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REPORT SUMMARY

A. PROGRAM SCOPE AND OBJECTIVE

This interim report covers the period 23 February 1977 to 22 August

1977. We report on research directed toward demonstrating efficiency,

energy density and scalabil ity of ra re gas monohalide laser systems for

development of high average power lasers applicable to DARPA missions.

During the prev ious reporting per iod , using pure e-beam excitation

of KrF*, we were able to obtain single pulse laser outputs of 102 J in an

active laser volume of 8. 5 f (12 J/fl with intrinsic laser efficiency of 9%

(laser energy out/c-beam energy deposited in the laser medium). For this

reporting period a portion of the effort had been directed toward c-beam

controlled discharge pumping of KrF*. Discharge pumping offers the poten-

tial for highe r laser efficiency and reduced foil loading for high rep-rate

operations .

A major portion of the effort for this period had been devoted to

studying the XeF* system. In order to carry out this research in an effi-

cient manner , the effort  has been three-pronged. First, various parts of

the underlying physics are resolved on a small scale (20 cm) device. Sec-

ond , the results of the small scale expe riments are incorporated into corn-

prehensive laser models which predic t laser performance and scaling . Third ,

large scale c-beam excited XeF* lase r experiments are ca r ried out on th e

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

‘I’i I
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B. ACCOMPLISHMENTS AND FINDINGS

The major results obtained in thia reporting period are summarized

as follows:

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

output energy of 75 J was obtained in an active volume of 7 .5  2

( 10 J/~ ) at an intrinsic laser efficiency of 10% . The discharge

enhancement ratio (discharge energy into the medium/c-beam

energy absorbed in the medium) was 2.

( 2) The use of an externally applied dc ma gnetic fie ld to

guide the c-beam is shown to remove the limit on aperture

scaling of c -beam controlled discharge excited KrF* lasers

imposed by c-beam pinching due to the magnetic field asso-

ciated with the discharge current .

(3) The discharge enhancement ratio (and consequently the effi-

ciency) was shown to be severely limited by spatial and tern-

poral c-beam nonuniformities.

(4) Kr 2F* forma tion in KrF* laser mixtures is shown to occur

predominantly from reactions involving KrF* as a precursor

and consequently this channel of energy lost is saturable with

KrF* laser cavity flux.

(5) Important XeF* formation and quenching rates have been inca-

sured.

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

shown to be consistent with all the experimental observations .

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

c-beam excited Ar and Ne rich mixtures.

a 
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(8) Using pure c-beam excitation , an XeF* laser output of 36 J

was obtained in ac active volume of 4 . 5 2  (8 J/f ) at an intrinsic

efficiency of 2.6%.
- 

‘ (9) The laser efficie ncy is shown to be limited by the slow vibra-

tional mixing in the upper level manifold and bottlenecking in

the lowe r level.

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

Plans for Next Period

For the next 6-month pe riod a heated cell capable of operation up

to 250 C will be assembled and fitted to the one-meter device. Experi-

- 
- ments will then be performed with e-beam excitation of XeF* at elevated

temperatures , to demonstrate improved extraction by increased rate of

lowe r level deac tivation. With the same cell we will also look at efficiency

and ener gy scaling of c-beam and c-beam controlled discharge pumped

*HgC1 lasers.

3 



~~‘r~~~”o’.. __ .. ~~ . . . -.- .-

TABLE OF CONTENTS

Section Page

R eport Summa ry 1
List of Illustrations 7

I. INTRODUCTION 11

II. KrF * AND Kr 2 F* SIDELIGHT EXPERIMENTS 13

E-B~~AM CONTROLLED DISCHARGE PUMPING OF
KrF~~ LASER 19
A. Review of Key Technical Issues and Modeling

Results 19
t B. Small Scale Experiments 31

C. One-Meter D ischarge Pumped KrF Laser
Experiments 36

4 
- D. Conclusions 52

*IV. E-BEAM PUMPED XeF LASER 55

A. Formation, Quenching, Gain and Absorption
Measurements 55

B. Laser Efficiency Calculations and Comparison
with Experiment 74

C. Side’ight Experiments and Power Extraction in
XeF Lasers 75

D. Lower Level Deactivation 90
E. Summary of Major XeF* Resul ts 95

REFERENCES 97

Appendices

A Calculation of XeF (X , v) Deactivation Rate From
Sidelight Fluorescence Data 99

B Equilibrium Number Densities: XeF Xe + F 101

____________________________________

5 _

E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - —

~~
.- -

~~~~~~~~~~~~~~~~

—-- -——



LIST OF ILLUSTRATIONS

Figure Page

* *1 K r F  and Kr 2F Sidelight Measurement Apparatus 15

* *2 K r F  and Kr 2F Sidelight Oscillograrn s 16

3 KrF * Formation Kinetics in Discharge Excited 20
Ar/Kr/F2  Mixtures

*4 Percentage at Discharge Energy into Ar and Kr as a 22
Function of Fractional Metastable Density for Ar/K r
Mixtures

*5 Formation Efficiency of K r F  as a Function of Fractional 23
Kr Density

6 Electron Impact Cross-Section for Rb(Kr ’ ) and Ar as a 24
Function of Electron Energy

7 Ionization Rate as a Function of Fraction at Metastable 26
Density

8 Formation and Extraction Efficiency as a Function of 28
Fractional Metastable Density

9 Result s of Numerical Ana lysis of Discharge Characterist ics 30

10 Plot off Discharge Enhancement Ratio as a Function of 32
Metastable Production Efficiency at Limit of Discharge
Stability

11 Measured and Predicted Fluorescence and Discharge 34
Characteristic s when Discharge Capacitor is Charged
to 10KV

12 Measured and Predicted Fluorescence and Discharge 35
Characteristics when Discharge Capacitor is Charged
to 16 KV

13 E- Beam Pinching by the Magnetic Field Generated by 37
the Discharge Current

7 . 
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

--—-- . .. 

~1pi~ CEDING P~~~ $1~AW

— -~~~~~~~ - .— — .-
~~~~
-- ---- -

