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Section Ip

INTRODUCTION

p

---During the course of this contract, solid progress

was made in both the development and understanding of rare

gas halide lasers. Initially, to comprehend the major

processes which occur in the laser plasma, we developed a

long pulse kinetics experiment which simulated closely the

laser kinetics. The experiment was used to investigate the

kinetics of the XeF laser and, later, the XeCl laser, both

with neon as a diluent. In general, the experiment provided

information on the fluorescence yield, the formation effic-

iency and the apparent quenching rate constants for the

upper laser level. For XeF, the results of the experiment

served as a basis for a computer code which simulated long

pulse operation of the XeF laser. The code was used to

investigate various processes in the laser such as forma-

tion, absorption and ground state bottlenecking. The role

of the XeF(C) was unraveled using the model, and, also the

effects of halogen donor depletion. For XeCl, the experi-

ment has provided information on the fluorescence yield and

apparent quenching rate constants for the XeCl(B) state.

Preliminary modeling analysis of XeCl indicates that the

formation efficiency is close to 100 percent.-
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Section II

APPARATUS

The apparatus consists of a kinetics chamber

which is mounted onto a cold-cathode electron beam chamber.

The kinetics chamber is made from aluminum and has an active

volume of 1.5 x 20 cm 3 . The chamber is mounted directly

to the electron gun vacuum chamber with a thin titanium foil

separating the two. The cold-cathode electron gun produces

a beam of 280 Key electrons with a pulse duration of I

usec. The peak current density into the laser gas is 2

A/cm 2 . Fluorescence is observed perpendicular or parallel

to the electron beam direction with calibrated photodiodes

and filters. A diagram of the apparatus is shown in Figure

1. The dominant kinetic processes have characteristic

times which are much shorter than the pulse duration, thus

the excited and ionic species are in quasi-equilibrium.

2

- 77777.i



I. EI

IJJ E

UIJ E
IL 0

LU LUC

LU F~ -om0 -

LU O

wj >

Figure 1. A schematic diagram of the long pulse kinetics experiment.
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Section III

XeF INVESTIGATIONS

With the kinetics experiment we were able to

characterize the fluorescence from the B & C states of XeF

and measure the apparent quenching rates. The results

indicate that almost all the excitation is channeled through

the XeF molecule, and that approximately 80 percent finds

itself in the B state. The apparent quenching rated con-

stants for neon and xenon are in good agreement with the

actual quenching rate constants obtain by other methods.

The agreement indicates that interception by the rare gases

is not significant. On the other hand, the apparent rate

constant for NF3 was much larger than tce actual value.
We attribute this difference to interception in the XeF

formation chain by NF3. The magnitude of the interception
effect correlates with the process:

F2* + NF 3  products k, = 4.1 x 10-10 cm 3 /sec

which has been proposed by Heustis (1). The apparent

quenching rates for XeF(B) are given in Table I.

The experimental results were used to develop

a model which simulates the XeF laser in a neon diluent.

The code has provided a wealth of information on how the

laser works and its limitations. First, the model deter-

mined the formation chain of the laser upper level, the

XeF(B) state, in particular, it illuminated the importance
of the neutral formation which proceeds through the

*



mechanism of Penning ionization. Second, the model calcu-

lated the maximum efficiency which the laser could achieve;

this value is close to the efficiency corresponding to one

laser photon per ion formed (10 percent). Third, the model

was used to investigate absorption at the laser wavelength

in the laser mix and in corresponding rare gas mixtures.

The model determined that in pure neon there is a strong

absorption due to excited neutral neon which is removed by

the addition of a small amount of xenon. However, in the

laser mix absorption is dominated by Xe 2+ and this process

limits the amount of xenon which can be added to it.

Fourth, the 3odel was employed to investigate the effect of

the weakly bound XeF ground state. The modal predicted that

the laser performance would improve if the ground state was

removed more rapidly as through heating. :A preprint of the

model results is included. The model r-sults have been

published (2).

The computer code was used :' determine the

role of the XeF(C) in laser performance. T:e C state, which

emits in a broad band centered around 460 nn, is important

because in the laser mix 40 percent of the tctal emission is

from this state. If this emission represents a process

which intercepts formation of the laser upper level, then

the ultimate efficiency of the XeF laser is substantially

limited. If, on the other hand, the C state is formed

through the B state then other processes limit the effic-

iency of the laser. A model was constructed based on

neutral kinetics as experimental evidence indicated that

electron mixing was not significant. The model predicted

5



the following results. First, two thirds of the C state

population is formed from quenching of the B state. In

addition, 25 percent of the excitation which forms the B

state goes directly into the C state. Third, the quenching

rates for the C state are much less than those for the B

state. From the model, we conclude that the enhanced C

emission does not result from interception of the B state,

but rather is due to quenching from B to C and less quench-

ing of the C state by the diluent. Thus the model indicates

that other processes such as vibrational relaxation or

ground state absorption limit the laser efficiency. A

preprint of the C state results in included. The results

have been published (3).

