
— - ,  ~~~~~~~~~~~ 
— -~.- ~~~~

--.
~~
--,--

~~
-

~~
-- 

—

_________________/

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

,..• ~••.. ~.s CIUSM~~..US su,am. ,~

~~ 
OSCU~~ lAS ‘“511 5 VNS NJ?5511 515..~~ 51 •~~ aSV5S SI NSSSSI*II~~ lS5SS•51~•51 ? 1  111SI PD. .S,SS. 5,tSII •IASUNSI 05

l~t VuU 00501155 *5,5*510 •00lAC’l
0l00C~ SI ‘UI U.S. S05SIISS *?

~ / 
~MALL SCALE DISCHARGE STUDIES . \

%
~~~

___ _#~~ 

- .-.
. 

- - - .. - /

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~ Avc~ Everett Research Laboratory, Inc.

- C..) 2385 Revere Beech Parkway

LJ~ 
Everett MA 02149

S

~~~~~~~~~~ _ _ _ _ _  

/ Semi-Annual Rsp~~t. ~~~—-.J 1 Mar~~~~T~~~-31 Aug 17

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~
[APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIM$TE~~]

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

Sponsored by

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY
DARPA Order No. 1806

~t h DC
Monitored by

OFFICE OF NAVAL RESEARCH FEB 3 1918

DEPARTMENT OF THE NAVY
• Arlington VA 22217 B



FOREWORD

• I)ARPA Order  No. :  1806

Program Cod e No.:  5E20

Name of Contractor :  Avco Everett  Research Laboratory,  Inc .

Effective Date of Contract: 15 August 1974

Contract Exp irat ion Date: 15 November 1977 
U

Amount of Contract :  $1 , 283 , 451

Contract  No. :  N000 14-75-C-0062

Princ i pa l Investigator and Phone No.: J . H .  Jacob
(6 17) 389- 3000 , Ext. 329

S c i e n t if i c  Off icer :  Director , Physics Program , Physica l Sciences Div .
Office of Naval Research
Department of the Navy
800 North Quincy Street
Arl ington , VA 22217

~ ior t  Title of Work: Laser Discharge Studies

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _________



-~~~~~~~~~~~~~~ — ~

UNCLASS1FL~ D
SECURITY CLASSIFICATION OF THIS PAGE (Wh.n Data Entered)

b Dt~~~~1• ~~~~~~IIu I , r 4 ~~I~~I.I ~~~~~~~ READ INSTRUCTIONS
!~ U~~~!% I I#~J% VM I~ I M I  I~ II’~ r MU BEFORE COMPLETING FORM

I . REPORT NUMBER 2. GOVT ACCESSION NO. 3. RE CIPIENT S CATALOG NUMBER

4. TIT LE (an d SubtIU.) 5. TYPE OF REPORT 6 PERICI D COVERED

Semi-Annual Report /

SMALL SCALE DISCHARGE ST UDIES j  1 March 1977 to 31 Aug. 197 ’
6. PERFORMING ORG. REPORT NUMR( R

7. A IJT H OR(a) 6. CONTRACT OR GRANT NUMBER(.~

J.A. Mangano , M. Rokni, J.H. Jacob and N 000I4-75-C-0062~~~~
J .C .  Usia

9 P(RFORMIN G O R G A N I Z A T I O N  NAM E AND ADDRESS 10. PROGRAM ELEMENT . PROJECT . T A SK
AR EA a WORK UNIT NUMBERS

Avco Everett Research Laboratory, Inc.
2385 Revere Beack Parkway
Everett, MA 02149 _________________________

-II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Defense Advanced Research Projects Agency 
~~ NUMBER OF- PAGESDARPA Order No. 1806 80

14. MONITORING AGENCY NAME & ADDRE$S(i1 dSfl. ranS from Controlling Off ice) IS. SECURITY CLASS. (01 this report)

Office of Naval Research Unclassified
Depar tment of the Navy _______________________
Arlington , VA 22217 ISa . 

~~~I~~
I
E
!ICATION/ DOW NGRADING

16. DISTRIBUTION STATEMENT (of thia R.port)

Approved for Public Release; Distribution Unlimited.

17. DISTRIBUTION STATEMENT (of th. ab.tract .nt.r .d Sn Block 20, 51 dlftarant front R.port) 
——_________ -

~6 SUPPLEMENTARY NOTES

19. KEY WOR DS (Continu. on r.v.r.. aid. iIn.c.aaary and ld.ntily by block rwmb.r)

I;
Fo. ABST RACT (CcnlSr.u. on r.v.ra. .ld. SI n.c. ..ary and ld.ntifr by block numb.t)

• In this article the rare gas fluoride lasers are discussed in detail. There is a
significant interest in these lasers because they are the most efficient visible/
UV lasers to date . The dominant formation kinetics of KrF~ and XeF~ in both
discharges and c-beam pumped lasers are presented. Because of the ionic
upper level the formation processes are rapid and conditions can be chosen
such that the branching ratio into the KrF * and XeF~ levels from both the ionic
and metastable levels are unity . In c-beam pumping, a guide magnetic field -•

DD ~~~~~~~ 1473 EDITION OF 1 N0V 35 15 OBSOLETE UNCLASSLF~~ D
SECURITY CLASSIFICAT ION OF THIS PAGE (U9~en D~~~ int.,ad)



r 
- - - • - •

~~~~~
.—

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAQE(*Pian 0.1 . BnI.r .d)

(20)
enables the deposition of 70% of the beam energy into the optical volum e. If
two e-beams can be used > 90% of the fast electron energy can be deposited
into the optical volume. Discharge pumping has the potential of being more
efficien t than e-beani howeve r , key technical issues of discharge stability, and
nietastable production efficiency have to be addressed. Stabilization of the
discharge appears possible if an externa l source of ionization is used. The
quenchin g of the rare gas fl uor ide s by two or three body processes have been
ca refully measured an d analyzed. The three bod y~ quenching of KrF~~leads to
the eve ntual formation of the excited triatomic Kr~ F’~, which r adiates in a broad
band cen tered at 4 10 mm. We have also determined that ionic and excited state
absorption in the act ive media are large enough to impact the extraction effi-
ciency of these lasers . In thç case of KrF * the dominant absorbing species are
F2, F and Kr2 F~ , wh~~e Xe~ appears to be the dominant abso rber in XeF*.
Finally, we have also in~~ sti gated experimentally and theoretically the effects
of the vibrational relaxati in the uppe r level and fi nite lifetime of the lower
level on the XeF ’~ lase r pe~~~r!~~ nce.

UNCLASSIFIE D
SECURITY CLASSIFICATION OP THIS PAGE(W~ on Data Ent.,.d)



— —“V. . ..~-.r 
— ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ---~a—’—’

REPORT SUMMARY

In this semi-annual report , we review and summarize the resea rch

conducted on the small scale discha rge studies during the last two years .
• Emphasis , of cou rse , has been placed on the more recent results. The

dominant fo rmation kinetic s of the KrF * and XeF * lasers are discussed

• in detail. Both c -beam pumping and discharge pumpin g have been con-

sidered. The discharge has the potential of being more efficient. How -

ever , key technical issues have to be resolved (a) discha rge stability ,

(b) discharge enhancement and (c) metastable production efficiency. These

issues we re intensively investigated on the small scale and meter device.