.- - . -  -



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-. -.--— .—

Figure  Page

14 Maximum Aperture Area and Discharge Current  Density 39
Product as a Function of E- Beam Energy

15 Laser Burn Pattern Showing E-Bearn Pinching 40

16 Laser Burn Pattern with an Externally Applied 800 Gauss 42
Magnetic Field

17 E- Gun Cathode Voltage and Current , and Transmitted 46
E- Beam Current Measured in the Laser Cavity

18 Discharge Voltage and Current Characteristic s 47

19 Open Shutter Photograph of Visible Fluorescence from 48
Discharge Excited Laser Mixture

20 Comparison of Predicted and Measured Discharge and 51
Laser Outpu t Characteristics

21 Predicted Longitudinal E- Beam Deposition Profile when 53
Two Face to Face E-Bearn s are Used

22 Dominant XCF* Formation Kinetics in A r/X e/ F 2 Mixtures 57

23 Predicted and Measured XeF Fluorescence vs Pressure  60
for Various Xe Concentrations in Ar/Xe/F 2 Mixtures

24 Possible YeF * Formation Processes in E- Beam Excited 63
Ne/Xe/F 2 Mixtures

25 Predicted and Measured Fluorescence Efficiencies in 66
E- Beam Excited Ne/Xe/NF 3 Mixtures

26 Schematic of Experim~ nta 1 Apparatus for Absorption 67
Measurements in XeF Mixtures

27 3400 A Absorption in E- Beam Excited F2/Ar Mixtures 69

28 3400 A Absorption in E- Beam Excited F2/Xe Mixtures 70

29 3400 A Absorption in E- Beam Excited Ar/Xe/F 2 71
Mixtures

30 3400 A Absorption in E- Beam Excited Ne/Xe/F2 Mixtures 72

31 Energy Level Diagram for XeF*(B) and XeF(x) States 78

32 XeF* Sidelight Measurement Apparatus 79

8 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~- 
— 

~~~~~~~~~~— ----~~~~~~ ~~~~~~~~~~~~~

Figure

33 XeF* Fluorescence Spectra taken with E- Beam Excited 80
Ar/ Xe/NF 3 and Ne/ Xe/NF 3 Mixtures

34 X eF Sideli ght Spectra with and without Lasing in 82
Ne/Xe/NF 3 Mixtures

35 XeF* Sideli ght Oscillograms 84

36 XeF* Sideli ght Spectra with and without Lasing in 86
Ar/Xe/NF 3 Mixtures

37 XeF * Sidelight Oscillograms Showing Evidence of 87
Bottlenecking

38 XeF Yet F Equilibrium Constant as a Function of 93
Ga s T emperatur e

B-i Equilibrium Constant for Xe + F XeF vs Temperature 103

B-Z Equilibrium XeF Density vs Temperature 104

B-3 Equilibrium XeF (V = 3) Density vs Temperature 105

1
9



——- .—.— -.—~~
..- .

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - -. ,., .. .

I. INTRODUCTION

The objective of the present  program is to dete rmine whether  the

r a r e  ga s -monohalide laser  systems can be used to make efficient, high

powe r lasers applicable to DAR PA missions. During the previous report-

ing period we have demonstrated 12 J/~ with a 9% intrinsic laser efficiency

from KrF* using pure e-beam pumping. These results agree well with a

comprehensive laser model developed to reliably predict the performance

* *of large scale KrF lasers. We showed that e-beam pumped KrF lasers

can be scaled efficiently to very high single pulse energ ies .

In thi s reporting period a portion of the research effort had been

devoted to studying the performance and scaling of e -beam controlled dis-

charge pumping of KrF * lasers. Discharge pumping is interesting for two

reasons: (1) it o f fe rs  the possibility of higher laser efficiency because the

uppe r las er level can be pumped through neutral metastable channels and

(2) foil heating is much less severe because only a small portion of the

pump power needs to be app lied through a foil. Theoretical and small scale

experimental studies carr ied out at AERL have shown that under suitable

conditions stable discharges can be maintained in rare gas-halide laser

mixtures. The studies showed that under carefully controlled discharge

conditions , KrF* laser efficiencies of 15% at a discharge enhancement

ratio of 4 (discharge energy into the laser medium/e -beam energy absorbed)

should be possible.

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

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

11
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I. IN TRODU CTION

The objective of the present program is to determine whether the

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

power lasers  applicable to DARPA missions . During the previous report-

ing period we have demonstrated 12 3/2 with a 9% intrinsic laser efficiency

fr om KrF* using pure e -bearn pumping. These results agree well with a

comprehensive laser model developed to reliably predict the performance

of large scale KrF* lasers. We showed that e-beam pumped KrF* lasers

can be scaled efficiently to very high single pulse energies.

In this reporting period a portion of the research effort had been

devoted to studying the performance and scaling of e-beam controlled dis-

charge pumping of Kr? lasers. Discharge pumping is interesting for two

reasons:  (1) it offers the possibility of higher laser efficiency because the

upper laser leve l can be pumped through neutral metastable channels and

(2) foil heating is much less severe because only a small portion of the

pump powe r needs to be applied through a foil . Theoretical and small scale

experimental studies carried out at AERL have shown tha t unde r suitable

F condit ions stable discharges can be maintained in rare gas-halide laser

mixtures. The studies showed that unde r carefully controlled discharge

conditions , KrF* laser efficiencies of 15% at a discharge enhancement

ratio of 4 (discharge energy into the laser medium/ e -beam energy absorbed)

should be possible.

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

strating efficiency and energy scaling of the Xe? system. XeF* is
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at tractive because at 350 nm the laser output lies in a wavelength reg ion

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

study expeditioulsy a small scale (20 cm) device was used to measure

various cross sections, quenching rate constants and to study the fo r-

mation kinetics in various mixtures and pressures.  The results of these

experiments are then used to develop a comprehensive laser model which

accurately predicts the performance and scaling of large scale XeF* lasers.

The predictive capability of the model is then checked with laser experi-

ments on the one-meter device.

Dur ing this reporting period some key issues we re raised concerning

*the formation kinetics in KrF lasers. Specifically, the question arose as

to the formation mechanism for Kr 2F*. It h i s  been our contention that

Kr 2F
* is formed mainly through reactions with KrF* and as such the energy

lost to Kr 2F* fo rmation is saturable with laser cavity flux. However , the

possibility of Kr 2? formation via channels which intercepted the formation

of KrF* was raised . Therefore , a small portion of our effort in this period

was devoted to settling this.

In this report the results of KrF* and Kr 2F* formation studies will

f i rs t  be presented. Then the current status of e-beam controlled discharge

pumped Kr? laser studies will be reported. Finally, results of e -beam

pumped Xe? laser studies will be described and methods of improving

laser efficiency will be proposed.

I
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II. Kr? AND Kr 2F* SIDELIGHT EXPERIMENTS

In the previous semi-annual report~~~ we reported the observation of

strong wide -band fluorescence from typical c-beam exc ited Kr? laser

mixtures centered about 415 nm. We attributed this fluorescence to the
2 B2 -~~ A 1 trans ition in the excited triatomic Kr 2F*. We have further shown

that in typical KrF’ laser mixtures, Kr 2F* is formed predominantly thr ough

the reactions:

Kr? + Kr + M -~~ Kr 2F* + M (1)

and

* *KrF + Ar + M -~~ ArKr F + M (2)

followed by

ArKrF* + Kr -~~ Kr 2F* + Ar 

*We pointed out that since KrF is the precursor to Kr 2F formation, the

energy loss due to Kr 2F* formation can be made small with a suitably high

KrF* laser cavity flux; that is , the loss is saturable.

Another possibility is that Kr 2F* is formed predominanatly through

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

Kr 2
4 + F + M -~~ Kr 2F* + M (3)

or

Kr 2
* + F2 -. Kr 2 F* + F (4)

If this is the case then the energy lost to Kr 2? formation cannot be reduced

by KrF* laser cavity flux, and the ultimate attainable KrF* laser efficiency

will thus be seriously limited.

( lJ  Hsia , J. C . ,  Yacob , 3. H . ,  Mangano , 3. A. and Rokni . M. • “One Meter
KrF Laser System” , Semi -Annual Repo rt , 23 August . 1976.to 22 February
1977. 13
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To confirm that this is not the case , a serie s of laser sidelight

measurements were pe rformed. A schematic diagram of the experimental

apparatus is shown in Figure 1. Kr? (248 rim) and Kr 2? (410 rim ) fluo-

rescence perpendicula r to the laser optical axis (sidelight) were monitored

using photodiode s and narrow band filters. Measurements were taken with

and without an optical resonator under otherwise identical conditions . Com-

parison of Kr? sidelight intensities will then show the effect of gain satura-

tion . The ratio of the sideli ght intensities at 248 nm with and without a

laser flux should be given by

1248 (4) = 
~ cav~ i

i ‘~~— o ’  = 
‘ 

(5)
248 “ - l + 4) cav~ sat

where ‘*sat is the saturation flux defined previously.

If Kr 2F* is formed predominantly through the collisional quenching

of Kr? , then one would expect to see a corresponding variation in Kr 2F*

sidelight as the cavity flux is varied. However , if the formation of Kr 2?

occurs predominantly through reactions that compete with the formation of

KrF*, then no such variation would be expected.

Figure 2 shows oscillograms obtained by two successive shots with

and without an optical resonator cavity, in 1.5 atm mixtures of 0 .2%

4% Kr/95 . 8% Ar.  Using the quenching rates reported previously, (1) 
~ sat

is calculated to be 1. 14 MW/cm2 . For the laser shot shown in Figure 2 ,

the peak cavity flux is estimated to be 1. 1 MW/cm 2 . From the oscillograms,

the ratio of KTF* fluorescence at the peak of the pulse is

~248 ~~ = 1. 1 MW/cm 2)

- ~~~0.521248 ( 4 ) _  0)

14
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which agrees well with Eq. (5), and confirms the validity of our quenching

rate measurements.

Furthermore, at the same time the Kr 2F* fluorescence showed a

corresponding decrease. In fact , the ratio of Kr 2F fluorescence measured

with KrF* laser cavity flux to that measured without is the same as the ratio

of the corresponding KrF* fluorescence. This indicate s that essent ially all

of the Kr 2F* formation occurred through reactions involving KrF* as a

precursor .  The droop in the Kr 2F* fluorescence towards the end of the

pulse was probably due to (probabl y by electrons) quenching of Kr 2F*.

The important conclusion drawn from these experiments is that the

loss process which led to Kr 2F* formation is a saturable loss and can be

made small with a suitably high laser cavity flux .

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

In e -beam controlled discharge pumping , a discharge voltage is

applied across the laser mixture which is ionized by an e-beam. The

seconda ry electrons are heated by the applied field and they produc e the

excited states which the n lead to uppe r laser state formation. Potential -

advantages over pure e-beam pumping are higher efficiency and lower

foil heating . The key technical issues that must be resolved are discharge

energy channeling, enhancement and stability. In this section these issue s

are briefly discussed. The results of kinetic model calculations and small

scale discharge experiments are summarized. Finally, the results of dis-

charge pumped 1 m KrF* laser experiment s are presented.

A. REVIEW OF KEY TECHNICAL ISSUES AND MODELI NG RESULTS
¶ In discharge pumping of KrF* the formation of the upper laser state

proceeds predominantly via the rare gas metastable channel. The forma-

tion kinetics are summarized in Figure 3 for mixtures containing Ar/Kr/F2 .

The secondary electrons gain energy from the applied e -field and excite

argon and krypton metastables. The krypton metastables then form KrF*

with unit branching~
2
~ via the harpoon reaction with F2 (Kr * + F2 -, KrF*+ F).

* * . . . (2)  *Similarly Ar forms ArF with a branching ratio of 0. 6. The ArF can

eithe r radiate or the Ar can be replaced by a Kr to form KrF*. Because of

the lower excitation energy to form Kr* (10 eV for Kr* compared to 11. 5 eV

for Ar*) and higher branching to form KrF*, the formation efficiency will be

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

tion of the ene rgy deposited in Kr * depends on the percentage of Kr in the

(2) Chen , C. H . ,  Judish, J. P. ,  and Payne , M. G. ,  “Energy Transfer
Processes in Ar -Xe  and Ar-F 2 Mixtures” (Unpublished).
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mixture and the applied electric field. However , since Kr quenches KrF*

much more rapidly than Ar , the Kr concentration must be kept small for

ch ic tent extraction.

The fraction of discha rge energy channeled to the production of rare

gas metastable s depends also on the fractional metastable population. For

fractional metastable population (metastable density/ground state density)

3 x 10~~~, a significant frac tion of the ..discharge sner-gy will go into ex-

citing the metastables to higher lying levels and also into ionizing the

meta stables. These effects are shown in Figures 4 and 5. These are re-

suits of calculations using a compute r code which solve s the Boltzmann

electron transport equation. The code takes the various collision cross

section data and the electric field a~ d calculates the self-consistent elec-

tron energy distribution and the energy partitioning among st the various

excited states. For these calculations we have approximated the krypton

metastable cross sections with that of ground state rubidium. Similarly

for Ar * we used cross sections for potassium. These approximations are

justified physically by the atomic similarity between rare gas metastables

and the alkalis.~
3
~ Some of the electron impact cross sections used in our

model are shown in Figure 6.

Figure 4 shows the percentage of discharge energy that goe s into

the production of Ar * and Kr * as a function of fractional metastable density

for various applied electric fields . Note the fraction of energy into meta-

stable produc tion falls dramatically for fractional rnetastable density

3 x 10~~~. The reason is that the peak meta stable excitation cross section

(5~ -, S~~) ii 30 times higher than the peak value of the excitation cross sec-

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

S p

( 3) Brau , C. A. , and Ewing, J. J. , J. Chem. Phys. , ~~ 4640 (1975).
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transition is < 2 eV , and since it peaks at ~ 6 eV , most of the electrons

can excite the transition resulting in a cooling of the electrons , whereas

only the hig h energy  tail of the electron energy distribution can produc e

metastables from the ground state . Therefore , for high metastable den-

sities discharge energy is channeled preferentially into the excitation of

the rnetastables. The decrease in rnetastable formation can be made up

by increasing the electric field . Howeve r , the ionization rate ( Figure 7)

rapidly becomes so large that it precludes discharge stabilization by elec-

tron attachment by F2 . From this it is clear that for efficient energy chan-

neling and discharge stability, the fractional metastable density must be

kept small.

