKr 2Ar

and k2Kr at room temperature to that measured. With these assump-
tions the temperature dependence of KrF* fluorescence predicted
using Eq. (10) is plotted in Figure 11.

KrzF* is predominantly formed in e-beam excited KrF laser
mixtures by reaction (3) and by (1) followed by

ArKrF* + Kr -+ KrzF* + Arx (5)

If the quenching rate for KrzF* is assumed to be temperature in-
sensitive, then the temperature dependence of KrzF* fluorescence
intensity can be calculated. This is shown also in Figure 11.
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KxF*

KrF*

KxF*

KrF*

TABLE 4.

Reaction

+ F2 + Products

KrF*

+ 2 Kr + Kr_ . F* + Kr

2

4+ Kr + Ar ~» KrzF*

+ 2 Ar + Products

+ Ar

QUENCHING RATE CONSTANTS

kt
b -]
5 x 10~
4.4 x 10~
4.2 x 10~

4.6 x 10~
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; Figure 11. Calculated and Measured KrF* and KrzF* Fluorescence
i Intensities vs Temperature
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Note that the comparison between predicted and measured
KrF* fluorescence intensities show good agreement for temperature
lower than 375°K. At higher temperatures the measured fluores-
cence decreased with temperature, while the predicted fluorescence
continued to increase. Subsequently it was determined by spectro-
scopic means that at temperatures > 375°K substantial prereaction
occurred between F, used in the laser mixture and the teflon-
coated cell walls prior to excitation by the e-beam. This can
explain the discrepancy between the predicted and observed KrF*
fluorescence intensities at the higher temperatures.

The observed decrease in KrzF* fluorescence intensity with
increasing temperature is smaller than that predicted. This is
probably due to a decrease in KrzF* gquenching with temperature.

Incorporating the calculated temperature dependent KrF*
quenching rate constants into the laser model, described in detail

previously,(7)

one can also predict laser performance as a func-
tion of temperature. The calculated laser output intensity vs
temperature is shown in Figure 12. Note that good agreement has
been obhtained up to the temperature where F, prereaction became
a problem.

Because three-body quenching increases as the square of the
gas density, the effect of reduced quenching is expected to be

more pronounced at higher densities. 1In Figure 13 we have used

the laser model to project laser intrinsic efficiency (laser

energy out/e-beam energy deposited) achievable at various densities
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and temperatures. For these calcualtions we have assumed a one-
meter long active volume laser with a 300 kV incident e-beam with
current density of 10 A/cmz.

In conclusion, we have measured relative KrF* fluorescence
efficiency in e-beam excited KrF laser mixtures as a function of
temperature. 1In the range 300°K to 375°K the measurements are
consistent with reduced three-body KrF* quenching by Ar and Kr
predicted by Shui. We have also demonstrated improved KrF laser
performance and show that this improvement can be attributed to
reduced KrF* quenching. The measured decrease in Kr2F* density
is less than that predicted assuming constant KrzF* quenching.
We attribute this discrepancy to reduced KrZF* quenching at ele-
vated temperatures. The calculated variation in KrF* quenching
rate constants with temperature have been incorporated into a
comprehensive laser model and predictions of pressure scaling of

KrF laser performance have been made.
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IV. XeF LASER EXPERIMENTS

In the previous reporting period we demonstrated an XeF
intrinsic laser efficiency of 5.5% by heating the laser mixture
to elevated temperatures prior to e-beam excitation. The im-
provement in efficiency over that achieved at room temperature
was shown to be due to improved energy extraction by the laser
cavity flux. The highest specific energy achieved was 2.5 J/liter
amagat. This specific energy was limited by our e-gun pulse energy
rather than intrinsic laser processes.

The limit on e-qun pulse energy delivered to “‘he laser gas
mixture was imposed by diode closure in the e-gun. Quantitatively,
the diode characteristics can be approximated by the Langmuir-
Child space-charge limited current with a time dependent anode-
cathode spacing:

3/2

6 v

J. = 2.3 x 10 —
(d-V_t)

eb (11)

where Jeb is the current density in A/cm2 in the e-gun, V is the

e-gun voltage, d is the physical anode-cathode spacing in cm, Vc
is the closure velocity in cm/s and t is the time after turn-on.
At constant gun voltage, diode closure gives a constantly in-
creasing current density in the gun.