The model was used to study depletion of the NF3
halogen donor in the XeF laser. If the E-beam pumping pulse

is extended beyond 1 usec, significant depletion of the

halogen donor can occur. The extent of depletion depends

primarily on the termolecular recombination rate which

controls NF3 reformation. The effect of depletion depends

on the electron attachment rates of the depletion products

which control the F- production. The two major effects of

depletion are increased absorption due to Xe 2 +, and in-

creased formation through the Xe* neutral reactions. A.

technical memorandum based on the results of the depletion

study is enclosed.

6
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Section IV

XeCl INVESTIGATIONS

XeCl in a neon diluent has exhibited 5 percent

efficiency and is of great interest to the Navy as it can be

shifted into the blue-green region of the spectrum. Our

approach has been twofold - experimental and theoretical.

In the kinetics experiment, we have measured the fluores-

cence efficiency of the B state, and the apparent quenching

rate constants for neon, xenon and HCl. In Table I, the

rates are given and compared to the values obtained for XeF.

As one can see, the XeCl rate constants are lower than the

XeF values, and partly for this reason, XeCl has a higher
fluorescence efficiency. Furthermore, the rate constant for

HCl is abnormally large which could indicate some intercept

by the halogen donor. A similar situation exists for

NF3.

Modeling analysis of rare gas mixtures has shedV
some light on the major absorption species at the laser

wavelength. The model shows tbat the absorber in pure

neon is Ne2 * which is removed dramatically by the addition

of xenon to the mixture. Furthermore, the amount of addi-
tional xenon is ultimately limited by its contribution to

absorption. In Figures 2 through 4, we show the model

predictions for the density of species in neon and neon/

xenon mixtures. Inl Figure 2, we see that only Ne2* can

explain the rapid drop off in absorption when xenon is

added. In Figure 3, we see furtber that the flat appear-

ance of the absorption curve correlates strongly with the



Xe 2+ density. Moreover, in Figure 4, we see that at xenon

concentrations of 2 percent or more, absorption by Xe 2* or

Xe 3+ appears to become significant. As a final point, in U

Table II, we summarize the energy efficiencies of XeCl which

we derive from a combination of experiment and model.

8
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Table I

* Apparent Quenching Rate Constants

XeC. (B) XeF (B)

Ne 5. x 10-13  9.3 x 1-1
Ne + 1% Xe

Ne + Ne < 2 x 103 2.8 x 10 3

Xe 7.8 x 10-12 7.3 x 10- 11

Halogen Donor 5.5 x 10-1 6.8 x 10-1

Fluorescence Efficiency 50%:0
(Per Ion Pair)

10



Table II

Energy Efficiency of XeCJ.

Formation 11 ± 2% Experiment and Model

Fluorescence 5 ± 1% Experiment

Extraction 5 ±1% Model

p-AA -.
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Figure 2. Top: Measured absorption at 308 nm in pure neon, and neon/xenon
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Bottom: Model prediction of densities of neon excited species.
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A KINETICS SCHEME FOR THE XeF LASER

T. G. Finn, L. J. Palumbo,and L. F. Champagne
Laser Physics Branch

Optical Sciences Division

Naval Research Laboratory
Washington, D. C. 20375

ABSTRACT

A kinetics scheme is described for electron-beam excitation of the

XeF laser in a nec.. diluent. Both Ne+ and Ne channels contribute signifi-

cantly to the formation of the upper laser level. In each chain an important

Penning ionization process leads to the formation of Xe which is the major

intermediary in forming the upper laser level. Xe 2+ is found to be the

dominant absorber of laser radiation. The effect of the weakly bound

XeF ground state is discussed.

S
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Since the first demonstration of exciplex fluorescence in rare gas

halide systems, Ithere has been considerable interest in developing these

systems into efficient and powerful UV lasers. 2Recent work at NRL has

0 demonstrated efficient and powerful XeF laser operation in a neon diluent. 
3

However, a thorough understanding of the laser kinetics is necessary in order

to project the maximum efficiency of this system. This paper reports a kinetics

P scheme by which energy deposited by an electron-beam is channeled into the

upper laser level and is ultimately extracted. The scheme is derived

from a computer simulation of an E-beam pumped XeF laser operating at optimum

experimental conditions. Processes which limit laser performance are discussed.

The computer model consists of two parts: first, an E-beam deposition

section, in which the kinetic energy of near relativistic electrons is used

to ionize and excite the laser gas, and second, a chemical kinetics section,

in which the energy deposited in the gas cascades down by various processes

to the upper-laser level and is extracted as laser radiation.V

The energy deposited by the E-beam in the laser mixture is calculated

4
using a high energy electron deposition computer code based on the work

5
of Berger and Seltzer. Because the target gas is not "thin", the electrons

traverse in a zig-zag path which results in greater energy deposition. The

total deposition for our device has been calculated to be approximately two

and one-half times the Berger and Seltzer values, and has been verified

experimentally by nitrous oxide dosimetry.