For small metastable densities , the KrF* production efficiency

(energy into KrF*/total discharge energy) is calculated versus Kr concen-

tration in Figure 5 , for electric fields of-2 and 3 kY/cm-atm. Note that

efficiencies as high as 30 to 35% (compared with 22% for pure e-beam

pumping) is possible . To achieve thi s high efficiency the fractional rneta-

stable density must be ~ 3 x l0~~ . However , for efficient laser energy

e xtraction the small signal gain must be kept high. This means that one

must run at high meta stable densities and consequently there exists only

a small range of fractional metastable densities around 3 x l0~~ where

both high fo rmation and extraction efficiencies can be maintained. To see

this , one can use the quenching rates for KrF* reported in the previous

period and taking a rate constant oh K = 7 x i0~~~
0 cm3/sec for the reactions

Kr * + F2~~.. KrF* + F

Ar * + F2 -~ ArF* + F

25
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one can express the small signal gain g0 as a function of rnetastable density.

Then if one assume s a constant laser medium absorption , (not s tr ict ly t rue ,

in general absorption depend on exc itation, but constant absorption is assumed

here for illustration) one can plot the. extraction eff iciency as a funct ion of

metastable density by using the extraction model presented in the previous

report. Results of such a calculation are show n in Figure 8. Here we

have assumed an electric field of 3 ky/cm-atm , and we have taken an ab-

sorption coefficient a of 4 x l0~~ cm~~~. The intrinsic laser efficiency is

the product of the formation and the extraction efficiencies.  This is also

shown in Figure 8.

For efficient laser operation suitable conditions must be maintained

over the ent i re  pulse. Therefore the discharge must be stable. The dis-

charge stability of these mixtures is strongly affected by the rare gas ex-

cited states. Under typical operating conditions with 3 x l0~~ fractional

metastable density , electron impact ionization of the metastables is typi-

cally 4 orders of magnitude hig her than direct ionization from the ground

state . Therefore , in the sta bility analysis we can assume all the ionization

produced by the secondaries arises from a two step (metastable) ionization

process.

The equation describing the production and loss of discharge electrons

1
~e 

is given by

dn
= S + (v . - ~

) 
~~e 

(6)

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

stable s can be written
dM * M~

dt = (a v) 
~~e 

M - -~~~.--- ( 7 )
d
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where M is the g round state density , M* is the metastable density , r D is

the rnetastable lifetime and <a v> is the electron impact metastable pro-

duction rate . Since ionization is predominantly f rom the metastables we

can write

<a v>~ M~ (8)

Equations (6) and (7) are then a pair of coupled nonlinear diffe r ntial

equations in and v
~
. It can be shown by perturbation analysis~

4
~ that this

system of equations predict stable steady state solutions only if

(9)

where is the equilibrium ionization rate .

We have numerically solved a system of nonlinear equations similar

to Eqs. (6) and (7) for e-beam current of about 2 A/cm2 . In this analysis

we have also included Penning ionization and ionization of the ground state

atoms. Figure 9 shows the results of such an analysis. On the left-hand

side we have the stable discharge condition , i. e. , the attachment rate is

slightly greater than the equilibrium ionization rate . Notice that the dis -

cha rge cur rent reache s a constant value asymptotically. Another import-

ant feature for the stable discharge case is that the metastable production

efficiency 1M remains above 75%. If we keep eve rything constant but de-

crease the attachment rate by 20% we observe that the ionization rate in-

creases and after about 70 ns become s greater than the attachment rate.

For this case the discharge current increases faste r than exponentially in

time and the metastable production efficiency falls steeply.

To fully utilize the advantages of discharge pumping one must also

operate at large discharge enhancements. The discharge enhancement is

(4) Daugherty, S. D. ,  Mangano, ~J. A., and Jacob , S. H. , Appi. Phys. Lett .
28, 581 (1976). 29
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defined here as the ratio between power deposited in the laser mix by the

discharge, 
~~d’ to the power deposited by the e -beam, 

~~eb This ratio

Is given by

_ _ _  

eV DE

~~eb 
= (~3 - v1) 

~~ 
(10)

where V D is the electron drift velocity, E is the applied electric field , ~
is the electron atta chment rate , v~ is the secondary electron ionization

frequency and E1 is the average energy required to produce an electron-

ion pair by the e-beam.

At the limit of discharge stability the enhancement is given by

_ _ _  

eV DE ZV D Ee

~~eb V .  
= 

~~.E1 
( 11)

For a given electric field , one can use the Boltzmann code to express the

ionization rate as a function of metastable production efficiency. The n

using Eq. (10) one can calculate the enhancement fac tor as a function of

meta stable production efficiency. A result of such a calculation is shown

in Figure 10 where we have taken an electric field of 3 kV/cm-atm. The

analysis shows that it is possible, under stable discharge conditions, to

obtain an enhancement as high as 4 with metastable production efficiency

~ 70% .

B. SMALL SCALE EXPERIMENTS

To compare in detail our experimental results to theoretical pre-

dictions we have developed a kinetics code which uses the r ates

predicted by the Boltzmann code and follows the temporal evolution of the

secondary electrons , positive and negative ions , Ar*, Kr * and KrF *. We

couple our kinetic s code to a simultaneous set of differential equations that

31 
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describe the external electrical circuit . The output s of this code include
‘1’the temporal evolution of the discharge current and voltage and the KrF

fluorescence for a given preionization level , discharge capacitor charge

voltage and gas mixture. The predictions of this discharge model have

been compared with our small scale (20 cm) KrF laser discharge experi-

ments.  Figure 11 compares the expe rimental results with model pre-

dictions for a case whe re the cavity was filled with a 2 atm mix of 93. 7%

Ar/6% Kr/O. 3% F2, and a 0. 3 p F capacitor charged to 10 kV was used to

power the discharge. The third trac e is the KrF* fluorescence. By the

end of the pulse the enhancement in the fluorescence is 3. The metastables

are being produced with a maximum efficiency of 1.4 times the efficiency

of metastable production by a pure e-beam. Figure 12 shows the results

when the capacitor is charged to 16 kV. In this case the discharge current

continually increases until the discharge goes through the glow to arc tran-

sition which is marked by an abrupt decrease in KrF * fluorescence. We

believe that the initial (slow) increase in the discharge current is caused

by a volumetric discharge instability discussed previously. The efficiency

for producing the metastable s rises rapidly to 1. 7 time s the efficiency of

producing metastables in a pure e-beam and then begins to fall despite the

fact that the voltage is constant . The KrF* production efficiency decreases

because the metastable density increases and the discharge pumping effi-

ciency of Ar * and Kr * falls.

The agreement between the kinetic code predictions and the small

scale experiments demonstrates that the important physical processes

governing the operation of e-beam controlled discharge excitation of KrF ’
~

lasers are adequately described by the kinetic model. Scaling calculations
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based on this code predicts that for a one meter active volume KrF* device ,

an intrinsic laser efficiency of 12 to 13% at an ene rgy density (laser energy

out/active volume) of 15 J/~ should be achievable with a di scharge enhance-

ment ratio of 4.

C. ONE-METER DISCHA RG E PtMPED KrF* LASER EXPERIMENTS

The apparatus for studying c-beam controlled discharge pumping

on the one-meter device has been described in the previous semi-annual

report. For these experiments a grounded screen electrode is placed

2 cm from the plane of the foil . The beam collector is pulsed to high volt-

age and serves as the other discharge electrode. The polarity of the dis-

charge supply can be readily reversed so that discharge current can either

be driven parallel or anti-parallel to the c-beam current .

For efficient laser operation a typical discharge current density of

50 A/cm2 is necessary and it was anticipated that the magnetic field gen-

erated by this current will either cause the c-beam to pinch (parallel

discharge current)  or to spread (anti-parallel discharge current) . Beam

pinching i8 illustrated in Figure 13.

For an initially uniform discharge with discharge current density

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

given by

B =  
~ o~~d 2

The radius of the beam electron orbit under this field is given by

_ mu 
— 

2 m urbe - e B - e 
~ o ~d h

where mu is given by

1/2 E 1/2
mu = (2n1 E) (1 + p )

° 2 m C0
36
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m is the electron rest  mass , and E is the beam energy.  The width , W ,

of the discharge is limited to 
~ 

rbe/Z , that is

W < e~~~~S~~h

This leads to a constraint on the product of the discharge current  density j
and the laser aperture hW given by

J h W <  mu
d ep

The maximum aperture area is shown in Figure 14 as a function of

e-bea m energy. For a discharge current density of 50 A/cm2 in the pres-

ent device with a beam energy of 250 kV , the aperture is limited to 30 cm

Therefore , beam pinching is expected to be severe.

Initial discharge experiments using parallel discharge current  in-

deed showed severe beam pinching . An example of a KrF* laser burn

pattern obtained with a discharge current density of 50 A/cm2 is shown in

Figure 15. The laser optical resona tor consisted of two flat mirrors with

high output coupling . With this configuration the laser output burn profile

reflected the variation in ene rgy deposition ac ross the laser aperture. At

the foil the c-beam was 10 cm high. As the beam propagated across the

discharge region the beam was pinched by the magnetic field due predom-

inately to the discharge current, so that the ionization by the c-beam was

more intense at the cente r of the beam. The higher c-beam ionization at

the center in turn led to increased discharge current at the beam center .

Since the electric field E was essentially constant ove r the height of the

dischar ge , more discharge energy was deposited into the center of the beam ,

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

38
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interesting discharge enhancements, the discharge current  3D must be

typically > 10 
~eb’ therefore , the magnitude of the magnetic field generated

by anti-parallel current operation will be comparable and the c-beam will

dive rge leading to large transverse deposition gradient s and ineff ic ient

laser performance.

The application of an external magnetic field in the direction of the

c-beam with intensity much larger than field produced by the discharge

current  eliminates beam pinching or spreading . In the present device , at

50 A/cr .~
2 discharge current , the magnetic field generated at the edge of the

discharge is ~~300 G. When an external field of 800 G was applied , bea m

pinching was effectively eliminated and a typical burn pattern is shown in

Figure 16. This result demonstrates that by using an external magnetic

field the constraint on discharge cross sectional area shown in Figure 14

can be overcome and c-beam controlled discharge pumping can be scaled

to very large single pulse energ ies.