For optimum laser performance the current density impinging

on the laser mixture must be kept within the range 7 to 20 A/cmz.
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Below this range the medium is not sufficiently inverted to allow
efficient energy extraction and above this range rapid electron
quenching of the upper laser state prevents efficient laser oper-
ation. The specific pulse energy per cm3 delivered to the laser

mixture is given by

6 v3/2

E=fSp/ J, dt =2.33 x 10" £ Sp g5 [/F - 1] (12)
0 c

where £ is the transmission of the anode screen, foil, and foil
support structure, Sp is the stopping power of the laser mixture,
7 is the pulselength, and F is the ratio of final e-beam current
to initial e-beam current.

Equation (12) can also be written as

3/2
_ -6 1/2 v -
E = (2.33 x 10 £ Jcav(O)) —v;—(/F 1) sp (13)
where Jcav(O) is the initial current density in the laser cavity.

Equation (13) can be used to estimate the maximum pulse energy -

deliverable to the laser gas in the one meter device. We have

vc ~ 2.3 cm/us (tantalum blade cathode), F = 0.5 and V = 250 kV.

The average stopping power with neon in the cavity is ~ 5.5 kV/cm-

amagat. If we allow the cavity current to vary between 7 A/cm2

and 21 A/cmz, then F = 3. With the above values, Eg. (13) gives

2

E=5.6 x 10 J/cm3-amagat = 56 J/liter-amagat.

At an intrinsic laser efficiency of 5.5% this energy input limit

would imply that the maximum specific energy achievable was

3.1 J/liter-amagat.
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In previous XeF laser experiments the maximum useful energy
delivered to the laser mixture was 45 J/liter-amagat. This was
slightly lower than that calculated above principly because the
circuit inductance in the Marx generator limited the risetime of
the voltage to ® 200 ns. The specific laser energy achieved was
2.5 J/liter~amagat. Analysis of the laser output pulse-shape in-
dicated that higher specific energies should be possible if the
input pulse energy was increased.

A convenient method of partially circumventing the diode
closure energy constraint is by using magnetic field compression
of the e-beam to increase the current density after it emerged
from the diode region. From Eq. (13) it is clear that for a com-~

pression ratio of R, the specific e-beam pulse energy is given by

3/4
1/2 v _
£ R I (0)) ~— (/F-1) sp (14)

(o

E = (2.33 x 1078

To demonstrate higher XeF specific energy using the one
meter device a compression ratio of 2.5 was chosen. This was
the highest pratical) compression ratio that could be used while
still yielding sufficient height in the resultant beam to allow
uniform energy deposition within the 2.5 cm diameter laser aper-
ture. A scaled drawing of a cross section of the e-gun and laser
cell showing the size and location of the field coils is shown in
Figure 14.

A smaller field coil than those used previously was con-
structed in order to produce the rapidly converging magnetic field

required to compress the e-beam by a factor of 2.5 in the e-gun
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Figure 14. Cross Section of the Small Aluminum Heated Cell
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and in order to comply with the maximum power capability of the

existing power supplies. An existing small, 0.6 liter active
volume aluminum cell was adapted to the e-gun for these experi-
ments because of the space limitations imposed by the magnetic
field coils. The position of the field coils and the e-beam drift
region was chosen so that the resultant maximum magnetic field was

600 g at the surface of the cathode and 1.5 kg at the plane of the

foil. The spacing of the coils was chosen to yield an approximately

uniform field within thc active laser volume.

The inner surface of the cell was coated with a high tempera-
ture Teflon coating for high temperature fluorine compatability.
This coating was quoted by the manufacturer to be capable of con-
tinous service up to 500°F. The coating used in the XeF experi-
ments reported previously was coated with a Teflon coating rated
for up to 450°F. 1In the previous experiments the laser efficiency
was found to decrease for temperatures higher than 470°K. It was
suggested that a possible reason for the decrease was that at the
higher temperatures the coating introduced appreciable amounts of
impurities into the laser mixture to adversely affect laser opera-
tion. 1If this was the case, then one would expect the efficiency
to fall off at a higher temperature with the present cell.