The second part of the computer code deals with kinetics. In this

2



section chemical reactions transport the deposited energy along various

competing channels, some of which lead to the upper laser level. The

dominant chains are determined by following the excitation which is deposited

initially in Ne +and Ne as it travels from species to species and eventually

reaches the upper laser level or some other species. For example, our model

*indicates that when the excitation reaches Ne 2+ this ion is five times more

likely to recombine with F to form NeF than with electrons to form Ne

* Hence the dominant path leads from Ne 2+to NeF* and so forth until it reaches

the upper laser level or a species which is unlikely to form the upper laser

level. The model does not consider the internal structure of the XeF molecules,

that is, the role of the XeF(C) state and vibrational relaxation of the B state.

However, these effects are taken into account in estimating the overall efficiency

of the system. Many of the chemical reaction rates have been measured but several

have only been calculated or at best estimated. For example, recombination

+ -+
reactions of the form M + F ,where M is a rare gas atomic or molecular ion,

have been calculated to reach a maximum of approximately 2-3 x 10 cm /sc

at a few atmospheres of pressure, and then to drop off linearly with increasing

pressure.6 Consequently, for these reactions, we assumed a reaction rate of

1lX 106 cm/sec at our operating conditions of five atmospheres. For electron

dissociative attachment of the fluorine donor we assumed a rate of I x 10O

cm 3/sec.

In the Ne/Xe/NF 3 laser, energy is channeled int~o the upper laser level

primarily through the mechanism of Penning ionization. Both ion and neutral

channels contribute significantly. In each chain an important Penning step

leads to the formation of Xe+, which is the primary intermediary in forming

the laser upper level. The major kinetics chains are represented in Fig. 1.



t

Most of the excitation energy results in forming Ne+ which, either directly

or through complex ion species, reacts with F" to form NeF . The NeF

molecule rapidly predissociates to form F which ionizes Xe7. This Penning

+reaction is the major source of Xe , which can form the upper laser level

through its recombination with F The major loss mechanism in this chain

is quenching of F by NF3 . Although excited NF3 has enough internal energy

to react with Xe and form the upper laser level, this reaction has yet to

be demonstrated. A significant fraction of the energy deposited produces

Ne which directly or through complex molecules forms Xe+ by a Penning

reaction. Emission from the Ne2 excimer is an apparent loss process from

this chain but this radiation has sufficient energy to ionize Xe and thus

constitutes an additional formation channel.

Almost all of the excitation energy which reaches the upper laser level

travels through Xe+ which forms XeF by recombination with F .However, we

speculate that at high pressure Xe forms the weakly bound complex, NeXe+ .

Little is know-of NeXe
+ except that it has-an emission spectruM.

8 If NeXe+

is formed, it rapidly forms the upper laser level directly thr-ugh recombina-

tion with F or indirectly through another species such as Xe2  r Xe which
+2

is formed from dissociative recombination of NeXe+ or Xe2. I- any case once

the excitation reaches Xe+ it is rapidly channeled into XeF . Under the

experimental conditions which the computer model simulated, aid which are

given in Fig. 1, 447. of all the excitation which reaches the upper laser

level is extracted as laser output, 13% is absorbed (principally by Xe2 ), 26

is quenched (principally by Ne), and 17% is lost through fluorescence.

|4



I.
9Recently Rokni et al have investigated formation and quenching processes

in Ne/Xe/F2 mixtures and their results are in substantial agreement with the

predictions of our model. However, in our model we have used NF3 rather than

F2 as the fluorine donor because its use significantly increases the laser
10 "14

performance. Moreover, NF3 quenches XeF much less rapidly than F2  so that

the major quenching species of XeF is neon in our model rather than the fluorine

donor as in Rokni's case. As a final point, Rokni et al show as a minor forma-

tion channel the reaction of F with F2 to produce F2 which can react with

Xe to form XeF . Unfortunately, the equivalent formation process with NF3

has yet to be demonstrated hence in our model we are compelled to treat it

as an interception process.

The estimate of the overall energy efficiency is uncertain to the extent

that the products of the complex ion recombination reaction with F are

unknown as are the fate of these products. It has been generally accepted

but not conclusively demonstrated that the upper laser level is formed with

near unit efficiency as a product of the Xe+ and F" recombination reaction.

In addition, recent experiments on KrF formation in argon diluent indicate

that in Kr recombination reactions, the product yield of KrF is high.11
2

However, not much is known of the reaction products of the complex ions,

NeXe and Xe2 . It is possible that a substantial amount of excitation is

channeled into the XeF(C) state which may not rapidly couple to:.the B state,

or the excitation may be channeled into high vibrational levels of the B

state which do not relax to the laser level. At this stage much work needs

to be done on the excited states of XeF. To account for the uncertainty

in the yields of these complex ions, we have calculated the laser efficiency

assuming product yields of unity for one case, and one fifth for the other.

5



7;
Under these conditions, the energy efficiency for formation of XeF is

9% for the unity case and 57 for the one fifth case, likewise, the extraction

efficiencies are 47. and 27., respectively.

XeF has a weakly bound ground state which acts to trap the laser radiation

and thus decrease the laser output. The ground state has a total well depth

o110 -l -I lvl 1 2

of 1100 cm 1and a depth of approximately 800 cm from the lower laser level.