Unfortunately, in the meter device, if most of the c-beam ionization is to

be used , non -unifo rmities in the ionization rate results in a volum etric

unstable discharge. The quenching kinetics has also been full y investigated.

In KrF , we discovered tha t th ree body quenching led to the event ual fo rma-

tion of the excited triatomic Kr 2F*. The active media absorption of both

KrF* and XeF* have been thoroughly researched. The dominant absorbing

species in KrF * is F2, F and Kr
2F
*, while Xe2

+ is the dominant absorb e r

in XeF . Finally, the impact of the upper vib rational relaxation and fin ite

lifetime of the lower laser level on the XeF* laser pe rformanc e was investi-

gated both expe rimentally and theoretically. for
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L INTRODUCTION

Rare gas fluoride exciplexes are the most efficient vis ible/UV

lasers to date. The rare gas monohalide lasers have been actively investi-

gatccl since their emission spectra was reported three and half years ago

by Velazco and Setser W and by Golde and Thru sh. (2)  Table I lists the

exciplexes that have been made to lase and the method by which they we re

*excited. XeBr was the first of this class to lase. This molecule was

excited by a relativistic electron beam by Searles and Hart . (3) Shortly

(4 5) * *afte r that Ewin g and B rau ‘ obtained lasing action in XeF , XeC .~ and

KrF~. Recently a new family of lasers, mercury monohal.ides , have been

demonstrated by 3. H. Parks. (6) Lasing action of the me rcury monohalides

was first  predicted by 3’. J. Ewing. (7)  As one can see from Table 1 all the

exciplexes have been made to lase by relativistic e -beam pumping, indicat-

ing that this is the easiest way to obtain stimulated emission. The best

results obtained by pure e-beam pumping~
8
~ for a KrF

* laser are 12 3/liter

and 9% intrinsic efficiency.

(1) 3. E. Velazco and D. W. Setser , “Quenchin g of Xe Meta stable Atoms, I ’

JQE fl, 708-709 (1975).

(2) M.C. Golde and B.A. Thrush, Chem. Phys. Lett. ~~~~, 486 (1974) .
(3) S. K. Searles and G. A. Hart, “Stimulated Emission at 281. 8 rim from

XeBr,” Appl. Phys. Lett. 
~~~~, 

243 -245 (1975).
+ +(4) 3.3. Ewing and C.A. Brau, “Laser Action on the -. ~~ i/z Bands

of KrF and XeC~., ” Appl. Phys. Lett. ~L 
350-352 (1975).

• (5) C. A. Brau and J. 3. Ewing, I~~354 rim Laser on XeF, ~ Appi. Phys. Lett.

~.L 435-43 7 (1975).

(6) J. H. ~‘arks, “Laser Action on the B
2Et/2 x ZEt,’z Band of HgCI at

5576 A,” Appl. Phys. Lett. ~~ 
192-194 (1977).

(7) J. J. Ewing, private communication (1976).
(8) 3. A. Mangano and J. Hsia , “Interim Report -One Mete r KrF

4 
Laser, ”

Semi -Annual Technical Repo rt Aug 76 - Feb 77.7
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TABLE 1. CANDIDATE LASER MOLECULES

WAVELENGTH E—BEAM DISCHARGE PUMPING
EXICPLE X nm PUMPING E—BEAM CONTROLLED AVALANCHE

X.8~ 282 X

X.C~ 308 X

X.F 352 X X X

KrCI 222 X

Kif 249 X X X

ArF 192 X X

HgCI 558 X X

HgBr 502

H 1555

8
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Pumping of the rare gas rnonohalide lasers with an e-beam con-

trolled discharge was first  demonstrated by Mangano and Jacob. In

c-beam cont rolled discharge pumping a discharge voltage is applied across

the mixture which is ionized by an e -beam. This method has the potential

of being more efficient than pure c-beam pumping. Howeve r , to achieve

this , key technical is sues of discharge stability and discharge enhancement

(10)have to be resolved. The best results to date by this method of pumin g

is 10 3/liter with an intrinsic efficiency of 9. 5%, obtained in a KrF * laser.

The third method of exciting these lasers is the UV -preionized dis-

charge. (11 , 12) This is the simplest system to build; however , the efficiency

is limited to about one percent. In thi s method ultraviolet light is used to

preionize the medium followed by an avalanche discha rge. An avalanche dis -

charge yields higher pulse -repetition rate s and is simpler than other pump

methods. Its potential applications are isotope separation and other photo -

chemical processes which require pulses of one joule or less. Avalanche

pumping lacks the control of e-beam ionized discharges and so the powe r

• and pulse length s attainable are limited as will be discussed in the text.

The controlled-discharge technique gives much higher energy per pulse and

has the potential of being scaled to higher ave rage power than the avalanche

approach. This is because in a stable discharge long laser pulses with

higher efficiency are possible.

(9) J. A. Mangan o and 3. H. Jacob , “E -Beam Controlled Discharge Pumping
of the KrF* Laser, ” Appl. Phys. Lett. 

~~~~, 
495 -498 (1975) .

(10) J. A. Mangano and 3’. Hsia , Interim Report - One Mete r KrF * Laser, ”
Semi -Annual Technical Repo rt Feb 77 - Aug 77.

(11 )  R. Burnham, H. W. Harris and N. Djeu , “Xenon Fluoride Laser
Excitation by Transverse Electric Discharge, ” Appl. Phys. Lett. ~~~~,
86-87(1976) .

(12) C. P. Wang, H. Mirels, D. G. Sutton and S. N. Suchard, “Fast Discharge
Initiated XeF Laser,” Appi. Phys. Lett. ~~~~, 326-328 (1976).

9
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To build an efficient laser the following criteria have to be met.

( 1) the formation efficiency of the upper laser level must be high; the fo r-

mation efficiency is the product of the branching ratio and quantum effi-

ciency; (2 )  the quenching of the upper laser level should not be extremel y

rap id; (3)  the absorption of the active media should be small to en able effi-

c l i n t  optical extraction; and (4)  the lower laser level should be removed

rap idly. To date , the lasers that have shown the most promise are  the rare

gas fluorides whic h have high formation efficiencies, both by c-beam”3 ’ 14)

and c -beam controlled discha rge pumpin g. ( 15) In this repo rt we will

discus s in detail the physic s of the KrF * lasers which are proto -typical of

* *efficien t exci plex lasers. The main diffe rence between KrF and XeF

is that KrF ” has an unbound lower level while XeF * is bound b y about 0. 15

eV. The fffects  of the boun d lower level on the laser perfo rmance will be

discussed subsequently. We will show the extent to which the above c r i t e r ia

arc satisfied by these lasers.