The intrinsic laser efficiency was therefore remeasured at
various temperatures. The results obtained at 3 amagats are shown
in Pigure 15. For comparison, the previously reported results are
also plotted. Note that the comparison shows that the present data

do exhibit a later efficiency decrease. This strongly suggests
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that the high temeprature falloff in efficiency was at least par-
tially due to cell related effects. It is very likely that in

the present cell the efficiency decrease at temperature > 500°K

is also cell related, rather than due to some fundamental process
in the laser mixture. This will be resolved in future experiments
which will be carried out in an all stainless steel cell.

It is interesting to note that, since Fiqure 15 shows the
measured intrinsic laser efficiency as a function of initial gas
misture temperature, and since measurements were taken with a con-
stant pulse energy input of 35 J/liter-amagat, the final mixture
temperature was some 60°K higher. 1In Figure 16 we plotted the
efficiency as functions of both intial and final temperatures.
Note that Figure 16 implies that the intrinsic efficiency remained
above 5% for the temperature range 410° to 560°K. If the observed
efficiency falloff was due entirely to some unavoidable temperature
related process, then if one operates the laser with an initial
temperature of 410°K and allows the temperature to rise to 570°K
during the pulse, the average efficiency can be expected to re-
main > 5%. This would imply a specific energy of 4.6 J/liter-
amagat.

The e-beam energy deposition in the active laser volume with
e-beam compression was then measured. The measurement was made
with an aluminum plate calorimeter shown schematically in Figure
17. The active surface of the calorimeter was 2.5 cm along the
height by 10 cm along the length of the e~-beam. The active calor-

imeter surface was first placed at the edge of the active laser
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volume closest to the foil with 3 amagats of laser mixture in
the cavity. The e-beam energy deposited in the calorimeter was
measured by recording the temperature change after the e-~beam
pulse. The measurement was then repeated at the downstream edge
of the active volume. The difference between the measurements,
corrected for e-beam energy reflected (= 10%), was then taken as the
energy deposited in the active volume. This method was used be-
cause the active laser volume was small compared with the total
cell volume irradiated by the e-beam and the time/spatial varia-
tion in deposition made energy deposition via pressure rise mea-
surements invalid.

The energy deposited in the active volume with a 1.7 us
e~beam pulselength was 285 + 30 J/liter at 3 amagats which cor-
responded to 95 J/liter-amagat. This was larger than that one
would calculate using Eq. (13). The reason for this was that

the voltage droop in Marx bank coupled with space charge in the

e-beam drift region limited the transmitted e-beam current density 1
in the cavity so that a longer pulselength could be used.

With this energy input a laser energy of 7 J was extracted

in a 2.54 cm diameter by 100 cm long active laser volume which
corresponded to a specific energy of 14 J/liter or 4.67 J/liter-
amagat. The laser mixture consisted of 0.15% NF3/0.5% Xe/99.35%
Ne at 3 amagats. The initial gas temperature was 425°K. The cor-
responding intrinsic laser efficiency was 5 ¢ 0.5%. The uncer-
tainty in the efficiency was dQue to the * 10% uncertainty in the

e~beam energy deposition.
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V. RATE CONSTANTS FOR GROUND STATE DEACTIVATION

A. INTRODUCTION

XeF is one of the two rare gas halides which has an
appreciably bound ground state. As a result, the XeF laser
transitions are bound-bound rather than bound-free, as is the
case for all other rare gas halides except XeCl. The XeF laser
transitions are indicated in Figure 18. It can be seen from
this figure that the lower lasing levels lie ~ 400-~700 cm'-1
below the dissociation limit which is sufficient to cause
noticeable bottlenecking, especially at room temperature.