The laser radiation is absorbed by the ground state and is rapidly re-stimulated.

The result of this "recycling" of the laser radiation is that the net stimulated

emission rate is decreased and, consequently, more excitation is lost through

fluorescence and quenching. Collision with neon atoms can break apart the

XeF ground state and thus increase the laser output. In Fig. 2, the laser

efficiency is given as a function of the ground state re~-oval rate. It is

found that a dissociation rate constant of 3 x 10"1 2 cm3 'sec which zorresponds

-l
to one half the gas kinetic rate and a well depth of 80t cm fits che observed

3efficiency of 2.07.. Heating the laser gas to 600°K wolld increase the break

apart by an order of magnitude and the laser efficiency by 507. as -an be seen

in the figure. However, we have not considered the ef1 %ct of increased temper-

ature on other aspects of the kinetics scheme such as :"rmation, quenching and

absorption.

When neon is substituted for argon as the diluert -n the XeF laser,

a significant improvement in laser performance is obsi:,-ed whi~h is due to

the decrease in the transient absorption.3 Recent theccetical predictions

of the absorption spectra of rare gas dimers indicate that Ar2+ absorbs in

the 350 nm region, whereas Ne 2 does not.1 3  In order to determine what

species is responsible for the remaining absorption in the XeF laser, we

compared to our kinetic model the results of several previous absorption

6
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experiments conducted in pure rare gas mixtures and the laser mixture.

In Fig. 3 the observed absorption as a function of gas composition is

compared to the relative densities predicted by the model.

In the first experiment, conducted in pure neon, we observed an

absorption of 1.25%/cm which decreased to 0.27/cm when 0.1% Xe was added

to the mixture. Looking at the lower half of Fig. 3, we note that the

only species that decreases significantly when Xe is added is Ne2 , hence

Ne2  is most likely the major absorber in pure neon plasmas. When the Xe

concentration is increased to 1%, as in experiment three (Fig. 3), the absorp-

tion increases to 1.25%/cm. However, we note that the density of the excited

neon species has decreased while the density of Xe2  and Xe2 have increased

as has the absorption. In the final experiment, performed on the laser

mixture, we note that the absorption has decreased significantly as have

+ 13
the Xe and Xe2 densities. By combining the theoretical estimate of

the absorption cross section at the laser wavelength of Xe2
+ with the model

prediction of its density, we can calculate the absorption in the laser

mixture due to Xe 2, and this value, given by the "X" in Fig. 3, is in good

agreement with the observed value. The evidence clearly points to Xe 2
+ as

the dominant absorber.

In the XeF laser when neon is the diluent the dominant process for

formation of the upper laser level is Penning ionization, a channel which

does not exist in argon diluent. Because of the high operating pressure

of this laser, a significant role is played by complex and poorly understood

species such as NeXe+. An increase in the laser output of approximately

507. can be obtained by more effective removal of the XeF ground state. Use

7



of neon as a diluent eliminates the transient absorption at the laser wave-

length w~hich exists in an argon diluent, however, under optimum laser conditions

the major absorber is Xe 2 +

We wish to thank D. L. Huestis, SRI, for making available to us his

unpublished data, and for helpful conversations.
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FIGURE CAPTIONS

1. Kinetics scheme for E-beam pumped XeF laser in neon diluent. The species

NeXe+ is in parenthesis to denote that its presence is speculative. The

operating pressure is five atmospheres.

2. Laser efficiency as a function of the XeF ground state dissociation rate.

A rate constant of 3 x 10 "1 2 cm 3/sec agrees with the experimental efficiency

result of 2.0.. Increasing the gas temperature to 600°K should increase

the laser efficiency significantly.

3. Top: Experimentally observed transient absorption at 351 nm in various

gas mixtures; Bottom: Model calculations of the relative density of

various species. The absorption decrease in neon when .1% xenon is

added correlates with the decrease in the Ne 2 density. The increased

absorption in 1% xenon and subsequent decrease in the laser mix correlates

with the Xe and Xe densities. The "X" in the top figure is the Xe2

absorption in the laser mixture calculated using the cross section of

Reference (13). Note that this quantity can explain the observed

absorption.

10
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The Role of the C State in the XeF Laser

T. G. Finnt L. J. Palumbo, L. F. Champagne
Laser Physics Branch

Optical Sciences Division
Naval Research Laboratory
Washington, D. C. 20375

Ne/Xe/NF3 mixtures were irradiated by a cold cathode e-beam, and

the fluorescence yields of the B- and C-states of XeF were measured

as a function of neon pressure from 200 to 5300 torr. At low neon

pressures, the fluorescence yield of the B-state corresponds to one

photon emitted for each neon ion formed. As the neon pressure is

increased the fluorescence yield of the B-state decreases, but the ratio

of the C emission to B emission approaches unity. If the

C is formed through a channel which is independent of the B-state, then

the ultimate efficiency of the XeF laser is severely limited. However, r
analysis of the data with a XeF kinetics model indicates that the

enhanced C emission results from two-body quenching of the B-state by

neon. We conclude that the XeF laser performance has been limited by

other processes, namely incomplete vibrational relaxation and ground

state bottlenecking.