In Figu re 1 we see a schematic potential diagram of a rare gas

halide exciplex. The re are two noteworthy features: (a)  the uppe r level

correlates with a R + + X~ ion pair where R + denotes a rare gas ion and X

a halogen ion ; and (b) the lowe r level is in most cases unbound. The laser

t ransi t ions  ar e chara cte rized by large stimulated cross-section ( 1 - 5

• and short  radiative lifetimes (5 - 15 nsec ). The ionic nature of the uppe r

level allows for rapid fo rmation via both the ionic~
13 ’ 14) and rnetastable

( I  3) J. A. Mangano , 3.H. Jacob , M. Rokni and A. Hawryluk , “Th ree Body
Quenchin g of KrF ’~ by Ar and B roadband Emission at 415 nm , ” App I.
Ph ys. Lett. ~j , 26-28 (1977).

(14 ) M. Rokn i, J. H. Jacob , J. A. Mangano and R. Brochu , “ Two and Th ree
Body Quenching of XeF * by Ar and X e , ” Appl. Phys. Lett. 

~9, 458 -
460 (1977) .

( 1 5 )  J. H. Jacob and J. A. Mangano , “Modeling of the KrF Laser  Discha rge , ”
Appl. Phys. Lett. ~~ 724-726 (1976).

10
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channels. In most rare gas fluorides there are only a few curve c rossings

with excited molecular levels. As a result , the probability of inte rception

is small arid the formation efficiency is high. The ionic channel is usually

dominant in pure e -beam pumping (see Figure 1), while in e -beam controlled - - •

discharge  pumping most of the fo rmation proceeds via the metastable chan-

n d .  In the case of KrF~ the repulsive potential between Kr  and F ensures

a negli gible lower level population automatically satisf yin g the fourth

cr i te r ia  for an efficien t laser mentioned previously.

12
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II . FORMATION KINETIC S

A . E- BEAM PUMPED K r F *

Typical mixtures contain about 90% Ar ,~~ 0.5% F2 at a total pressure

• of 1 - 3 atm. Figure 2 shows schematically the dominant formation kinetic s .

Since the mixture contains mainly Ar , most of the e-beam power deposited

resul ts  in argon ion- electron pairs. For typical current  densities of 5- 10

A/cm 2, the dominant loss of secondary electrons is rapid dissociative at-

tachment with F2 resulting in F formation. At higher  current  densities ,

electron, molecula r ion recombination (Art ) become s more important , re-

sulting in rare gas metastable formation. At pres sure s below an atmosphere ,

— 

- the Ar+ and F recombine to form ArF” . The ArF ” can radiate at 193 nm

and form ground state Ar and F atoms . The radiative lifetime has been cal-

• calculated to be about 4 nsec . However, for mixtures containing > 5% kryp-

tonU3) and mixture pressures >1/2 atmosph ere , the Kr will exchange ef-

ficiently with the ArF~ to form KrF4. At pressure above an atmosphere , the

Ar+ and Ar react predominant ly to form A4 with a threebody rate of 2. 5 x

io _ 3 1 
cm

6
/sec.

( 16) The A r~ then undergoes charge transfers with Kr to iorm

Kr+ with a rate constant of 7.5 x 10 10 cm3
/sec. 

( 17) For lean Kr mixtures

( 16) E .W. McDaniel, V. Cermak, A. Dalga rno , E.E. Ferguson and
L. Friedman, “Ion- Molecule Reactions , ” (Wiley-Inter scienc e ,
New York , 1970) pp. 338-339.

(17) D.K. Bchme, N.G. Adams, M. Moselman, D.B. Dunking and
E . E . Ferguson, “Flowing Afterg low Studies of the Reactions of th~Rare- Ga s Molecular Ions He~~, Ne2 and A4 with Molecules arid Rare-
Gas Atoms , ” J. Chem . Phys . 52, 5094 (1970).

13

_ _  —~~~~~~~~~~—



- ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~
-
~
-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ _ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

r -

• TYPICAL MIXTURE: >90% An < 10% Kr/0.2% F2

• TOTAL PRESSURE: 1 — 3  ATM

BEAM
ENERGY] 

________

I

F 2Ar

Ar 
• KrF PRODUCTION EFFICIENCY ~ 24%

SPONTANEOUS WITH SUFFICIENT Kr DENSITY
Ar F EMISSION Kr

(193 Am)

+Kr

Kr

• KrF

69393

Figure 2 Dominant Formation Kinetics of E-Beam Pumped KrF*
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the Kr+ will combine with the F to form K r F . As the Kr number densi ty

is increased (or the total mixture p res su re) ,  molecular krypton ion a re

• fo rmed. These ions also combine with F to form mainly K r F . 
( 13) The

K r F  can spontaneously decay with a lifetime of 6 . 5  nsecU8) or can be

• collisionally quenched . The quenching process will be discussed subsequently.

B . E- BEAM PUMPED XeF

Typical mixtures contain about S 0 .5% NF3, ~ 1% Xc and th e re-

mainder is Ar or Ne . The formation kinetic s in Ar-r ich XeF ’ mixtures is

similar to KrF  which has been discussed previously. In XeF laser mix-

tures NF
3 
is used instead of F2. The main advantage of using NF

3 
is that

- 
• 

it does riot absorb the XeF laser radiation. 
( 19) The details of the formation

processes with Ne are not well established; however , experimental result s

indicate that the branching into XeF~ in Ne-diluted mixtures is the same

within experimental error as in Ar-diluted mixtures. This conclusion was

ar rived at by comparing the fluorescence intensity of Ne/Xe/F
2 

mixtures

with that of similar Ar/Xe/F
2 
mixtures (from 1/2- 4 atm). 

(20) 
In making

this comparison we have accounted for the differenc e in the e-beam stopping

power , the energy required to create an electron/ion pair , and the di f ferent

* - iquenching rates of XeF for the different  mixtures.

The fluorescence spectra for typical Ar/Xe/F 2 and Ne/Xe/F 2 mix-

tures  are  shown in Figure 3. This data was taken at total mixture pressure

of 3 atm and contained 0. 3% F2 and 0. 5% of Xe . From the spectra in Figure 3,

(18) Thom H. Duning and P. Jeffery Hay , “Electronic States of KrF,” Appl.
Phys. Lett. 2.8, 649-651 (1976).

( 19) S.R. LaPaglia and A.B.F. Duncan, J. Chem. Phys. 34 , 1003 (1961) .

(20) M. Rokni, J.H. Jacob and J.A. Mangano, “Formation Processes in
E- beam Pumped Ne/Xe/F2 

Mixtures,” Appi. Phys. Lett. to appear in
Feb. (1978).

15
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X.F FLUORESCENCE SPECTRUM

(B- .X ) EMISS ION

1 NSIXS/F~U)
z

-J (B- ’ X )  EMISSION
U-

(D-.-X) EMISSION

— ~ 

An Xe / F. 
-

350 260
H~4)7~ WAV ELENGTH (nm )

Figure 3 Comparison Between Emission Spectra of Ar/Xe/F a and
Ne/Xe/F 2 Mixtures. The mixtures contain 0. 3% F 2, 0. 5% Xe
at a total pressure of 3 atm.