The above also unders’ ore s the importance of uniform c-beam energy

deposition in c -beam controlled discharge exc itation . We ha’ve shown prev-

iously that , for optimum KrF * formation and laser energy extraction , the

level of excitation must be kept within a na r row range just below the limit

of discharge stability. Equations ( 10) and (11)  show that the hig hest dis-

charge enhancez~~ente are also achieved cloae to the stability limit . There-

fore if the c-beam energy deposition is not uniform over the discharge

region , then when conditions are chosen for stability at reg ions of hig h

c-beam deposition, the regions of low c-beam deposition will be instill i-

clently excited for efficient extraction and the overall laser effic iency will

be lower than that achievable with uniform c -beam deposition. The average

discharge enhancement will also be low.r than that g iven by Eq. ( I I ) .
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One can raise the average c-beam current so that the regions of low

beam deposition can be effectively excited. However since stability must

be maintained over the entire volume , the peak discharge enhancement will

• be lowered . This can be seen clearly if one rewrite Eq. ( 11) in a slightly

different form . Since two step ionization implies that local ionization rate ,

is proportional to 
~~d ’  at the limit of stability we have

_ _ _  

e V ~~ E
P ~~~A P  E. (12)

eb d i.

where A is a constant . This implies that

____ 
1

~ eb ~ P 1/2 (13)
eb

or that when the c-beam intensity is raised the peak discharge enhancement

is necessarily lowered.

In the one meter device , the application of an external magnetic field

e ffectively eliminated large scale c-beam nonuniformities due to beam pinch-

ing by the discharge current .  Howeve r , in spite of this , substantial c-beam

nonuniformities still exist. The inhomogeneity is caused predominently by

( 1) stopping of the c-beam in the high pressure  laser gas and (2) the localized

beam intensity fluctuations believed to ar ise  from the bipolar diode ef fec t  in

the c-gun. These effects together with measured spatial beam variations are

discussed in detail in the previous report. (1) Stopping of the beam gives r i se

to a factor of 1. 6 varia tion in c-beam energy deposi tion in the direction of the

beam curren t as one moves across the discharge reg ion from the anode to the

cathode. The fast localized beam fluctuations can give rise to transverse

beam variations greate r than a facto r of 2.
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In addition diode closure in the c-gun give rise to a cont inuously

rising beam current  during a pulse so that the optimum beam current den-

sity for discharge exc itation can only be maintained for a fraction of the

c-beam pulse. The percentage of c-beam variation during the pulse depends

on the c-gun anode-cathode spacing and c-gun voltage. Typically at 6 cm

anode-cathode spacing and 300 kV applied , the variation in 0. 5 ,is is of order

30%.

Compared with the one meter device , c -beam uniformity in the 20 cm

devic e is significantly better. The c-gun on the 20 cm experiment is driven

by a cable which , inspite of diode closure , yields a relatively constant c-beam

current during its 300 neec pulse. The discharge anode-cathode spacing in

the 20 cm device is only 2 cm and typically at 1. 5 atm, beam stopping and

scattering gives rise to only 30% beam deposition variation over the discharge

volume. Fur thermore, since the pulse length in that device is limited to 300 nsec

and it takes — 300 nsec for the fast beam fluctuations to appear , the fast  fluctua-

tions did not contribute significantly to c-beam nonuniformity. Therefore the

c-beam in the 20 cm approximated the uniform c-beam condition assumed in the

discharge kinetic model and all major predictions of the model agree well with

experimental measurements. However in the one meter device , with the

measured c-beam nonuniformities, close agreement with kinetics model pre-

diction can not be reasonably expected.

Nevertheless attempts were made to run the laser discharge at con-

ditions calculated to be optimum assuming an uniform c-beam. The code

calculations indicated that at- ar c-beam current of 2. 5 A/cm2 , a discharge

enhancement ratio of 4 could be maintained at an applied field of 3 kV/cm-

atm in 1.5 atm laser mixtures containing 0. 3% F2 . Under these conditions
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the excitation was calculated to be 2. 2 x lO~ W/crn 3 at a discharge current

density of 40 A/cm2 .

The c-beam current was adjusted by choosing the c-gun anode cathode

spacing . At 7 cm spacing a transmitted c-beam intensity of 2 to 3 A/cm1 in

the discharge region was obtained. Figure 17 shows oscillog rams of the

c-gun cathode voltage and current pulse shapes. Also shown is the trans-

mitted c-beam current density measured in the laser cavit ’ . Because of

diode closure in the e-gun,~
5
~ the current  density monotonically increased

during the pulse. However, from 0.6 ps to 1.4 118 after the initiation of

the c-beam, the transmitted current in the discharge region averaged

- - 2 .5A/ cm 2 .

When a discharge voltage was applied across the electrodes it was

found that the desired operating electric field of 3 kV/cm-atm can only be

maintained for 200- to 300 n sec . Typical discharge voltage and current

oscillograms are displayed in Figure 18. Shown are three shots taken with

discharge supply capacitor bank charged to 60, 80 and 100 kV respectively.

At the higher applied fields the average electric field in the discharge is

initially high , but quickly collapsed. At the same time the discharge cur-

rent increased until limited by the external circuitry. Open shutter photo-

graphs of the discharge showed no evidence of a glow to arc transition

resulting in the formation of a constricted arc . An example is shown in

Figure 19. The electron density appeared to have increased volumetri-

cally which resulted in high discharge currents and low electric fields.

Under these conditions efficient excitation occurred only for a short -

time during which the electric field was high. Efficient lasing was observed

only during that time with laser output pulses typically lasting 200 to 300 nsec

and typical output energy was 10 to 20 J.