One part of this program involved the calculation of
rate constants for the ground electronic state of XeF for the

reactions

XeF (v) + Ne » Xe + F + Ne

and

XeF (v) + Ne » XeF (v') + Ne

The rate constants were calculated for several different rota-
tional distributions and incorporated into the ground state
master equation which was then used to determine whether the
bottlenecking predicted using these rate constants was sufficient

to explain the experimentally observed laser behavior.
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In order to calculate these rare constants, a combination

(25)

of phase space theory
(26)

and Monte Carlo trajectory calcula-

tions was used. This is a well developed technique which has

been used for a variety of three-body systems.(27)

A description
of this technique is contained in Section B, a discussion of the
rate constants obtained is presented in Section C and the master
equation results are given in Section D.
B. THEORY

A system of n particles, with well defined mutual interac-
tions, can be described by a point in a 6n dimensional phase
space whose coordinates are the conjugate momentum and position
vectors of the particles. The time evolution of any configura-
tion on these n particles can be determined by following the
representative point through phase space. Since phase space
contains all possible interaction configurations of the n
particles, it is possible to define a surface which divides
phase space into two regions, one of which contains "reactants"”
and the other "products." The rate of a reaction can then be
defined as the one-way flow of points across the dividing

surface.

> -
Ry = fs f p(v » n) 4s (15)

(25) Keck, J.C., Adv. Chem. Phys. 13, 85 (1967).
(26) Bunker, D.L., Methods Comput. Phys. 10, 287 (1971).
(27) Sshui, V.H., J. Chem. Phys. 58, 4868 (1973).
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where Rs is the rate of reaction, p(ﬁ,a) is the density of
points, n is the unit vector outward normal to dS and Vv is the
generalized velocity in phase space. The components of v may

be obtained from the Hamiltonian equations of motion

. _ oH . _ TOH;
q; = /Bp and p, = /3 (16)

i 9
where H(s,a) is the Hamiltonian of the system, f is the function
which corrects for multiple passes of the same point over the

surface S, which defines the surface integral. The rate coeffi-

cient, which is independent of concentration, can then be

defined by

kg = R_/M[M;], (17)

where [Mi] is the concentration of species i in the initial
state.

Due to the presence of the unknown function f in the
integrand of Eq. (15), the expression for Rs cannot be evalu-
ated analytically. Monte carlo methods are, therefore, used.
Monte Carlo techniques allow one to randomly pick initial
conditions for the system under investigation and follow the
time behavior of the particles using the equations of motion,
defined in Eg. (16). An estimate of the fraction of trajec-
tories which react, and remain reacted, can thus be c._.ained

and this information used to determine f. A more detailed
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description of both the Monte Carlo techniques used in this
study and phase space theory can be found in Ref. 27.
i 4 In order to solve the equations of motion used in the
Monte Carlo procedure, it is necessary to know the manner in
which the various particles interact. Ideally, this should be
: determined from a three-body potential energy surface; however,
for the Xe~F-Ne system, no such surface has been calculated.
To avoid this problem, we use the assumption that a three-body
interaction can be approximated by the sum of the individual
two-body potentials.

Information on the ground state potential of XeF is

(28)

available from several sources. Smith and Kobrinsky used

absorption spectroscopy to determine the ground state well

depth and spectroscopic constants. Tellinghuisen, et al.,(29)
obtained emission spectra for the B+X and D+X transitions in

. XeF and applied RKR methods to this data to obtain the ground
state potential curve. 1In addition, crossed molecular beam
experiments on the Xe(ls) + F(2P) system have been performed

(30)

by Becker, et al. Agreement between Refs. 29 and 30 is

excellent.

For ease of computation, we have assumed that the ground

state of XeF can be described with sufficient accuracy by a

- (28) sSmith, A.L. and Kobrinsky, P.C., J. Mol. Spect. 69, 1 (1978).

(29) Tellinghuisen, P.C., Tellinghuisen, J., Velazco, J.E.,
Coxon, J.A. and Setser, D.W., J. Chem. Phys. 68, 5187 (1978).

{(30) Becker, C.H., Casavecchio, P. and Lee, Y.T., J. Chem.
Phys. 69, 2377 (1978).
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Leonard-Jones potential. A Leonard-Jones potential correctly
modesl the behavior at large internuclear separations, but is
too attractive in the region near the equilibrium separation.
To determine the magnitude of the error that this assumption
introduced into our results, we also ran test cases with a
12-8 potential, which more accurately models behavior near the
equilibrium internuclear distance, but is too repulse at large
separations. The results using these two potentials were in-
distinguishable, given the statistical fluctuations in our
answers.