16



- —--- - • ---.-.——---------- —.-- • ----- •- -1~
--_’___ - - 

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

~~~
—.-- 

__
~~~. _____ _.-..__

~~~~~ ---.~~~~~~ - —--. — -~~~~

one sees two differences between the Ne and Ar-diluted mixtures, i . e . ,

(a) the XeF ’ ( D— ..X) emission at 260 nm is present only in the Ar/Xe/F 2
excited mixture , and (b) the (B-.. X) emission in the Ne- rich mixture is

broader than in the Ar-r ich mixture . The D state correlates with the

Xe+ (
2
P
1/2

) while the B state correlates with the Xe+ (2P
3/2

) states.

These dif ferences  were present in all spectra obtained in the pressure range

between 0. 5 - 3 atm . The greatly reduced intensity of the D —‘ X emission

in Ne-rich mixtures is because the Xe + ( 2P1/2 ) is not created in these mix-

tures , even though N4  has sufficient energy to charge t ransfer  to Xe + ( 2P
1/2

)

and Xe+ ( 2P3/2 ). This implies that N4 charge t r ans fe r to Xe + is not a

(2 2)  * (23)dominant formation process of XeF. Also , NeF has 11.6 eV of energy

which is larger  by 3 eV than the Xe + + F energy at infinite separation. So

there  is no curve crossing and it is unlikely that the Ne atom in NeF~
’ will be

• displaced by Xe to form XeF~~.

A possible formation chain that is consistent with experimental -observa-

tions is shown in Figure 4. Since Ne is the major species in the mixture ,

NeF will be formed by reaction of Ne+ and N4 with F . 

(2 1)  
Once NeF

is formed , it can spontaneously radiate or predissociate to F and Ne .

The predissociation of NeF* is expected because atomic fluorine has an

(21)  Dunning & Hay,  LASL, private communication.
(22) Measurements by D . K .  Bohme , N. C. Adams , M. Muselman, D . B.

Dunking and E .E . Ferguson, in Ref. 17 show that the rate constant
fo r Ne

~~+ K ~~-~
.Krf + 2 N e and Ne~~+A r- .A r+ + 2 N e is very slow

(< 5 ~ ro_ i i  cm 3/ sec) .  So it is reasonable to expect that the charge
t rans fe r  from N4 -.. X~ will not be dominant in e-beam pumped XeF
laser mixtures.

(23) C.A. Brau and J . J .  Ewing , “Emission Spectra of XeBr , XeC~ XeF
and K r F*,~~ J. Chem. Phys . ,  63 , 4640- 4647 ( 1975) .
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Figure 4 Possible XeF* Formation Processes in E-Beam Pumped
Ne/Xe/F 2 Mixtures
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V

ensemble of levels ( 4P and 2P) about I eV above the bottom of the NeF

well . ~
24) NeF can also collisionally excite Xe to high lying excited levels

which will eventually form XeF . The F which is produced by the NeF

predissociat ion can radiate , Penning ionize Xe , or form F2 by reaction

with F,. F ’ is energetic enough to ionize Xe to the 2P3/2 
level only. Also ,

the radiated photons f rom F* can photoionize Xe. The cross section for this

process is 6 x ~~~~~ cm2
, 

(2 9) re sulting in a photoabsorption length of 1 . 5  mm

in a 0. 5% Xe mixture at a total pressure of one atmosphere. The F~ can

react with Xe in a harpoon-like reaction to form XeF *. Al the above kinetic

processes will produce XeF(B) and not XeF (D). 
(23 )  Hence , the D — X e m i s -

sion at 260 nm is not observed in Ne-rich mixtures as shown in Figure 3.

The broader emission on the (B- X) band of XeF ’ with a Ne buffer

(compared to Ar)  indicates that the vibrational relaxation in the X eF(B)

manifold by Ne is slower than that by Ar . Since Ne is lighter  than Ar , re-

laxation by V-T transfer would proceed more rap idly in Ne- rich mixtures .

So it appears that V-T energy transfe r is not a domina nt proces s. A pos-

sible explanation is that Ar and Xe can fo rm a molecular ion ArXe+ where-

as NeXe+ is more weakly bound .~~
26

~ H ence , an intermediate complex

A r X e F ’ can be formed which will result in a more rapid vibrational relaxa-

* (23)t ion of XeF . The formation of such complexes may also explain why

Ar quenches XeF* more rapidly than Ne.

(24)  M . Krause , NBS, private communication.
(25) J . A. R .  Samson and K. L. Kelly, C . C . A .  Tech . Rept . No. 69- 3- N

( 1964)

(26 ) M . Krauss , NBS, private communication .
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C . DISCHARGE PUMPED K r F

The gas mixtures for discharge pumping and e-beam pumping of

K r F~ a r e  similar. For efficient discharge pumping the formation should

proceed via the metastable channel. Figure 5 shows schematically the domi-

nant formation kinetic s.

In c-beam controlled discharge pumping the secondary electrons

gain enough energy in an applied electric field to excite the a rgon  and kryp-

ton rnetastables.  The argon metastables , Ar , produces A r F  with a branch-

ing rat io  of about 0.6 (27) via the harpoon reaction with F2 (Ar + F2 —.. A rF

+ F). The rate constant for this reaction has been measured by Velacazo ,

— 10 3, (30)Kolts  and Setser to be 7 .8  x 10 cm / s ec .  As we have discussed pre-

viously the A r F~ can either radiate or the Ar atom can be displaced by the K r

to form K r F . The krypton metastable Kr ” can form K r F  direct ly, and
( 27)

with a branching ratio of unity, via the harpoon reaction with F2. Be-

cause of the lower energy required to excite Kr ’ and the unit branching

rat io to form K r F , the formation efficiency will be larger if most or all the

d i scharge  energy  goes into Kr ’ . The fraction of discharge energy that is

deposited into Kr ’ will  depend on the percentage of Kr and app lied elect r ic

field as sh own in Figure  6. Clearly,  the hi gher  the fract ion of Kr , the

l a rge r  the  formation eff ic iency.  However , as we will show subsequently,

Kr  quenches  K r F ’ more rapidly and henc e the fraction of Kr  needs to be

kept small. For 10% Kr , the K r F ’ formation efficiency by d ischarge pump-

ing under stable and controlled conditions can be as high as 30- 35%, as

sh own in Fi gure 7.

(27 ) G.E! . Chen , .1 .P. Judi sh, and M.G. Payne, “Energy Transfer Processes
in A r - X e  and Ar- F2 Mixtures , ” (unpublished) .
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Figure 5 Dominant Formation Kinetics of Discharge Pumped KrF*
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of Fractional Kr Density for Ar/Kr Mixtures
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D. DISCHARGE PUMPED XeF

We will f i r s t  discuss the formation kinetics in Ar/X e/NF 3 mixtures .

The hi gh energy electrons ~~

‘ ionize the mixture forming mainl y

a rgon  ions

+ Ar -. Ar
+ 
+ ~~

‘ 

+ e ( I )

T h e  secondary  electrons e5 are rapidly lost by attachment to NF 3 to form

the negative ha logen  ion

c + NF 3 NF 2 + F (2 )

The se c o n d a r y  e lec t rons  gain energy in the applied e lect r ic  field to enable

the excitation of the Xenon and argon metastables

e -F R -. R ’ + e ( 3 )

The f rac t ion  of d i scha rge  power that initiall y goes into producing Ar  and

Xe are shown in Figure 8 for electric field s of 2 and 3 ky/cm atm . From

this  fi gure  it is apparent that for a 0 .5% Xe mixture most of the d i scha rge

power goes into Ar format ion .  The power that goes into Xe ’ fo rmat ion

rapidl y resul t s in XeF ’ via the harpoon reaction with NF 3 . The re  a r e

three ’  pr inc ipal react ions  by which the a rgon  metastables a re  lost

Ar ’ + Xe -, Xe + Ar ( 4 )

*Ar + 2Ar — Ar 2 + Ar (5)

— 
Ar + NF 3 

-~ ArF + NF 2 
( (y)

The rate constant for  reaction (4) has been measured to he 1.8 x l0 10

and 3 x 10 ~~ cm 3/ scc for Ar ( 3P 2
) and Ar ( 3P0) respectively.  (Z 8~ Reac-

tion S) has  a three-bod y rate constant of 1.7 x io 32 cm 6/sec for Ar  ( 3P 1
) ,

~28) L.G. Piper , J. E . Velazco and D. W . Setser , 3. Chem , Ph ys . 59 ,
3323 (1973).
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0.9 x io 32 
cm

6
/sec for Ar ( ‘P1

) and 1.6 x io _ 3 2 
cm 6/sec for Ar ( 3P2 ) . (29~

Assuming a gas kinetic mixing rate of these states by electrons , the loss

ra tes  of Ar  by reactions (4) and (5) will be only marg inally a ffected . So

we will assume a mean rate of 2 x l0 10 cm3/sec for reaction (4) and 10

cm /sec for react ion ( 5 ) .  The argon metastables react with NF 3 to form

A n ’  with a rate constant of 1.4 x 10 cm / sec.  The b ranch ing  r a t io

for  th is  react ion is yet to be determined. At a mixture pressure of four

a tmosp h e r e s  with 0. 5% Xe and 0 .1% NF 3, the rates for reac t ions  -4 ) , ( 5 )

and (6) are 8x l0~ , 2.5x IO~ and l.4 x 1O~ sec~~~. So about 15% of the

Ar 
- 

is channeled into A r F . Most of the energy in A r F
• ’ will produc e ’ Xci” ’•

by the following reaction

A r F  + Xe -* XeF + Ar ( 7 )

The remainder  of the energy is presumably radiated on the A r F  bands.

—9 3 (31)
As react ion (7)  proceeds with a rate constant 1. 6 x 10 cm /sec , 80°~

of the A r F ’ is to be channeled into XeF ’ .

The argon excimers Ar~ will be deactivated at least as rapidly by

Xe to form hi ghl y excited xenon states Xe ’ ’ . This means that 70-80% of

the’ Ar
2 
will end up as Xe . The remainder of the Ar 2 will be radiated ,

So we can conclude that the argon metastables t r ans fe r their  e n e r g y  to the

* *xenon  metas tab les  with a 80% efficiency. The Xe thus formed will rea ’t

with the’ N F 3 to form XeF . The branching ratio and rate constant for  t h i s

( 2 9 )  M . I3ourene , 0. Dutnuit and J. LeCalve , 3. Ch em . Ph ys.  6 3 , 1668 ( 19 7 5 ) .

(~~0~ I . E . Vclazco , 3 ,11. Kolt s and D .W. Setser , J. Chem . Ph y s .  65 , 3468
( 1976) .

(31) M. Rokni , J.H. Jacob , J.A . Mangano and R. Brochu , “Formation and
Quenching  Kinetics of A r F , ” Appi. Ph ys. Lett . 31 , 79- 82 , ( 19 77) .
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reaction are  not known . However , from discharge data it has been in-

fe r r ed  a reaction rate constant of 4 x l0 10 cm 3/sec and a branching ratio

( 32 )
of 0 .7 .

When the Ar buffer is replaced by Ne most of the discharge energy

*will result in Xe formation as shown in Figure 9. The Xe formation as

shown in Figure 9. The Xe ’ will produce XeF via a harpoon reaction

with NF 3.

I

, ‘1
(32) J .H .  Jacob , M. Rokni and J. A. Mangano , Semi-Annual Technical

Report for period March 1975 to September 1976.
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III. QUENCHIN G KINETICS OF THE RA RE GAS FLUORIDES

- 

Once the excited rare gas fluoride is formed it can radiatively decay,

be quenched by two and three body collisions with F2, NF 3, and the rare

gases , or under lasing conditions be stimulated by cavity flux . For

efficient laser extraction the probability of stimulating the Kr? should

be much larger  than the combined probability of decay by radiative and

collisional processes.  In the absenc e of a lower level the ratio of these

probabilities is given by ~~~~~~ where 
~ c is the cavity flux and is the

saturation flux, which is defined by

= ~~~~~ [-~
i_ + K

~
N
~ 
+ 
~~~ 