(5) Parke r , R. K . ,  Anderso~. .  L E. • and Duncan C. V., J. Appi. Phys. .

~~~ 2463 (1974) .  
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7 CM E—GUN ANODE—CATHODE SPACING
2M11 KAPTON

•

TIME 200 ns/div —~~

H3724 —

Figur e 17 F -Gun  Cathode Vol tage  and C u r re n t , and T r a n s m i t te d
F- Ream C u r r en t  M e a s u r e d  in t h e  L a ser  Cavi ty
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I DISCHARGE ANODE

FOIL
LASER APERTURE

DISCHARGE CAT HODE SCREEN

l j .~.s PULSE
2.5 A/cm2 E—BEAM

~ 70 A/cm2 AVERAGE DISCHARGE CURRENT
.3% F2/6% Kr/93.7% Ar
1.5 ATM
H3730

Fi gure  19 Open Sh utter Photograph of Visible F luorescence  f rom
D i s c h a r g e  Excited Laser  Mixture
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Attempts to stabilize the discharge with higher attachment (higher

F2 mixtures) resulted in lower discharge enhancements as expected. There-

fore , to reach interesting laser operating regimes with higher F2 concentra-

tions , the c-beam current density was raised to 4 A/cm2
.

With 4 A/cm2 c -beam density and 0. 5% F2/ 10% Kr/89. 5% Ar  mixture ,

a discharge enhancement of 2 with electric fields of 2 to 3 kV/cm could be

maintained for up to 500 nsec. Efficient lasing was observed during that

time . Best results achieved are summarized in Table 1 while typical dis-

charge current, voltage and output laser pulse oscillagrams are shown in

Figure 20. In Figure 20 we also compare these to predictions of the kinetic

model.

The comparison shows that the calculated c-field assuming uniform

c-beam deposition is higher than those actually obtained. We attribute this

to c-beam nonuniforrnities which led to regions of high electron density and

low electric field. The calculated discharge voltage decreased for the latter

part of the pulse because of F2 consumption. The observed voltage decrease

is faster than that calculated. A possible explanation for this is that F2 is

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

model. F2 is consumed by the following reactions:

F2 + e -
~~ F + F ( 1)

F2 + Kr * 
-~~ KrF* + F (2)

F2 + hv (laser) -, 2F (3)

F2 + Ar * 
-~~ ArF* + F (4)

F2 + KrF* 
-

~~ products (5)

F2 + e  -‘ ZF + c  (6)

49

- —- - .~~
.  

S~~~-—-~~~~~~~  ~~~~~~~~ .— -- - - -.~~~~~ . . . -  ~~~~~~~~~~~~~



5—”.-- — 5-5-’ ~••~•••— — 5-~~~~ —.•5--~~~ ‘~S5-~~ 5-S~ 5-5- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______

- - 5..-

TABLE 1

E-B EAM CONTROLLED DISCHARGE PUMP~~ G OF K rF*
1 METER DEVICE (0. 5% F2/ 10% Krf89. 5% Ar AT 1. 5 ATM)

• LASER PERFORMANCE
— Laser Ene rgy = 75 Joules

— Active Volume = 7. 5 Liters
— Laser Energy Density 10 J/Lite r
— Laser Energy/Energy Deposited = 9. 5%

— Laser Pulse Length = 500 nsec

— Output Coupling 71%

• DISCHARGE CHARACTERISTICS
— Discharge Electric Field ~ 2 kV/cm-atm

2
— Discharge Current Density = 70 A/cm
— Discharge Energy Deposited = 70 J/Lite r

• E-BEAM CHARACTERISTICS
— Beam Current Density 4 A/cm

2

Beam Energy = 300 keV
— Beam Energy Deposited = 35 J/Lite r

50
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DISCHARGE PUMPING K r F  LASER COMPARISONS
OF EXPERIMENT AND MODEL PREDICT IONS

(0.5% F~/I0% Kr /89.S% Ar AT 1.5 AIM)
8 cm ANODE-CATHODE SPACING

I.5~~F CAP , SO Ky , ISO nIl SERIES INDUCTANCE
4A/cm t • BEAM CURRENT DENSITY

— 100

i
l’0 ]-”
0.5

0 I I

0 0.2 0.4 0.5 0.5 1.0
T I M E  (ps )

Figure 20 Comparison of Predicted and Measured Discharge  and
Laser Output Characteristics
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In the model reactions (1) through (5) have been included, but (6) have not -

becau se the relevant cross sections are not known. The importance of re-

ac tion (6) is currently under study. The model also assumes a temporally

con stant c-beam current while the actual c-beam current rises monotonically

during the pulse. The inclusion of these effects should account for the ob- -‘

served voltage current characte ristics.

D. CONCLUSIONS

*Using c-beam controlled discharge pumping of KrF we have demon-

strated , in the one meter device , a laser intrinsic efficiency of 10% with a

single pulse output energy of 75 J extracted from an active volume of 7. 5 t

(10 J/fl. The discharge enhanc ement ratio was limited to 2 .5  and the laser

output pulselength was limited to 600 nsec. These results do not agree with

results of kinetic model calculations based on the assumption of a spatially

and temporally uniform c-beam. We attribute the discrepancy to the spatial

and temporal c-beam nonuniformities measured in our device and to possi-

ble effects of electron impact dissociation of F2 which was not included in

the kinetic model.

Currently a separate c-gun technology program is underway at AERL

to develop methods of generating an c-beam with the spatial and temporal

uniformity required to full y utilize the potentials of the c-beam controlled

discharge technique . If such an c-beam can be produced , then uniform

energy deposition in the laser medium can easily be achieved by going to

two magnetically guided face to face c-beams. A calculated energy deposi-

tion profile of such a sys tem is shown in Figure 21. The face to face geom-

etry effectively smoothes out the longitudinal deposition nonuniforrnities

in troduced by beam stopping in the laser gas. The implimeritation of these

techniques should lead to discharge enhancements of> 4 and intrinsic laser

efficiencies o f >  12% under stable long pulse conditions .
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Cl) BEAM ENERGY * 250 isV C O M B I N E D  DEPOSITION

MAGNETIC FIELD~~8OO GAUSS PROFILE -BOTH BEAMS
GAS PRESSUR E ‘ 1.7 ATM ARGON

0

i
o - DEPOSITION PROFILES

- W/2 0

H1169 DISTANCE ALONG ELECTRON BEAMS

Figure 21 Pred ic ted  Long itud i na l E- Beam Deposition Prof i le  when
Two Face to Face E- Beams are  Used
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lv . E — BE AM PUMPE L) XeF~ LASE U

1~ased on the molecular sim ilarity to KrF *, the Xrl.•’ ~. y :~t - n ~ i~~~ ex -

pi ’ctc~d to po~~~ess many of the character i st ic s  of Kr F ’ (c. g .  , hig h t~’r flhct1on

e t t i ¼ - l r n c y ,  hig h gain , low self—adsorption , etc. I. In this se ct i o n , t he r e su l t s

ot to r iu .c t  con , qu ench ing ,  gain and adsorp tion n -ccasureniei~t s a r r l e (I  out

t lic ’ sm all ~i - .c Ic device  will f i rst  be br ie fl y sunima r iv~ed. Resul t  mi øf l~~’;i ’ r

pe rfo r :na nc i ’ ~- .m ic ulat ions has ed on these n w t s  ‘ireme ut s will  be p re ~ e f lt t ’  d .
\~5

I hen , c — beam pumped Xe F hi se r expe r ime ti t  s ~v iIl hi’ cli ’ $ i ril)ed a tid ri ’s nit s

~vi il b~ .- on~pt~ red with ca lcula t ions . A se r ies  of side l i ght e x pe r i m e n t s per  —

f o r me d  I n  r e so l v e  the  disc r ep ancy b etween hi’ observed l.uu’r e f fic i e l h  V .cIuI

c .1 Ic u late  ci las ci. c’ (t i c  l e n cy  will  b ’  t ic  se n b c  d . The imp lic at ions  of t hi ’ s idel gu t

ii ‘.ts urc’ n w z i t  rc’ s t i l t s  Ofl cmi’ i~gy (~~(1 ~
.
.l ctic )fl i i i  the Xc ’ 1.’’ l . m Si’ r w i l l  be di ~~si~d

nd f ina l l y tnt ’ tho ds  of improving X cF~
’ lase r ef f i c iency wil l  be propose ci .

A . FOR M AT ION , Q UENCHING , G AIN AND AB SORPTION ME A SUREMEN 1’S

E f f i c  le nt scal ing of X cF ’ laser s to hi gh ~ ~~ ge powe r r e q u i r e s  kn ow -

It ’ t i ge of the processes  re s puns ible for the formation anti  q u e n c hi n g  nt the  uppe r

La ~~~~ r Ii’ vi’!. From the in rzn .c I ion kinetics , one can det c’ rn u ne  I he ci ) ) ’) ( ’  ~
. 

~~~~~~ 1

pr o duc t  ion c’ ( fi t ’ Ii’ t~c y , .cud f r o imi  que uching  ra tes  one c. ’ u c house .cpp m~np r j a ( ( 5

laser  mix tu res  and determine the l~ se r sa tura t ion  f l u x .

In Xe F * laser  mix tures  us ing  Ar a $ a di l t i e i im  and I” , a ii the h a log en

donor , the doin i tm.c i i t  k i n e t i c  pathways lead ing  to Xci” ’ (l~~ ~2 , - , ) f or  in.i t inn

ha vc’ beeti dc’t c• rntineci  by Rokn i  c’t al . , in  a series ot experimen t s doiic ’

on the .~() c m de v ice . F.m hue .~ l is ts  the dominant fo rmat ion  r ea t  I i ons  and

(td Rokni, et aL. . App I . l~hys .  Lctt . ~~~~~ 458 (1 977).
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Figure 22 shows schematically the various pathways. In mixtures containing

sufficient Xe so that the rate of reaction (6) in Table 2 is much greate r than

the rate of decay of ArF*, the formation of XeF* from c-beam ionization of

Ar and Xe proceeds essentially with unit branching. This implies a XeF *

formation efficiency in suitable mixtures of approximately 17%.

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

actions with Ar , Xe and F2, and three body reactions with Ar and Xe with

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

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

measured by Brashears et al., (7) while the remaining were measured by

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

4~
. 

~ 
is defined as the flux at which the rate of stimulated emission is equal

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

ture s of Ar /Xe /F2 j8 
is given by

= 

~~~~~~~ 

[-

~~

_ 
+ ~~~ NX + 

5 
N
F2 

+ KAr N Ar + K 2~~~ NA
2

+ KA X  N A NX ]  
(14)

where the K’s are the rate constants given th Table 3, N are the number

densities for the gas species , a8 is the stimulated emission cross section

and Tr is the radiative lifetime . Taking ci~ = 4 x iO~~
6 cm2 (8) and Tr =

16 nsec~
9
~ we get for typical laser mixtures at 2 at total pressure

= 2-3 x 1O 5 W/cm2

The formation and quenching described- above have been incorporated

into a comprehensive kinetic code . In Figure 23 the fluorescence versus
(7) Brashears , H. C. ,  Seteer, D. W .,  and Des Marteau (Unpublished)
(8) Rokni , M. (Un published).
(9) Eden , G. S. and Searles , S. K. (Unpublished).
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Figure 22 Dominant XeF Formation Kinetics in Ar/Xe/F2 
Mixtures
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TAB LE 2