tScience Applications, Inc., Arlington, VA. 22202
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INTRODUCTION

XeF is the second rare gas monohalide laser system (after KrF) to

demonstrate high efficiency and output power. Initially, the XeF laser

was operated in an argon diluent but its efficiency was well below one

percent because of transient absorption in the medium. Champagne

and Harris found a significant improvement in the output power and

efficiency with neon as the diluent.(l) This work showed that the tran-

sient absorption present in pure neon, although comparable to that in

pure argon, was markedly reduced by the addition of a small amount of

xenon. Previously, we developed a computer model which simulates the

kinetics in an electron e-beam pumped XeF laser. Analysis with the

model has shown that the addition of a small amount of xenon to pure

neon significantly reduces the concentration of neutral species such as

* Ne and Ne2 through the mechanisms of Penning and associative ionization,

but only slightly diminishes the concentration of charged species.2)

Consequently, we have attributed the transient absorption in pure neon

to the neutral species.

XeF has two intense emission features, the B - X system around

351 nm, and the broad C - A system centered around 460 nm. Our kinetic

*model predicts that the formation efficiency of XeF* is high, but it

cannot determine which states (B or C) are populated. Recently

Kligleret al.( 3 ) have shown that the C-state of XeF lies 700 cm"1 below

the B-state, and that the emission intensity of both states are equal

under pumping conditions similar to those in the laser. The importance



of the latter result is the following: --if the C-state is formed in such

a way that its excitation energy is not channeled through the B-state,

then almost half the total excitation is lost. Thus, the maximum

efficiency of the XeF laser would be approximately five percent, which

is the value recently obtained-by heating the mixture. (4,5) If, on

the other hand, the C-state is formed through the B-state then all the

excitation present in the C-state is potentially extractable as laser

radiation. To resolve this question, and to characterize further the

XeF laser, we have investigated the fluorescence from the B- and C-states

and analyzed the results with a computer model.

EXPERIMENTAL

The apparatus used in these experiments has been described previously

and will be reviewed briefly.(6) The kinetics chamber is made from

aluminum and has an active volume of 1.5 x I x 20 cm3 . The chamber

is mounted directly to the electron gun vacuum chamber with a thin

titanium foil separating the two. The cold-cathode electron gun

produces a beam of 280 KeV electrons with a pulse duration of -l psec.

The peak current density into the laser gas is 2 A/cm2. Fluorescence

is observed perpendicular or parallel to the electron beam direction with

calibrated photodiodes and filters. All the kinetics experiments used

concentrations of six torr Xe and 2 torr NF3, which are the values

corresponding to the optimum laser mixture. The dominant kinetic pro-

cesses have characteristic times which are much shorter than the pulse

duration, thus the excited and ionic species are in quasi-equilibrium.

2



RESULTS

In Figure 1, the XeF (B +X) and (C -A) fluorescence from a

mixture of Ne/Xe/NF 3 is given as a function of neon pressure. At low

neon pressure the ratio of B -) X to C -- A emission intensity is approxi-

p mately three to one. As the neon pressure increases, the fluorescence

from both states increases but at high pressures the B -.) X fluorescence

begins to level off while the C fluorescence continues to rise. At the

optimum laser mixture (five atmospheres) the C -~ A emission is over seventy

percent of the B +X emission.

More information about the B and C states can be obtained by cal-

t culating their corresponding fluorescence yields. The fluorescence yield

is defined here as the ratio of the number of photons emitted from a

state divided by the number of ion-electron pairs produced by the electron

t beam. A fluorescence yield of one corresponds to one photon emitted

for each ion formed. It is possible for the total fluorescence yield

to be greater than unity. For each one hundred ions that are created,

t the electron beam also produces about thirty excited neutral atoms

which can lead to the upper laser level .~

Relative fluorescence yields can be put on an absolute basis by

normalizing to the absolute fluorescence yield of the N2 second positive

system produced in mixtures of argon with five percent nitrogen. At a

total pressure of two atmospheres, Huestis and Tang have determined the

fluorescence yield of the second positive system to be approximately nine

2
percent over the e-beam current range of 1-10 A/cm incident to the active

volume. (8 ) Using the argon/nitrogen fluorescence as a secondary standard,

3
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we obtained the absolute fluorescence yield of the XeF (B + X) and

(C -) A) transitions as a function of neon pressure. Since the thickness

of the target gas is small compared to the penetration depth of the e-beam,

the number of ions produced is linearly proportional to the gas pressure.

Thus, the relative fluorescence yield is equal to the signal intensity

divided by the neon pressure.

In Figure 2 the inverse of the absolute fluorescence yield for the

XeF transitions (B - X) and (C - A) is plotted versus neon pressure.