It was assumed that the F-Ne interaction could be approxi-
mated by that of Ne-Ne. Again, a Leonard-Jones potential, using
the Ne, ground state spectroscopic parameters of Tanaka and

(31)

Yoshino, was assumed. The binding energy and equilibrium

internuclear distance of Xe-Ne were estimated by the arithmetic

2(32) and Ne2(31)

mean of the Xe internuclear separations and the
geometric mean of the binding energies. To test the sensitivity
of our results to these well depths and shapes, test cases were

run using strictly repulsive potentials of the form,

vV = Aiexp(-r/Li) for both F-Ne and Xe-Ne. The parameters Ai

(33)

and Li were obtained from a paper by Abrahamson. Again,

no significant differences were observed.

(31) Tanaka, Y., and Yoshino, K., J. Chem. Phys. .57, 2964 (1972).
(32) Docken, K.K. and Schafer, T.P., J. Mol. Spect. 46, 454 (1973).
(33) Abrahamson, A.A., Phys. Rev. 178, 76 (1969).
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C. RATE CONSTANT RESULTS

Calculations were performed for the first six vibrational
levels of XeF, both dissociative and V-+T, R rate constants were
obtained and three different assumptions concerning the rota-
tional population distribution were used. These assumptions are
as follows:

(1) Boltzmann distribution to the dissociation limit

{2) No rotational energy present (J=0)

(3) Molecules in the most probable rotational state for

300°K (J=24)

These three sets of calculations were performed in order to test
the effect of available rotational energy on the dissociative
rate constants. It was felt that this effect might be large,
since the bound states of interest are within several kT of the
dissociation limit. Assumptions (1) and (2) place rough upper
and lower bounds on our results, respectively. It has been
shown that the population in states very near the dissociation
limit (in our case, states with large J) is less than predicted
using a Boltzmann distribution due to very rapid communication
with the dissociative continuum. Using assumption (1) will,
therefore, weight contributions to the dissociative rate con-
stants from high lying J levels too heavily and, consequently,
will yield values which are expected to be an upper bound on

"real" values.
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An alternative way of expressing assumption (2) is to

state that there is no communication possible between the
vibrational and rotational modes of a molecule. While this -
is obviously an unrealistic assumption, it should provide a
lower bound f..r our calculations.

The third assumption was chosen to given us a representa- J
tive intermediate case. There is no reason, however, to expect

this assumption to yield the "real" rate constants, but unless 1

the rotational distribution produced during lasing is extremely

unusual, the constants obtained using this assumption should be
the most realistic of our three sets.

The rate constants for collisional dissociation, using
our three assumptions, are shown in Figure 19. In order to !
minimize the effect of statistical fluctuations, which are
inherent in our method, our calculated rate constants were fit
to an analytic expression which has been shown to accurately -

model a wide variety of systems.
kD(v) = Aexp(—aev)

where €y is the dissociation energy in cm-l. It is the fitted
results that are shown in Figure 19. All values are expected

to be accurate to within a factor of 2. The factor of 15 dif-

ference in the results for v=0 clearly demonstrates the sensi-
tivity of our results to the exact form of the rotational

distribution. )
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In order to test the sensitivity of our results to the
translational temperature of the system, one set of runs (with
J=24) was performed at 450°K. The dissociative rate constants
for this temperature, along with the J=24 results at 300°K, are
shown in Figure 20. The increase in dissociative rate constants
is consistent with the observed improvement in XeF laser per-
formance at elevated temperatures.

Again, to alleviate statistical fluctuations, the V+T, R
rate constants were also fitted to an analytical expression of

the form

k = A exp(-alAe)

vv!

where Ae = Iev - ev,l and v' > v. The rate constants for v' < v
were obtained by detailed balancing. The fitted constants for
our three rotational assumptions at 300°K and the J = 24 results
at 450°K are given in Table 5. As for the dissociative rate
constants, the V+T, R constants are largest for the equilibrium
distribution and smallest for J = 0.