DOMINANT XCF* FORMATION KINETICS IN Ar RICH MIXTURE S

-

- 

e + ~~~~~~~~
A

~~~~+~~~~+ e  (1)
Xe Xe 8

e5 + F2 —
~~ F + F (2)

Ar + + F + M ~~~ ArF* + M  (3)

Ar+ + A r + M _ . . A 4 + M  (4)

A4 + F -+ ArF* + Ar (5)

ArF* + Xe -~~ XeF * + Ar ( 6)

Xe + + F + M~~.XeF + M  (7)

Xe ’~~+ X e + M - . ’ Xe~~~+ M  (8)

Xe~ + F -~~ Xe? + Xe (9)

58

-~~~~~---5.-~~~. - --— ____ _-— — —-5. -~ -. 5-rn ~~~~~~ — — -



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~:~~
“ 

~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~~~
.— -.—

~~ 
- -p ---

TABLE 3

DOMINANT XeF* QUENC HING KINETICS IN Ar/Xe/F2 MIXTURES

XeF* + Xe -. products 3.4 x lO~~~ cm3
/sec (I)

XeF* + F2 -a products 3 x 1O ’~~~ crn 3/sec (2)

XeF* + Ar -a products 8 ± 4 x io .13 cm3/sec (3)

XeF* + A
r 

-a products 1. 5 +.5 x io _ 32 cm6/sec (4)

XeF* + Xe + M -a products 3 + 1. 5 x io _ 3 1 
cm6/sec (5)
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Figure 23 Predicted and Measured  XeF ’ Fluorescence vs P res su re
for Variou s Xe Concentrations in Ar/Xe/F 2 Mixtures
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pressure and mixture predictions of the kinetic code are compared with ex-

perimental measUreflie fltB. At low pressures the fluorescence efficiency is

higher for  mixtures with hi gh Xe concentration becau8e the displacement

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

*of ArF while at higher pressures , two and three body que nching by Xe

cause the fluorescence to roll over faste r for  high Xe concentrat ions.

Beside Ar and F2, NF 3 have been used as the halogen donor and Ne

have been used as a diluent . The use of NF 3 has the advantage that NF 3

quenche s XeF* some 16 times slower than F2. 
(7) Further NF3 does not

absorb at the laser wavelength. The use of Ne as a diluent has been shown

* . . (10 11)to lead to higher XeF laser efficiency. ‘ As will be shown below this

is due predominantly to lower excited species absorption and slower quenching.

The formation kinetics in Ne rich mixtures have not been firmly es-

tablished, however measurements show that the branching into XeF” is near

unity for appropriate mixtures. A possible formation chain that is consistent

with our fluorescence observations is given in Table 4 and Figure 24. (12)

An interesting feature of this chain is that Xe~
’ is fo rmed through reactions.

with NeF*, F~
c 

and F2
*. All these species have enough energy only to form

Xe~
’ in the ( 2P372 ) state but not 2P1/2 state . Since Xe + ( 2P1/2 ) generate s

XeF ’ (D) state s, one expects to find , in Ne rich mixture, much weaker D-X

emission at 260 nm . This is indeed what is observed.

The dominant quenching reactions in Ne/Xe/NF3 mixes are listed in

Table 5. Also shown are the measured rate constants. The rate constants
- 

- for three body quenching by Xe and Ne with Ne as the third body was mea-

sured by Rokni et al. ~~13) in the 20 cm device. Two body quenching by Ne
(1 0) Champagne, L. F . ,  et al. , presented at the 7th Winte r Colloquium on

High Powe r Visible Lasers .
(11 ) Mangano, S. A., Hsia, S., and Hawryluk , A. M. (Unpublished) .

(12) Rokni, M. and Jacob , J. (Unpublished).

(13) Rokni, M. et al. (to be published in Appi. Phys . Lett. )
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TABLE 4

XeF* FORMATION KINETICS IN Ne/ Xe/NP’3 MIXTUR ES

~a 
+ Ne -a Ne + + e 5 + ~ (1)

e + NF3 -a NF2 + F (2)

Ne + + ZNe -a Ne 2
+ + Ne (3)

Ne + + F + M — a NeF* + M  (4)

Ne 2
+ + F —a NeF * + M (5)

NeF*~~,N e  + F * (6)

F* + NF 3 -a F2
* + NF 2 (7)

NeF~
’ + Xe -a Xe + (8)

F2
*

Xe + + F + M ~~a XeF* + M (9)
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Figure 24 Possible YeF Formation Processes in E- Ream Excited
Ne/Xe/F 2 Mixtures

63

---- .5---- - 
— - —



- 
- 

. 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TABLE S

DOMINAN T XeF QUENCHING PROCESSES IN Ne/Xe/N F3 MIXTURES

Reactions Rate Constants

(1) XeF* + NF3 
-a Products 1.7 x 10

_ li 
cm

3
/sec

(2)  XeF* + Xe -a Products 2.9 x 10
_ il cm3

/sec

(3)  Xe? + Ne -a Products Negligible

(4) XeF * + Xe + M -a Products 7 . 7  x io 3’ cm6/sec

(5) XeF * + Ne + Ne -a Products 2.7 x l0~~~ cm6/sec

~ii
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is small and can in general be neglected. Using these que nching rate con-

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

saturation flux

4) 1-2 x 1O
5 W/cm2

The fluorescence efficiency versus pressure and mixture predictions

of the kinetic s code which incorporate s the above rates are compared in Fig-

ure 25 with experimental measurements . Note that since branching from

Ne + and Xe + is near unity for appropriate mixtures, and the formation ef-

ficiency is 14% (3. 52 eV per XeF* formed/2 5 eV per electron ion pair formed

by the e-beam in mixtures of Ne and Xe). (14) The observed fluorescence

efficiency is lower because of quenching . If extraction can occur efficiently

the laser efficiency can be significantly higher than the peak fluorescence

efficiency observed.

For efficient laser operation another key issue is medium absorption

at the laser wavelength. Here for XeF*, laser medium absorption is ex-

pected to be lower than KrF*. First by using NF3 as a halogen donor there

is no ground state absorption at 3500 and second XeF* is not expected

to self-adsorb.

Systematic adsorption measurements have been carried out in XeF~

mixtures. A schematic of the measurement apparatus is shown in Figure 26.

A dye laser tuned to 340 nm was used to probe the active medium. Part of

the probe beam was reflected by a beam splitter and monitored by a photo-

diode. The optical path through the active medium was doubled by a total

reflector placed at the far end of the cell. After emerging from the cell ,

the beam was monitored with a second photodiode narrow band interfere nce

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

(14) Jesse , W. P. and Sadauskis , J . ,  Phy. Rev. §~ 4l7L (1952).
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minimize optical noise. The dye laser was synchronized with the e -beam.

The adsorption of the active medium was measured by comparing the ratio

of the signals with and without 5 A/cm2 of e-beam irradiation.

Results of adsorption measurements in 0. 3% F2/99. 7% 
Ar and in

0. 3% F2/99. 7% Xe are shown in Figures 27 and 28. If Ar~ , Ar
2F
* and Xe

2
+

are identified as the dominant adsorbing specie s with cross sections given

by:

a (Art) = a (Ar 2F*) = 1.7 x ~~~~ cm2

a (Xe~ ) = 1.3 x 10
_ i 6 

cm
2

then the absorption predicted by the kinetics code yield good fit s to measured

values. The calculated absorption lines are also shown in Figure 27 and 28.

Results of absorption measurements in a typical laser mixture of

Ar/Xe/F 2 are show~i in Fi gure 29. Also shown for comparison is the ab-

sorption calculated by the kinetics code using the cr oss sections found pre- —

viously.

Photoabsorption in Ne/Xe/F2 mixtures have also been inve stigated.

The measured excited species absorption in 0. 3% F2/0. 5% Xe/99. 2% Ne and
- 

-l 
0. 3% F2/2% Xe/97. 7% Ne are shown in Figure 30. Note that the absorption

is much less than mixtures with Ar. The two main reasons for the reduced

absorption are (1) Ne~ absorbs much less than Ar~ and (2) X4 formation

is slower in mixtures containing mostly Ne because the intermediate complex

NeXe+ is more weakly bound than ArXe +. From these measurements one

can establish an upper bound for Ne~ absorption cross-section of 2 x io .17

cm2
. Table 6 compares the experimentally derived cross sections to those

calculated theoretically. The theoretical cross sections are expecte d to be

good to a factor of 2. ( 15)

( 15)  Wadt , W. (to be published)~ 68
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TAB LE 6

DOMIN ANT ABSORPTION SPECLES IN XeF LASERS

2a (cm

0Species Exp Theor (300 K)

Ar.~~ 1.7 x ~~~~~ 8.7 x

Xe ;
+ 1 . 3  x l0 l6 4 .8  x io~

17

Ne 2
+ < 2  x io _ 17 9 .6  x lo~~~
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Now the superiority of Ne as a dilue nt is apparent . Since both two

and three body by Ne is much less than Ar , and since the branching into

XeF * is just as efficient, one expects , for the same level of exc itation a

higher small signal gain. Further since the absorption in Ne mixtures is

some 3 times less tha n that with Ar , the extraction efficiency should be

much higher when Ne is used. -

B. LASER EFFICIENCY CALCULAT ION S AND COMPAR ISON WITH
EXPERIMENT

If one assumes that the vibrational relaxation of the XeF * (B) mani-

fold and the removal of the lower laser state XeF(x), occurs much faster

than the rate of radiative decay and collisional quenching of XeF *(B) , then

using the formation and quenching kinetics measured in the previous section

one can calculate the extraction efficiency and intrinsic laser efficiency.

*- - Since the branching into XeF (B) is near unity the rate equation for
*XeF (B) can be written

d N  * N *XeF - s  XeF
dt - eb TE

Where N * is the density of XeF *, S is the e-bearn ionization rate andXeF eb
is the lifetime of XeF *. In mixture of Ne/Xe/N F3 TE is give n by

= + K~~, NNF + Kx N X + KX N  NX NNe + K2N N N
2

(16)

In 4 atm of 0. 2% NF 3/0. 5% Xe/99. 3% Ne we have, using the quenching rates

presented previously,

1. 46 x 108 sec ’
TE
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For a 250 kV e-bearn at 10 A/cm2 in 4 atm of Ne

22 ,  3
S b 

= 5 x 10 ,sec - cm

and N * ~ 
3.5 X 10~~ .XeF

The small signal gain g0 is then given by

—1g0 = a 5 NXeF* = 1. 4 x 10 /cm.

Using the laser power extraction model which includes distributed medium

absorption presented in the previous semi-annual report~~~ and assuming a

medium absorption of a. = 3 x 10~~ cm ’ we have for the maximum extrac-

tion tion for a 1-meter active medium, 1ext ~ 0.7. The intrinsic laser

efficiency 
~int is then just the product of the formation efficiency, i~~~ 

and

The maximum expected laser intrinsic efficiency is then

- 

‘~int = 
~f ‘lext ~ 9. 8%.

The results of laser experiments carried out in 4 atm of 0. 2% NF 3/

0. 5% Xe/97. 3% Ne are summarized in Table 7 . Note that the maximum

laser efficiency obtained is a factor of 4 lower than that calculated above .

To resolve this discrepancy and to understand the possible sources of in-

efficiency a series of laser sidelight experiments were performed. These

experiments will be described in the following section. The results of

these expe riments and their implications on power extraction in the XeF*

laser will also be discussed in detail.

C. SIDE LIGHT EXPERIMENTS AND POWE R EXTRACTION IN XeF*
LASERS

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

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

E-BEAM PUMPE D XeF* LASER PERFORMANCE
(0 .2% NF 3/0.4% Xe /99.4% Ne AT ATM)

• Laser Performance

- Laser Energy = 36 Joule s

- Active Volume = 4. 5 Liters

- Laser Ener gy Density = 8 J/Lite r

- Laser Energy/Energy = 2. 6%
Deposited

- Laser Pulse Length = 1. 2 p.sec

• E-Beam Characteristics
2

- Beam Current Density = 10 A/cm

- Beam E ne r gy = Z5O keV
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are illustrate d in Figure 31. These have been derived from spectroscop ic

(16) (17)analysis of the B X emission by 3. Tellinghuise and others.

Note that the lower laser level is bound by approximately 1200 cm~~~. This

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

pulsive .

In the case of a laser working from bound-bound transitions, there

is first  the possibility of “bottlenecking” . That is the deactivation of the

lower level (which presumably occurs through collisions ) may not be su.ffi-

ciently fast to allow high extraction efficiency. Second , because radiation

from bound-bound transitions typically have discrete vibrational band struc -

ture , if lasing occur s predominantly in one V’ -
~~ V” transition, then the

laser cavity flux can only stimulate transitions from one vibrational level

in th upper level manifold. In that case if the vibrational relaxation in the

uppe r manifold is not sufficiently fast , then extraction can only occur from

one vibrational level in the upper manifold, and molecules formed in the

other vibrational levels are simply lost to spontaneous radiation and colli-

sional quenching.

To see if indeed these processes are limiting the extraction efficienc y

in the XeF * laser a serie s of laser sidelight experiments were performed.

A schematic of the experimental apparatus is shown in Figure 32. Fluores-

cence emerging from the side of the 1 -meter laser cavity was monitored

with photodiode s and a Hilga r spect rograph. The laser cavity flux was also

monitored by photodiode s locate d behind one of the optical cavity mirrors .

Thin film inte rference filters were used in front of the photodiode s so that

emission in specific V ’ -+ V” transitions could be monitored. Sidelight

intensities were then compared with and without a laser cavity flux unde r

otherwise identical discharge conditions .

(1 6) Telling huisen , J. , et al. , “Analysis of Spontaneous and Laser  Emis -sion from XeF” (to be published).
(17)  Smith, A. L. ,  and Kobrinok y, P. C. (to be publishc.d).
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In Figure 33 we compare XeF *(B X) fluorescence spectra taken

in 1 atm of 0. 2% NF3/0. 5% Xe/99. 3% Ar to that taken in 3 atm of 0. 2% NF3/

0. 5% Xe/99. 3% Ne. Note that since the spectra shown were obtained from

microdensitometer tracings , the vertical scale s in Figure 33 corresponds to

film density which in turn is approximately proportional to the log of the time

integrated fluorescence intensity. A striking difference in the two spectra is

that in 1 atm of Ar the spectrum is considerably narrower than that from

3 atm of Ne , indicating that in Ar , vibrational relaxation of the uppe r mani-

fold is more complete tha n in Ne . This suggests that vibrational relaxation

of XeF*(B) in Ar mixtures probably does not occur through a V -T  process ,

since in that case one would expect greater vibrational relaxation in Ne mix -

ture s . One possible explanation is that vibrational relaxation in Ar mixture

proceed via the formation of an intermediate complex. Since ArXe + is bound

by approximately 0. 2 eV , vibrational relaxation can occur through

XeF* (high V ’) + Ar ArXeF * -~~ XeF* (low V ’) + Ar .

This process is probably not as effective in Ne because NeXe + is eithe r very

weakly bound or unbound.

Spectra taken of the laser output indicates that in both Ar and Ne mix-

tures lasing occur predominantly in the V ’ = 0 to V’1 = 3 transition at

3532 R. Very weak lasing is detected in the band corresponding to a blend

of Vt = 0 to V” = 2 and V’ = I to V’t = 4 transitions at 3511 .L Figure

34 compares sidelight spectra taken in 3 atm of Ne with and without a laser

cavity flux . The location of the band heads for various V’ -
~~ V” transitions

are also shown. With lasing one sees that the fluorescence was significantly

depressed only in those line s corresponding to transitions originating from
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V’ = C while those from higher V ’ remained uncha n ged. This shows that

the laser cavity flux only extracte d efficiently from one vib rational le vel in

the uppe r level manifold and that the vibrational relaxation time was larger

than the lifetime of the upper laser levels so that there was no si gnificant

feeding of the V ’ = 0 level from higher V’ levels during one lifetime.

Photodiode measurements also show the same behavior. Figure 35

shows signal traces from photodiodes lookin g at sidelight in the V ’ = 0

V” = 3 transition and at sidelight in the entire B -.. X band. Comparing

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

approximately

~ 
(Lasing)

3 (Non-Lasing ) 0 .7

and

I (Lasing)
~~~O 8 2