This method of data analysis is similar to a Stern-Volmer plot and is

useful in interpreting the data. Moreover, the fluorescence yields have

been corrected to account for quenching by Xe and NF3. This correction,

which is largest in the low pressure region, is about ten percent. As

can be seen in the figure, at low neon pressure the fluorescence yield

of the B -) X transition approaches unity which c -rasponds to a fluorescence

energy efficiency of ten percent. However, as :e neon pressure is

increased the fluorescence yield decreases so t~a, at the optimum laser

mix of five atmospheres it is approximately 0.". M.Ieanwhile, the

fluorescence yield of the C + A transition var-is slowly and approaches

0.25 at zero pressure. There are two likely explanations

for the pressure behavior of the fluorescence yeTcs. First, at high

pressure the formation efficiency of the B-state is close to unity, but

the state is quenched to the C-state which li' 700 cm" below it.

Second, at high pressure, the excitation energy is intercepted before it

reaches the B-state and channeled directly into the C-state. In the former

case, almost all of the excitation can be considered as potential laser

4
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radiation because the energy can be extracted from the B-state before

it is quenched to the C-state. However, in the latter case, the energy

is directly pumped into the C-state and is virtually inaccessible.

Thus, the manner in which the C-state is formed at high pressure

determines the ultimate efficiency of the laser.

DISCUSSION

The C-state can be formed in three ways: direct excitation, quenching

from B to C by neutral species, and quenching from B to C by electrons.

Our data indicates that electron mixing of the B and C states is not

significant up to a pumping rate of 7 A/cm2 . This conclusion is based

on the following results. First, as the NF3 concentration in the

kinetics chamber was varied from two to one hundred torr, we observed

only a ten percent decrease in the B/C emission ratio. Since the removal

rate of the electrons, and thus their equilibrium concentration, is

determined by the concentration of the attaching species, NF3, the

electron density varied greatly but the B to C ratio remained approxi-

mately constant. Furthermore, other experiments were conducted in the

laser mixture (5 atm) with 7 A/cm 2 e-beam pumping current and the B to

C ratio was found to be the same as in the kinetics experiments with

2
2 A/cm pumping rate. Finally, if electron mixing were significant the

B/C emission ratio should be much higher than is observed. The

separation of the B and C states is 700 cm"1 which is about .08 eV.

If the electron temperature were 1eV, the states would be approximately

equally populated. Since the ratio of transition probabilities for the

3. 5S"
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B and C states is approximately seven, the B to C emission ratio would

be much greater than one. ()Instead the observed emission ratio

extrapolates at high pressure to a value of 0.6which corresponds to a

temperature of .035 eV, close to the temperature of the background gas.

Thus, electron mixing is not important in determining the ratio of the

B and C states and a model based solely on neutral kinetics may be used.

The neutral kinetics model must include direct pumping to B and C,

quenching from B to C and the reverse reactions, and quenching from B

and C to products. For direct pumping the absolute fluorescence yields

extrapolated to zero pressure were used. The quenching rate constantsI
used in the model are given in Table I. The applicability of the rates

will be discussed later. The predictions of the model based on

absolute fluorescence yields and quenching by neutrals are given as the

solid lines in Figure 1. As can be seen from the figure, the model is

in good agreement with the data. Quenching of the B-state, primarily

through two-body collisions with neon, accounts for all the observed

decrease in the fluorescence yield as the neon pressure is increased.

If significant interception of the B-state were present, the model values

would be much higher than the observed B emission. Moreover, i-f at high

pressure a larger fraction of the excitation were channeled directly into

the C-state, the model predictions for the C emission would be much less

than the observed values. Initially, however, the predicted C emission

was higher than the observed value indicating that some quenching of the

C-state by the background gas occurs. The C-state quenching rate which

fits the data is given in Table 1.

6
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Three important conclusions can immediately be drawn from the model

analysis. First, almost eighty percent of the ions and electronically

excited neutrals formed channel their excitation directly into the B-state.

Second, the back reaction, C to B, is small such that once the energy

is in the C state it is virtually lost. Third, the enhanced C emission

at high pressure is due to quenching from B to C primarily through two

body collisions with neon. In fact, two-thirds of the C population

results from the B-state. The last conclusion has been verified

experimentally. Since a large fraction of the C-state population results

from the B-state, the C emission rate will decrease if the steady state

B population is decreased as occurs in a saturating laser field. The

depression of the C emission in a saturating laser field has been

observed.(10)

The accuracy of the model predictions depends on the reliability of

the rate constants used. Over fifty percent of the B-state quenching is

due to two body neon quenching, a process whose rate constant and branch-

ing are well characterized.(11)(12) However, forty percent of the

quenching is due to three body neon and neon plus xenon reactions. The

rate constants for these processes have been derived from electron-beam

pumped mixtures, and, strictly speaking, the rates could correspond to

interception rather than quenching processes. That is, these reactions

could channel excitation away from the B-state rather than quench the

B-state. In order to characterize the XeF laser precisely the quenching

rate constants and branching ratios for these processes have to be known.

7
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Assuming the reliability of the quenching rate constants, we can

summarize the results and conclusions:

(a) The formation efficiency of the B-state is approximately

one XeF (B) molecule formed for each ion pair created.

(b) The decrease in the B-state fluorescence yield observed at

high pressure is due to quenching, primarily through two body collisions

with neon.

(c) The enhanced C emission observed athigh pressure is due

to quenching from B to C rather than interception of the B-state.