K~~N~ ‘F~~~ KRRNRN] (8)

where hv = photon energy; cy = stimulated cross-section; r r = the exciplex

radiative lifetime ; K is the two body quenching rate constant by the halogen

donor;  KR and KRR are the two and three body quenching rate constants

by the rare  gases. N and NR are the number densitie s of the halogen

donor , rare gas and N is the tota l number density,

A. DOMINANT QUENCHING PROCESSES OF KrF*

The different  measured quenching rate constants of KrF* are listed

in Table 2 . These rate constants were determined by observing the KrF~
2 2 . .B 

~~i/z 
—

~~ X E
1/2 radiation as a function of the partial pressures of the

variou s gas constituents. (13 , 33) 
It is of interest to note that the three body

(33) J. H. Jacob, M. Rokni , J. A. Mangano and R. Brochu , “Formation and
Quenching Processes in Kr/F2 Mixtures,” to appear Appl. Phys. Lett.
Jan. (1978).
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- TABLE 2. DOMINANT QUENCHING PROCESSES OF KrF*

Reaction 
~IRLKrF ) = 6. 5 nsec)

K r F~ + F2 
—

~~ Products 5 x io~~ 8 cm3 7 .8  x 10~~~
0cm 3sec ’’ ( I )

KrF + 2Kr Kr
2
F* +Kr 4.4 x l0 3

~cm6 6.7 x iO 3l cm6sec~~ (2)

KrF~ + Kr -, Products ~ 1. 1 x 10 20cm 3 (3)

KrF~ + Kr + Ar —
~~ Kr 2F* + Ar 4 .2  x i~~~

3
~ cm 6 6.5  x l0 31 cm 6sec~~ (4)

-40 6 -32 6 - lK r F .~ + ZAr -‘Products 4.6  x 10 cm 7 x 10 cm sec ( 5 )

30
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quenching of KrF* by Ar and Kr leads to the eventua l formation of Kr 2 F~
by the following reactions:

Kr?’ + ZAr Ar KrF + Ar (9)

Kr + Ar KrF” -
~~ Kr 2

?’ + Ar ( 10)

• K rF* + Kr + M -‘ Kr 2?’ + M ( 11)

The appearance of Kr 2 F* at high pressures is demonstrated in Figure 10.