‘B -~~. ~~ 
(Non-Lasing) .

which again show the sidelight is not uniformly depressed over the B -. X

band. Quantitatively, one can estimate from these ratios , the fluorescence

intensity from V’ = 0 transition compared with fluorescence from the e ntire

band. One can wri te

‘B -
~~ X (Non-Lasing)  = Iv, 0 (Non-Lasing) + 1v’ � 0 (Non-Las ing)

‘B —‘ ~~ 
(Lasirig) = 

= ~ 
(Lasing ) + I

~~
, 

~ 0 (Lasing) .

.V~~ have already shown that for V’ � 0 transitions the fluorescence intensity

doe. not vary with the presence of a laser cavity flux so Li,., 
~ 0 

( Lasing) =

- 
(Non-Las ing) .  Solving the above equations and using the measured

r•*I I. me gets 83
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‘V’ 0 (Non-Lasing)

‘B -
~~ X (Non-Lasing) 0. 6 .

If one assume 8 comparable quenching rates for all the different vibrational

levels in the uppe r level manifold the n this implie s that the laser cavity flux

was extracting only from 60% of the molecules forme d in the XeF *(B) state .

Figure 36 shows similar spectra taken in an Ar mixture . Here be-

cause the vibrational relaxation is faste r one doe s see sidelight depression

in bands with V ’ � 0. This implies that when the population in the V ’ = 0

level is depressed by stimulated emission, molecules in the other V’ levels

feed into V ’ = 0 through vibrational relaxation so that the populations in the

higher V’ states get depressed as well.

Calculations based on photodiode measurements of sidelight in the

V’ = 0 —= V” = 3 transition and in the entire B -~~ X band in Ar show that

greater than 90% of the molecules forme d in the upper manifold are effec-

tively reached by the laser cavity flux. Apparently in Ar , the reduction in

laser efficiency, due to finite vibrational relaxation time in the upper mani-

fold , is small. Despite this fact the observed laser efficiency using Ar is in

general lower than that using Ne. This is because of higher medium absorp-

tion in Ar mixtures and low g0 due to higher quenching rates results in a

low extraction efficiency which more tha n offsets this advantage in vib rational

relaxation .

Sidelight measurements also show evidence of bottlenecking . Figure

37 shows data taken in 3 atm of Ne diluted laser mixture. Also shown are

laser output pulse shape and e-gun cathode current. First, since the laser

output pulse lasted 1 ~tsec we conclude that the bottlenecking was not total.
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That is deactivation of the V” = 3 lower level must have occurred at a rate

greate r tha n the rate of uppe r level removal by spontaneous radiation and

collisional quenching. Otherwise the laser would have shut off in a time

equal to the lifetime of the uppe r level (< 10 nsec in this laser mixture). The

data also shows that side light emission in the V’ = 0 -.. V” = 3 transition

decreased by a factor of 0. 6 in going from nonlasing to lasing. The laser

cavity flux calculated from measured laser output flux and mirror reflec-

tivities was 10 times the saturation flux calculated from quenching rate

constants give n previously. Consequently, if bottlenecking is not a factor ,

one expects a factor of 11 decreases in sidelight emission from XeF*(Vt = 0)

states. A likely explanation for the observe d data is that the lower state

builds up to a population which depends on its rate of dissociation and vibra-

tional mixing.