(d) Since the formation efficiency of XeF(B) is high, other

processes are limiting the laser performance. Most likely, these processes

are incomplete vibrational relaxation and bottlenecking of the state

due to finite relaxation rates.

The authors wish to thank W. T. Whitney for lending us his electron

beam apparatus, D. Shores for his technical assistance, and D. Huestis,

SRI, and K. Tang, Maxwell Labs. Inc., for making available to us their

unpublished data.
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TABLE I

Branching Ratio
Quenching Reaction Rate Constant to XeF (C) Reference

XeF (B) + Ne 7.7 x 10 13 cm 3/sec .95 a, b

+ 2Ne 2.7 x 10-31 cm 6/sec .5* c

+ Ne +Xe 8.3 x10-31 cm 6/sec .5* c

" Xe 1.1 x 10-10 cm3 /sec .45 b

" NF 3  8.4 x 1011 cm 3/sec .64 a, b

Xe ()+ e+ e 4. x1- 1cm6/sec products this work

assumed for model calculations.

aI ef1
a - ref 10
b - ref 11
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FIGURE CAPTIONS

Figure 1. Observed fluorescence of XeF B- and C-states with 6 torr

Xe and 2 torr NF3 as a function of neon pressure. The

solid lines are the model calculations based on the formation

efficiency and quenching rates given in the text.

Figure 2. Inverse of the fluorescence yields of the XeF (B - X) and

(C + A) emissions as a function of neon pressure. For the

B-state the zero pressure intercept of unity indicates that

its formation efficiency is approximately one XeF (B) molecule

for each neon ion formed.
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UNITED STATES GOVERNMENT

DAI : 17 January 1979 memorandum
Al INOF: 5540-52:TGF/LJP:rnb

!.i,SCT: 00letion of the halogen donor in the XeF Laser
ENCL :(1) Figure 1

TO: S. K. Searles

1. This memo is in response to your directive to investigate depletion
of the halogen donor in e-beam pumped XeF lasers. It is the purpose of
this investigation to determine the cxtent of NF3 depletion in the laser
mixture, to characterize its effects on laser performance, and to
estimate under what conditions these effects are significant.

2. Using our kinetics model, we have calculated the extent of depletion
and its possible consequences in the optimal laser mix (4 itm Ne/12 torr
Xe/6 torr NF3 ) for pumping currents of 10 A/cm

2 , pulse lengths of 1 and
10 lisec, and operation at elevated temperatures.

3. The major model predictions are the following:

a) almost 25% of the NF3 is depleted after 1 psec, however, the
effect on laser output is not significant.

b) the major effects of depletion are likely to be an inirease in the
absorption due to Xe2+, and greater formation through the Xe - neutral
channel.

c) for 10 psec operation, the consequences and extent of depletion
depend on the electron attachment rates and the termolecular
recombination rates of the depletion products, NF2, NF and F.

4. Background

Efficient operation of the XeF laser has been achieved in neon diluent
for pulse durations of approximately 1 usec, and with energy loadings of
less than 200 J/l. In order to project the laser performance at longer
pulses with loadings of significantly more energy, one must determine what
new effects will occur under these conditions and assess their impact.

Two effects which are small for 1 psec operation but significant for
longer pulses are depletion of the halogen donor, NF3,and gas heating
from pump energy deposition. Depletion of the halogen donor can effect
several aspects of the laser: the formation chain, absorption, quenching
and interception. In the XeF laser, quenching and interception by NF
have only a small effect on the laser output. However, NF3, which pr3-
duces F- by dissociative attachment, rontrols the ion balance in the
laser plasma, which in turn, controls the dominant formation and absorp-
tion processes. Thus, depletion of NF3 may decrease the efficiency of
the formation and extraction processes. Consequently, in th~s memo we

Buy U.S. Savings Bonds Regularly or the Payroll Savings Plan ORo,. to

QG AFPM'e4 1t V ~lo |I.~i.
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have addressed depletion as it affects the ion balance in the laser plasma.
However, we estimate that a temperature rise of a few hundred OK will
occur for long pulses due to e-beam energy deposition. Recent results
on heated XeF indicate that the laser performance decreases above a certain
temperature (1). If the laser works well only in a narrow temperature
range, then for long pulse operation, the performance may be adversely
affected by the amount of energy deposited by the e-beam.

5. Approach

For the model simulation, the optimum laser mixture at 10 A/cm 2 pumping
rate obtained by Rokni et al. (2) was used. This mixture is 4 atm neon,
12 torr tenon and 6 torr NF3. The pumping pulse duration was varied from
1 Psec to 10 Psec. Simulations were run varying the attachment rates and
recombination rates of the depletion products. The effect of elevated
temperature was crudely approximated by the following assumptions: first,
the XeF ground state removal rate was significantly increased, (3) second,
the absorption cross section at the laser wavelength -if Xe2+ was reduced
(4) so that greater amounts of xenon could be added -. the mixture (5),
and third, vibrational relaxation of the XeF (B) stat, manifold was increased (1).