In this fi gure the spontane ou s emission spectra fr om e-beam excited mix-

tures  were obtained at mixture pressures of 0. 5, 2 and 4 atm . The uncali-

brated intensity scale is approximately logarithmic. At 0. 5 atm essentially

all of the radiation from the mixture is contained in the KrF” B2
~~1/2 

-‘

X 2 � 1/2 band of 248 n m .  However , two other broadbands , containing much

less energy, are observable . The f irs t  is the Kr 2F ( B2 
-, A

1
) centered

at 415 nm. The other broadband, center ed roughly at 270-280 nm, is most

likely a combination of radiation from the 2~~ , of KrF* and perhaps

radiation from the excited triatomics Ar 2F” and Ar KrF” . The spectrum

obtained at a total mixture pressure of 4 atm indicates tha t , compared with

the 0. 5 atm spectrum, essentially the same energy is contained in the Kr?

B
2
~~1/2 

.-
~~ X2

~~1/2 band, although the energy deposited increased by a
- 

factor of ~~8. This spectrum indicates that most of the additional energy

deposited by the e-beam was channeled into Kr 2F’, by the quenching pro-

cesses discussed above,

B. DOMINANT QUENCHING PROCESSES OF XeF*

The two and three body quenching rate constants of Xe? by F2,

NF 3 and the rare gases are listed in Table 3. From this table it is clear

that the quenching of XeF* by Ne is significantly slower than by Ar . This
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TABLE 3. DOMINANT XeF ’~ QUENCHING PROCESSES

Reaction -~-1r i~iir = 16 ns)

XeF * + F2 5. 3 x I0~~~
8cm3 3 x l0~~~

0cm 3/sec

XeF* + NF
3 2.8  x 10~~

9cm3 
1.7 x 10 11 cm3

/sec

XeF’
~ + Xe 4.5 x 10~~

9cm3 
2.9 x 10~~

1cm3
/sec

XeF * + Ne Negligible

XeF’
~ + Xe + Ne 1.23 x 10

38cm6 
7.7 x 10

31cm6
/sec

XeF~ + 2Ne 4 , 32 x l0~
4l cm 6 2 . 7  x 10 33cm6/sec

Xe?’ + Ar 1.28 x 1O 20cm 3 
8 x l0~~~

3cm3/sec

XeF~ + 2Ar 2. 4 x lO ”40 cm6 1.5 x 10 32cm6/sec

XeF * + Xe + Ar 4 .8 x l0~
’39 cm6 3 x 10

_ 3 l
cm6/sec

‘I 
-
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is one of the reasons that Ne is a better diluent than Ar in the XeF~ laser .

One main di f ference  between the quenching processes of XeF and KrF  is . -

that two-body quenching by the rare gases plays a more important role in

XeF ’ than in KrF~ . This is especially true of the quenching of Xe?’ by

Xe as compared to the quenching of KrF~ by Kr.

34
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IV. PUMPING CONSIDERATIONS

As we have mentioned in the Introduction, the three main pumping

methods are: (a) pure e-beam pumping; (b) e-beam controlled discharge

pumping; and (c) UV preionized (avalanche ) discharge pumping. In this

section we will discuss these pumping methods and their peculiar problems.

A. E-BEAM PUMPING

The use of hi gh energy electrons has greatly advanced the technology

of hi gh power lasers.  Fast electrons were f i rs t  used as a source of ioniza-

tion in hi gh pressure  CO2 lase rs. (34) They were subsequently used for  the

direct  pumping of the rare  gas excimer~
35

~ and ra re  gas monohalide

lasers .  (3 , 5) In fact , all the excimer and exciplex lasers  were f i r s t  pumped

by hi gh energy  e-beams. More recently they have been used as a partial

source of ionization in discharge pumping of the Kr? and Xe? lasers .

One of the scaling limitations of these lasers is the magnetic field resul t ing

from the discharge current  and self magnetic field of the beam that causes
(36)the beam to pinch. Boyer, Henderson and Morse have demonstrated the

effects  of the discharge magnetic field on the fast  electrons by Monte Carlo

(34) 3. D. Daugherty, E. R. Pugh, and D. H. Douglas-Hamilton, Bull. Am.
Phys. Soc. 16, 399 (1971); C.A. Fernsternmacher , M.J. Nutter,
J. P. Rink and K. Boyer , Bull Am. Phys. Soc. 16 , 42 (1971).

(35) H. A. Koehler , L. J. Ferderber , D. L. Redhead and D. J. Ebert , Appl.
Phys. Lett. 21, 198 (1972); P. W. Hoff, 3. C. Swingle and C. K. Rhodes ,

-- Appi. Phys. Lett. 23 , 245 (1973).
(36) K. Boyer , D. B. Henderson and R. L. Morse , J. Appl. Phys. 44,

551 1 ( 1973).
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s imulat ions.  These authors have also shown that a guide magnetic field

can reduce and eliminate the effects  of pinching. Mangano~
37

~ has recent l y

show n the effects  of e-.beam pinching resul t ing from a self magnet ic  field.

l ie’ has  also demonstrated that a guide magnetic field eliminates this e f fec t .

In fact, with the application of a guide magnetic field , the per formance  of a

d i rec t  pumped KrF * output energy increas ed by a factor of four. (10) 
The

i nc reased  laser performance is a direct result of more eff ic ient  coupling

of the e- beam into the laser  mixture .

Elect ron beams a re  widely used because of their avai labi l i ty ,  and

abil i ty to deposit re lat ively large power densities uniformly and l a rge  voi-

unics in the laser mixture .  The pump power P required to obtain lasing

action for  a r epulsive lower level is given by

gE ( 1 2 )
-~~i1r a 8 L

where  g is the required sing le pass gain , r the exci plex l ifetime, a~ the

stimulated cross section , L the length of the active medium, E the en e r g y

of the upper level and 1 the ef f ic iency  of exci t ing the upper level. So for  a

gain of 20%, a l ifetime of 10 nsec , efficiency of 10%, length of 20 cm ,

-16 2a 10 cm and E~~~~5 eV.

W/cm 3 ( I  ~

Such hi g h pump powers are easily obtained by e-beams.

In this  section we discuss electron scattering in gases by a s s u m i n g

that the fas t  e lectrons can be described by a current  and number dens i ty .