The effect that these rate constants are expected to have
on the laser performance is discussed in the next section.
D. GROUND STATE BOTTLENECKING

Once the rate constants for ground state deactivation
were calculated, they were incorporated into the kinetic equa-
tions for the ground state vibrational levels and the two lowest

vibrational levels of the B-state in order to determine whether
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TABLE 5. V T, R RATE CONSTANTS FOR DIFFERENT

ROTATIONAL DISTRIBUTIONS2) ’
Case A(cm3/sec) a (cm)
J = equil., T = 300°K 5.2 x 10°11 0.0103
J=o0, T = 300°K 2.0 x 10711 0.0103
J = 24, T = 300°K 3.7 x 10711 0.0109
J = 24, T = 450°K 6.6 x 10”11 0.0103

a) Rate constants are of the form kvv' Aexp(aAe).

76

UAVEO EVERETT




these rate constants were sufficiently small to account for

the observed low extraction efficiency in the XeF laser. The

kinetic equations used are as follows:

For the X state, v = 0-2, 4-6

Ny No = kp NN,

N Nx - kD3N3Nx

For the B state

Q.
2
*
z
*

3 and

- _ - - 5% * -
at 0~ T hy (No* - Nj3)

where N, and Ni* are the populations of the i'th vibrational

level of the X and B states respectively, Nx is the neon number

is the VT, R rate constant from j to i, k is the

Di
dissociative rate constant level i, Foi and F1i are the Franck-

ji

E

} density, k
i Condon factors, ¢ is the stimulated emission cross section, ¢
f

{

the cavity flux and Sp and S, are source terms for the B-state
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vibrational levels. T is the deactivation lifetime of the
B-state and includes both radiative decay and collisional
quenching. 1t is the feeding term from deactivation of the
B-state.

The above equations were solved numerically for different
pumping rates, gas mixtures and densities and the results com-
pared to experimental sidelight fluorescence measurements.
These experiments are described in detail elsewhere.(34)
Briefly, in this experiment both the output flux and sidelight
fluorescence from the B(v'=0)+X(v"=3) transition were measured.
The cavity flux was varied by the addition of C12 to an absorp-
tion cell located within the optical cavity. This assured that
all quenching and formation processes remained constant at all
fluxes. A simple steady-state argument leads to the following
relation.

No*(o) 1 + ¢/¢sat

No* 1 4+ ]B- 6/6

No*(o)/No* is just the ratio of the sidelight fluorescence with-

out and with lasing. ¢ is the saturation flux and B is a

sat
paraméter that depends on the lower level lifetime. If this
lower level lifetime is zero (i.e., no bottlenecking) then

1/8 -+ 0 and a plot of No*(o)/No* vs ¢ just a straight line.

For a finite lower level lifetime No*(o)/No* will asymptotically

approach B for large values of ¢.

(34) Rokni, M., et. al., Appl. Phy. Lett., to be published
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Values of NO*(o)/No* obtained from our kinetic egquations
and experiment are shown in Figure 21. The rate constants for

\ J=24 and J=0 were used. The hatched areas represent the range

of the results when all ground state rate constants are allowed
to vary by the factor of two uncertainty in our numbers. It is
; clear that the J=24 values are not sufficiently small to repro-
; duce the experimentally observed fluorescence behavior. While
| the J=0 values marginally reproduce the experimental values, it
must be remembered that these constants are expected to be a
lower bound on the true values.

From Figure 21, it would appear that the calculated rate
constants cannot entirely account for the observed laser behavior.
It should be noted that these results depend on measured values
r of the various B-state quenching rate constants and the stimu-

lated emission cross section and any changes in these values

will affect our results. Also, it has been assumed that the

v'=1 population is unaffected by lasing on the 353 nm transition.

Permitting relaxation between these two states would tend to
bring our results closer to experiment, but as no fluorescence
suppression on the v'=1 lines has been observed, this is not a
likely answer to the discrepancy. Finally, in our model, it was
assumed that rotational relaxation in both the B and X states
was instantaneous. Using a more realistic assumption would,
again, bring our theoretical model into closer agreement with

experiment.
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