6. Extent of Depletion

The extent of depletion of NF3 is determined -y 1'e balance between the
removal and reformation processes. Dissociative a.t rment of electrons
is the dominant depletion process. The major rep "'ss-ment process is
three-body recombination of the depletion products, i

NF2 + F + Ne NF3 + r

If the recombination rate is insignificant then - " 5*:cf the MF will be
depleted in the first microsecond. Moreover, 90," *,:; be deple??d in
3.5 usec. However, if the three-body recombinati- ' te is l0- " the NF3
concentration will stabilize at more than half its ( itial value.

7. Effects of Depletion

The most serious effect of depletion will be to decrease the concentra-
tion of F-, a key species in both the formation and extraction processes.
In the ion formation chain, which accounts for almost 90% of the XeF(B)
production during the first microsecond of the pulse, F- recombinr with
various xenon ion complexes to form the upper laser level. Furthermore,
by recombining with Xe2+, F- removes it as a major absorption species.
The principal effect of F- depletion will be to increase the absorption f

I
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due to Xe? . Another effect will be to shift the formation process from
one completely dominated by ion-ion recombination reactions to one in which
excited-neutral reactions are of comparable importance. Although ion-ion
reiombinations form the XeF (B) state with 80%1 efficiency (6), reactions of
Xe with NF2 or NF may not be nearly as efficient. Thus the formation
efficiency may decrease as well as the extraction efficiency.

Other possible harmful effects of depletion involve the depletion products
themselves. Interception or quenching by the NF2 , NF or F could be sig-
nificant if the correspondinn rate constant were of the order 10-9. As
a final point, it has been recently pointed out to us that NF2 does not
absorb at 350 nm, but NF might.

8. Assessment of Depletion Effects

We have assessed the extent and effect of NF depletion over the range
where the three-body recombination rate constan? of the depletion products
is varied from 10' 3 to 10-30 cm6/sec, and their attachment rate constant
is varied from 10-10 to 5 x 10-9 cm3/sec. In general, the extent of
depletion depends primarily on the termolecular recombination rate, and the
consequences depend mainly on the attachment rate of the depleti n pgoducts.
If the recombination rate constant is greater than 10-3? cm /sec,
the NF3 is reformed so rapidly that depletion is not significant. Like-
wise, if the electron attachment rate constant is the same as that of NF3
(5 x l0-9 cm3/sec), the F- concentration does not drop and the laser per-
formance is unaffected. In order to avoid complications resulting from the
XeF ground state and incomplete vibrational relaxation, we have calculated
laser performance under "heated" conditions with various attachment and
recombination rates for the depletion products. "Heated" conditions were
approximated by the following: (1) the XeF ground state was assumed to be
unbound, (2) the absorption cross section at the laser wavelength of Xe2+
wa: set at half the room temperature value and the concentration of xenon
increased to 1.5 times the room temperature value, (3) the relaxation time
for vibrational mixing of the B-state manifold was set at 1 nsec. Moreover,
it was assumed that neutral reactions involving Xe and the depletion
products NF2 and NF did not branch to the B-state.

Selected results of the calculations for heated XeF are summarized in
Figure 1. The computed laser output energy for a 10 usec pump pulse is
plotted in this figure as a function of kr C, for various values of the
electron attachment rate coefficient, o Pere kj e is the rate constant
for the following termolecular recombination reactions,

I.A
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NF2 + F + Ne NF3 + Ne

NF + F + Ne NF2 + Ne

N + F + Ne + NF + Ne

NF + NF + Ne N2F2 + Ne.

and B is the rate constant for

NF2 + e- F- + NF

NF + e F + N.

Other relevant attachment and recombination rates were obtained fro,
the literature.

The important conclusions from Figure 1 are:

a) the laser performance will not degrade if the attachment rate constant
of the depletion products is approximately 5 x 1O-9 cm3/sec, or if the
three-body recombination rate is at least 1 x 10-31 cm6/sec.

b) the laser performance yll degrade only 10% if the attachment rate
constant is at least 5 x 10"' cm3/sec and the recombination rate is at
least 1 x 10-32 cmb/sec.

9. Summary

We can draw the following conclusions:

a) the extent of depletion depends primarily on the termolecular
recombination rate which controls the NF3 reformation.

b) the effect of depletion depends on the electron attachment
rate of the depletion products which controls the F- production.

c) the first major effect of depletion will be increased absorption
due to Xe2 '.
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* d) the second major effect will be increased formation through
Xe neutral reactions, however, the total formation rate will ru:;ain
approximately constant.

e) effects of depletion on laser performance range from negligible

to significant depending on the recombination and attachment rates.

10. Recommendations

As a result of this study we recommend that the following quantities
are necessary to determine the effect of depletion on the laser performance:

a) electron attachment and termolecular recombination rate
constants for NF2 and NF.

* b) the rate constants and branching ratios for reactions of Xe*,
and F with NF2 and NF.

In addition, the following quantities are also important:

a) rate constants for NF2 and NF quenching of XeF and F2 .

b) photoabsorption properties of NF.

T. G. Finn

L. T. Palumbo
Laser Physics Branch
Optical Sciences Division
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