Such a simpl i f ica t ion  is not valid for a well collimated beam. However ,

(37) J . A .  Mangano , A ER L  (unpublished).
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the hi gh energy electrons have f i r s t  to pass throug h a foil: if the foil thick-

ness is greater  than 2/5 of the transport mean tree path, then the fast

electrons , after t ravers ing  the foil , are fair ly diffuse.  (38 , 39) Further , by

a supe rimposition of two isotropic sources, a well collimated beam may be

treated by th e diffusion theory. For a diffuse beam, in the absence of an

electric and magnetic field , one can use the “age ” theory. ( 3 8 )  In addition ,

the age theory has been extended to include the effects of the discharge

electric field. (40) The importance of the electric field can be assessed by

considering the dimensionless parameter y , which is the energy  gained per

transport  mean free path divided by the electron energy.  Typ ically, in an

e-beam controlled discharge ‘y ~ 0. 1 - 0. 3 and the effect of the electric

field on fast  electrons is small , so we will ignore it.

Besides the effect of imposed electric fields it is necessary to con-
- sider the effect  of both self magnetic fields and imposed magnetic fields.

• Diffusion in the presence of a magnetic field can generally be separated into

two directions:  diffusion along and perpendicular to the field direction .

• This analysis is similar to diffusion of a plasma in a magnetic field. The

- diffusion across the magnetic field is restricted because the electrons will

tend to gyrate around the magnetic field. In fact , the diffusion across the

field lines will be reduced by a factor (1 + X 2
/r~~i~’ where X is the t ransport

mean f ree  path and r~ is the Larmor radius. (41) However , because of the

(38) H. A. Bethe, M. E. Rose, L. P. Smith, Proc. Am. Philos. Soc. 89 ,
1256 (1938).

(39) J.H. Jacob, J. Appi. Phys. 45 , 467 (1974).
(40) H. A. Bethe and 3. H. Jacob, “ Diffusion of Fast Electrons in the

Presence of an Electric Field ,” Phys. ~ ev. A16, 1952 (1977).
(41) J. H. Jacob , “Diffusion of Fast Electrons in the Presence of a Magnetic

Field , ” Appi. Phys. Lett. 31, 252-254 (1977).
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energy dependence of A and r~ the resul t ing di f fus ion perpendicular  to the

magnet ic  f ield is a complicated function of magnetic field s t reng th  B and

the electron energy .  In the limit of large B the dif fus ion perpendicular  to

f i e ld  l ines  t u rn s  out to be inverse l y proportional to the magnet ic  f ield

strength. 
(41 )  

Reasonable magnetic field strengths can in fact be imposed to

good advantage . For typical rare gas laser mixtures  and p ressures

is 1 for  magne t ic  fields of 1 kG.

- • In the presence  of a s t rong magnet ic  field , only the d i f fus ion  of

e l ec t rons  in the d i rec t ion  of the field need be considered.  The half space

so lu t ion  for th i s  case simpl i f ies  to~
40

~

N b (x , t )  = N (x - 0 .4  A, t)  - N (x - l . 82 k , t )  ( 1 4 )

1 1 (x - 0. 4 A ) 2 (x + 1. 82 ~ ) 2
= —  t~~~exp - 4 t  - exp - 4 t

where  N b ene rgy  deposition , x = distance along the beam , and t = e lec t ron

age. ‘To obtain the energy depo sition one has to in tegra te  overal l  t. F i g u re

- 11 show s the solution for a mixture  conta in ing  95. 7% Ar and 4% Kr and

0. ~~ ‘ F 2 at a total p res su re  of 1.7  atm. In this  calculation we have  also

allowed for  a 2 mu Kapton foil .

The most e f f i c i e n t  way to couple e-beam energy  into the laser  m i x -

tur e is b y u s i n g  two c-beams. The resul t ing  energy  deposi t ion f rom su -h

a confi gura t ion  is shown in Fi gure 12. Using  two e-beams toge the r  wi th  a

m a g n e t i c  f ield 90% of the fast  electron energy can be coup led into the  l a ser

m i x t u re  with a va r ia t ion  in the energy d eposition of ± 10% .

B. DISCHARGE PUMPING

The two d i s c h a r g e  pumping methods are c-beam control led  d i s c h a rg e

pumping  and U V p re ion ized  avalanche d i scharge  pumping.  B y c-beam

38
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controlled discharge pumping most , but not all , the discharge electrons are

- 

- produced by a hi gh energy c-beam. The discharge , which provides most of

the pump power is then run in the ionization produced by the fast  electrons.

In UV preionized discharge pumping the laser medium is preionized by UV

radiation .

1. Metastable Production Eff ic iency

The discharge physics is strongly affec ted by electron impact excita-

t ion and ionizat ion of the ra re  gas metastables. To model these e f fec t s  we

have treated the krypton metastable as rubidium and the argon metastable

as potassium. This analogy has been used successfully in predict ing the

emission spectra of the excited rare  gas monohalides and is jus t i f ied physi-

• cally by the atomic similar ity between rare gas metastables and the alkalis. (2 3)

Some of the electron impact cross sections used in our model are shown in

Fi gure 13. The cross section for excitation f rom the 5 s confi guration to the

(42) * o25p configurat ion in Rb (Kr ) has a peak value of 75 A at 8 eV .  Al so

shown are  the ionization cross section of Rb~
43

~ (Kr *) and the excitation~
44

~

and ion ization~
45

~ cross sections of ground state Ar .  From Fi gure 13 it is

clear that the peak value of the metastable Ar excitation cross section is

30 times the peak value of the excitation cross section of Ar from the ground

state. More important, however , is the fact that most of the electron s can

excite the 5s to 5p transit ions which have a threshold of 1.6 eV , result ing

(42) H. Hyman , AERL private communication.

(43) R. H. McFarland and J. D. Kinney, Phys. Rev. 137 , 1058 (1965).

(44 ) 3. H. Jacob and 3. A. Mangano , “Total Electron Impact Excitation Cross
Sections of Ar and Kr , ” Appl. Phys. Lett. 29, 267- 469 (1976).

(45) D. Rapp and P. Englander-Golden, J. Chem. Phys. 43, 1464 (1965).
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in a cooling of the electrons whereas onl y the hi gh ene rgy  tail of the electron

e n e r g y  distribution can produce metastables from the ground state. We

have put these cross sections into a computer code which solves the J3oltz-

mann electron transport  equation. This Boltzmann code takes the cross

section data and the electric field and calculates self-consistently the elec-

t ron energy distribution and the partitioning of discharge energy amongst the

various excited states and ionization. The predictions of the code are shown

in Figures 14, 15 , 16. (46) Figure 14 shows the percentage of energy that goes

into producing Kr * as a function of the fractional metastable population

• Kr */(Kr + Ar) for electric fields of 2-6 kV/cm atm. It is apparent f rom

Figure 14 that the effic iency of producing the metastables is a strong funct ion

of the K r* population. For example , the eff iciency of forming Kr~ is almost
-560% when the fractional population is 10 and the electric field is 2 ky/cm

atm. This efficiency decrease s to less than 10% when the fract ional  popula-

tion is increased to 10~~~. The decrease in eff ic iency is because the in-

creased Kr * density cools the electrons. Fi gure 15 is a plot of the average

electron energy as a function of the fractional metastable population in-

creases.  The cooling effect is much stronger at smaller electric fields.