A buildup in population of the lower state seriously limits the extrac -

tion efficiency. This can be seen quantitatively if we write the extraction

efficiency %~ t (laser photons out /upper states formed) as a product of two

efficiencies. The first of these, 
~~~~

, is defined as the ratio of the number

of upper states stimulated to the number of upper states formed. The re -

mainder of the upper states formed are collisionally quenched or spontane-

ously radiated. The second of these efficiencies is then the ratio of laser

photons out to the number of upper states stimulated . The remainder of the

photons are absorbed in the laser medium or in the optical cavity.

can be calculated by using the rate equation for the upper laser

state . In Ne there is effectively no feeding of the XeF*(B , V’ = 0) from

other XeF*(B , V ’ ~ 0) states therefore we need only consider the rate equa -

tion for Vt = 0, and write in steady-state
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£‘~~. o s  (17)v TR TQ

Where

N * = XeF * (B , V’ 0) density

S0 = XeF * (B , V ’ = 0) production rate

a5 = stimulated emission cross-section

N = XeF (X , V” = 3) density

= laser cavity flux

TR 
= radiative lifetime of XeF*(B)

TQ = collisional quenching time of XeF*(B)

Unde r fluorescence conditions when 4 = 0 we have

S0 = N~~ (-
~ — + ... L) = (18)

Where N 0
* de notes N * when 4 = 0 and is the lifetime of XeF*(B , V ’

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

the production rate ,
a ~ (N * - N)

h v S 0

Now using Eq. (8) and ~ = 
h we have
s E

N
ri~ ~ (~

- -
~~-~~

—
~

) (19)
8 0 0

If Eq. (17) is solved for ~~~~~~~~~~ in terms of -i-- and ~~~~~~~~~~~~ and the result in-

serted into Eq. (19), the following simple equation results .

*
= 1 -
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Now the sideli ght intensity, I , in the V’ 0 -. V” = 3 line is proport ional

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

— ~ 
ID 3 (4))

is — b0 _ ~~3 (0)

For the case shown in Figure 37 we have ~ 0.4 .

Taking into account laser medium absorption , it can be shownU B)

that at optimum output coupling the extraction efficiency is given by

iext l is (4) > > 4 )s )

Where i-
~ 

is the extraction efficiency assuming zero lower state lifetime

(see Figure 7 of the previous semi-annual report)W and 
~~ 

(~ >> 4)~ ) is

at cavity flux, much greate r than

The intr insic laser ef ficiency taking into account the lack of vibra-

tional equilibration and finite lower level lifetime can now be calculated.

For Ne with unity channeling to XeF*(B) but only 60% of those formed are

available for extraction (the balance are in higher vibrational levels), the

effective formation efficiency 11
~ 

into XeF*(B , V’ = 0) is then 8. 4%. At

4 atm total pressure , 10 A/cm2 e -beam excitation, and a medium absorption

coefficie nt of 3 x io~ ~ cm ’, 1 is approximately 0. 65. The measured side -

light intensity ratio with 4) 0 to 4) ~ 30 4) sat is 0. 5 at 4 atm. Therefore

N 8 = 0. 5. The laser intr insic efficiency is then

Ni t = T~~~~ ~ 
= 2.7% .

This agrees very weU with the measured value of 2. 6%.

D. LOWER LEVE L DEACTIVATION

If the process of bottlenecking, proposed in the previous section to 
—

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

(1 8) Rokni , M. and Jacob , 3 . ,  Private Communication .
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deactivation time can be deduced from the measured quantities. The deacti-

vation time for the processes

XeF(x , v” = 3) -‘ XeF(x , v” � 3)

and

-
~
.- Xe + F

in Ne mixtures is given by (see Appendix A)

1ii: ~.~. (1 +-~
-)  - 11LN0* 4~ j

T D TE * 
(20)

4) r
5 Q N 0

7E’ TQ and 4 ) ,  de fined previously, can be calculated from measured values

of quenching rate constants, stimulated emission cross section and radiative I -
lifetime. N */N 0

* is just given by the ratio of the sidelight intensities in the

= 0 —0- v” = 3 line. 4) can be determined by measuring the laser output

flux and relating it to 4 ) ,  the laser cavity flux , through known output coupling. - - -

This was done using sidelight data fr om experiments 1, 2 , 3 and 4 atm

Ne diluted mixtures. The deactivation time calculated from the experime ntal

data is summarized in Table 8. The approximate 1/pressure dependence in- —

dicated by these deactivation times is consi stent with collisional deactivation

through vibrational mixing and collisional dissociation processes ,

XeF(x, v” = 3) + Ne -* XeF(x , v” � 3) or -+ Xe + F + N e .

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

as a factor of 2.

-
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Since XeF(x) is slightly bound , even at thermal equilibrium, there

will be a finite density of this species. To see if this can be a factor in

limiting the laser efficiency, the equilibrium constant for the reaction

XeF(x) X e + F

has been calculated by V. Shtii~’9~ from XeF spectroscopic data obtained by

Smith and Kobrinsky. (17) A plot of the equilibrium constant versus tempe ra-

ture is shown in Figure 38. Detail s of the calculationa]. procedure are pre-

sented in Appendix B .

The XeF ground state population at thermal equilibrium can be

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

laser mixtures contain 0. 5% Xe, consequently at 4 atm, N Xe = x l0~~
cm 3

~ The F atom density increases with time during the excitation pulse
- 

- since the three body recombination rate

F + F + M - . - F2 -I-- M

is small (K ~ io 32 cm6/sec) and no significant recombination occurs during

the pulse. At the end of a one ~tsec pulse with a typical pump powe r density

of 5 1022 electron-ion pairs/cm3/sec . NF 5 x l 0’6/cm3; that is , one

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

product of NF and N~ e is therefore 2. 5 x 10~~ cm 6. Using the equilibrium

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

3.4 x io 13 cm 3. Assuming vibrational equilibrium XeF(x) vibrational levels

at 300°K, the XeF(x , v” = 3) population is then 1. 56 x i0 12 cm 3.

To see if this XeF(x, v” = 3) density significantly affe cts extraction

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

(1 9) Shu r, V. (Private Communication).
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Taking an XeF(B) production rate of 5 x 10 22 /sec (unit branching), if half

of these end up in v’ = 0 level, then N 0
* 

~ 1 .75  x io 14 cm~
3 
(TE = 6.9

nsec).  If extraction occurs at 4) 10 and no bottlenecking is assumed,

then N * (4) = 10 4)~
) = 1.6 x 1o 13 cm 3. The calculated XeF(x , v” = 3) is

10 time s less than this, therefore, the extraction is not si gnificantly affected

provided that the dissociation rate is large enough so that equilibrium is

maintained between XeF(x), F and Xe.

At room temperature our experiments demonstrate that the rate for

the dissociation is not fast enough. However , this rate should increase rap-

idly with gas temperature so that at higher temperatures much reduced

ground level densities may be obtained. A calculation of the temperature

dependence of dissociation by Lin at UCSD, (20) which does not include the

effec ts of preferential population of a given vibrational level of XeF(x) by

stimulated emission, indicates that the dissociation rate should increase by

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

rate out of the XeF(x , v” = 3) level increases by a comparable factor , then

barring other possible effects (e. g . ,  inc reased absorption by Ne~ and Xe~ )

the intrinsic laser efficiency should be increased by a factor of 2 at 550°K.

Increasing the lower level dissociation rate may also make efficient

extraction from the highe r vibrational levels in the uppe r manifold possible .

The effect of higher dissociation in the lower level can be expected to increase

laser gain . This gain increase may allow str ong lasing (therefore efficient

extraction) on lines that at room temperature are just barely ove r or eve n

under laser threshold. In particular, if strong lasing occurs in the 3511 X
transition , then the v ’ = 1 level will be eff ectively stimulated. Also , at

(20) Lin , S. C. ( Private Communicatio~~.
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room temperature, when ve ry low output coupling optical cavity is used,

weak lasin g has been observed in the line at 3487 A, indic ating low but posi-

tive ga’n in that line. The band centered around 3487 A has been ide ntified

as a blend of 0 -, 1, 1 -
~~ 3 and 2 -. 5 transitions. If strong lasing can be

obtained in this line when hot then we can expect also efficient extraction

from the v t = 2 level. In this case the fraction of the upper manifold avail-

able to stimulated emission will be greater than 95%.

E . SUMMAR Y OF MAJOR XeF* RESULTS

The major results on e-beam pumping of ~~eF* laser systems ob-

tained in this reporting period are summarized as follows :

( 1)  The formation of the uppe r laser state , XeF *, from e -beam

ionization is shown to proceed with essentially unit branching in both Ar and

Ne rich mixtures . This implie s maximum formation efficiencies of 17% in

Ar mixtures and 14% in Ne mixtures.

(2) The rate constants for two body and three body quenching of

XeF * by Xe , Ar and Ne have been measured. These allow the calculation

of the saturation flux in typical Ar and Ne diluted mixtures.

(3) A formation chain for XeF* in Ne rich mixtures is proposed

and kinetic s calculations based on this chain agree with all the experime ntal

observations .

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

sured in mixtures of Ar/F2/Xe. Ar~ and Xe~ are ide ntified as the dominant

absorbing species. The estimated absorption cross sections based on these

me:surement s are 1.7 ~ io
_ 17 

cm2 for A4 and 1.3 x io~~
6 cm2 for

Xe 2.
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(5) Medium absorption in mixtures of Ne/F2/Xe have been measured.

An upper bound on the N4 photoabaorption cross section of 2 x io
..17 cm 2 is

obtained.

(6) Higher laser efficiencie s obtained in Ne mixtures compared with

Ar mixtures are shown to be a consequence of much lower laser medium ab-

sorption and lower quenching of the upper laser level.

(7) 36 J of output energy was obtaine d from 4 . 5 ~ of active laser

volume (8 J/~ ) with an intrinsic laser efficiency of 2. 6% in 4 atm of Ne/Xe/

NF 3 mixture.

(8) Vibrational relaxation of the upper level (XeF*(B)) manifold is

shown to be faster in Ar mixtures than in Ne mixtures. This is attributed

to the formation of an intermediate complex, ArXeF*, in Ar mixtures.

(9) The laser intrinsic efficiency is shown to be adversely affected

by the lack of vibrational relaxation in the XeF*(B) manifold and by finite

lifetime of the XeF(x) lower laser level.

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

calculated eff iciencies very close to those actually obse rved.

(11) The rate constant for the deactivation of the lower level via

XeF(v ” = 3) ÷ Ne -, XeF(v” � 3) + Ne -
~~~ Xe + F + Ne

is estimated to be 3 x lO
_ 12  

cm3 /sec.

(12) Methods of improving XeF* laser efficiency are identified.
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APPENDIX A

CALC U LATION OF XeF (X , v) DEACTIVATION RATE
FROM SIDELIGHT FLUORESCENC E DATA

In lasers having a non negligible lower state population , both the

upper and lower state populations must be determined if the laser power

extraction efficiency is to be calculated . These populations under lasing

conditions depend on the deactivation rate of the lower laser level. In this

append ix a formula for calculating this rate in the XeF laser is developed

in terms of quantities which can be calculated and/or measured .

The equations which describe the production and loss of the upper

and lower states in the XeF laser in steady state are  given by

= - ~L (N ~ - N)4 - - -p-- = 0 (A.. 1)

and

dN a5 ,C N N- - = ~~~--— ( N - N ) ~~~- — + — ~~~~ O (A-2 )
V T T

where

= XeF (B ,v ’)  d ensity

N = XeF (B , v ’)  density when ~

N = XeF (X ,v”) density

a = stimulated emission cross section

= radiative lifetime

TQ = collisional quenching time
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TE = TR’T Q/ (T Q +

T D = XeF (X , v~ ) deactivation time

= laser cavit y flux

If Eqs. ( A - i )  and (A-2 )  are added , the following equation is obtained af ter

some rearranging

* 
Tr~ *N = —

~~~- N - —
~~~

- N (A- 3)
T E ~ TQ

Substituting Eq. (A-3) into Eq. ( A- i ) ,  an equation result s which can be

solved for T D in terms of 
~ ~~

‘ 
N*/N *, rQ and TR.

L~~f1 —~~--\ ~1I N *  + 
~TD(X , V) = TE 

L 0 c (A-4)

~ 
N

TQ N *)
0

where

b =C a s E
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APPENDIX B

EQUILIBRIUM NUMBER DENSITIES: XeF Xe + F

As a general  rule we note that it has been well establi shed both

theoretically and experimentally that , over a wide range of p ressures  of

practical in teres t , equilibrium dissociation of diatomic molecules is nearly

comp lete when the temperature exceeds a few percent of the dissociation

energy .

When more specific answers  are needed , equilibrium number densi-

ties of molecules and atoms can be calculated by using statistical mechanic s

equations which are  well documented in the i i terature.~~’~ For practical ap..

plications , various approximations have also been developed . In particula r ,

the Morse- potential approximation has been used success1uliy~
2
~ and has

been adopted here  to generate  the results shown below. The spectroscop ic

data used in the present  calculations are  mostly those reported by Smith

and Kobrinsk y.~
31

At equilibrium the number densities are  related by the equation

XeF] e = [ Xe J e E F’1 e1’Ke , (B-I)

where the subscript e denotes equilibrium values and Ke is the equilibrium

constant which can be calculated from statistical mechanics E qs . ~‘‘ ~~ and

spectroscopic data . (3)

Furthermore the equilibrium number density of a particular vibra-

tional state of the molecule can also be estimated from the equation

[ XeF (v) J  0 (v)
~~~ 1 (B- 2)

II ~~~ ~e V
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where Q (v) is the vibrational partition function for level v and 0 is the

total vibrational partition function. (1) Results for XeF and XeF (v ’ = 2)

are plotted in Figs. B-i through 3-3.
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