• The decrease in efficiency can be m ade up by increasing the electric field.

However , the ionization rate (see Figure 16) rapidly becomes so large that

it preclude s discharge stabilization by electron attachment (F 2 ) (see

(46) Recent calculations by W. H. Long, Jr. , “Electron Kinetics in the KrF
Laser , ” Appl. Phys. Lett . 31 , p. 391-394 (1977) have shown that
electron - electron collisions will effect the discharge kinetics for a
reduced electric field of < l0~~~0V_ crn Z and fractiona l electron densitie s
of >iø~~ . Similar calculations have also been performed by William
H. Nyhan of United Technologies. The discharge data presented in the
following sections are for electric fields > 10-lb V-cm~ and maximum
fractional electron densitie s ~< 2 x iO~~~. For these conditions electron -
electron collisions will have a 10% effect on the discharge kinetics.
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following section) for cases where the discharge power exceeds the e-beamn

power into the laser medium.

Under controlled discharge conditions one can choose the desired

• operating conditions and insure that the fractional meta stable population is

small enough so that the metastable production efficiency is high. In the

case of the UV preionized discharge, however, the current and hence the powe r

density and fractional metastable population increases in an uncontrolled manner.

- 
As a result , the metastable production eff iciency will decrease and will be

smallest when the power into the laser mixture is the largest. This is one

of the reasons that the UV preionized discharges can only achieve e f f i c ienc ies

of 1%. Anothe r reason , as we will discuss subsequently, is that the increased

power density results in an increased excited state density and a relatively

large absorption at the laser frequency. Hence the optical extraction effi-

ciency is adversely affected.

2. Discharge Stability

The discharge stability of these mixtures is strong ly affected by the

rare  gas excited states. Thi s become s clear f rom the following simple

analysis.  Typically the input energy for efficient laser action is 100 J/liter-

~~~~~ So the discharge power that goes into producing metastables directly

is given by

P = x 10 kW/cm (15)rn m

The metastable lifetime is determined pr imarily by the halogen donor like

F2. In the presence of 0. 2% F
2 

at a mixture pressure of 2 atm, the mare

gas metastable lifetime is about 15 ns. Assuming that 50% the steady

state metastable density M* is about 5 x i0 14 cm 3 and the fractional popu-

lation is 10~~~. For these conditions the electron impact ionization of the
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mestastable is 2 x ~~~ sec 1 compared to l0~ sec~~ for the ground state.

Hence , metastable ionization is the dominant ionization for laser discharge

condi t ions .  The production and loss of discharge electrons 
~e is g iven by

dn
—

~~~~~~~ 

= S + ( v .  - 

~ ~e (16)

whe re S is the electron/ ion production rate , v is the ionization f requency

and ~~~, the attachment rate.

The production and loss of the metastables is

dM ’
~ M*

dt = < aV >n M _ _ _ _  ( 17 )

As we have discussed above , the dominant ionization is metastable ionizat ion ,

so we can wr i te

*v .  = <d v). M (JH)

Equations (16) and (17) are a pair of nonlinear coupled differential

equations in 
~e and v

1
. By a perturbation analysis  it can be shown~

47
~ that

these equations predict a nonzero steady state solution for n

~~~ 2” iO ( 1 9 )

where  is the equil ibrium ionization rate. From the stabi l i ty  c r i t e r ion

it is clear that UV preionized discharges will not be stable because the

electron production occurs prior to the discharge pulse.

The e lec t rons  f reed by photoionization rap idl y form negat ive  halogen

ions

• e + X 2 — ) C + X  (20 )

(47 ’) 1. 1). Daugherty , J.A. Mangano, and J.H. Jacob, “Attachment-
Dominated E lec t ron-Beam Ionized Discharges , ” Appl. Phys.  Lett.
28 , 581-582 (1976).
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The negative ions then provide and easily ionizable source for production of

discharge electrons . (48) Electron detachment presumably occurs by

• 
- d ischarge-electron impact and laser-photon deta chment . The negative ions

• which are lost by recombination result in a more uniform spatial distribu-

tion. When the discharge electric field is applied the electron density

avalanches rapidly by several orders of magnitude, and large discharge-

energy inputs are possible. The key issues to be addressed in e-beam sus-

tained discharge pumping are discharge stability and discharge enhancement.

We have numerically solved a system of nonlinear equations similar

to Eqs. (16) and (17) for e-beam current of about 2 A/cm
2. In this analysis

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

atoms. Fi gure 17 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 twice the equilibr ium ionization rate. Notice that the dis-

charge current reaches a constant value asymptotically. Another important

feature  for the stable discharge case is that the metastable production eff i-

ciency 1M remains above 75%. If we keep everything constant but decrease

the attachment rate by 20% we observe that the ionization rate increases and

after about 70 ns becomes greater than the attachment rate. For this case

the discharge current increases faster than exponentially in time and the

metastable production efficiency falls steeply. In Fi gure 1 8 we see experi-

mental current, voltage and fluorescence traces for a KrF e-beam controlled

discharge under stable and unstable operating conditions. The discharge

- cavity was filled to 2 atm with 0. 1% F2, 2% Kr and 97. 9% Ar .  Stable

(48) 3. C. Hsia , “A Model for Preionization in Electric-Discharged-Pumped
Xef and 1 .1  Lasers, ” Appl. Phys. Left. 30, pp. 101-103 (1977).
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discharge  conditions were achieve d when the 0. 3 pF capacitor was charged to

8 kV.  Notice that the discharge current reaches a steady state value before

the end of the e-beam current  pulse. When the capacitor was charged to

10 kV the discharge was unstable. The discharge current  increases  slow ly

• at f i r s t  and has a shape very  similar to the unstable case shown in Fi gure 17.

The d i scharge  cur ren t  is volumetrically unstable before it arcs. This

asse r t ion  is ve r i f i ed  if one observes in Figure 18, that the fluorescence is

i n c r e a s i n g  for 40 ns subsequent to the onset of rapid current growth.

3. D i scha rge  Enhancement

In an c-beam controlled discharge one is interested in both d i scharge

stabili ty and large (~~ 5) d ischarge enhancement. The discharge enhance-

ment is def ined here as the ratio between the power deposited in the la8er

mix by the d ischarge  1’d to the power deposited by the e-beam 1
~eb~ 

This

rat io is given by
eV DE

(~3 — v~~0) E .  (21)

where  V D is the average  d ischarge  electron drif t  velocity; E is the app lied

elect r ic  f ield and E. is the energy  required to create an e lec t ron- ion  pair

by the beam electrons.  For d i scha rge  stability we have shown that ~ ~ 2v

so for  an e-beam stabilized d i scharge  Eq. (21)  can be rewr i t t en  as
eV~~E

.< —
~~~-— (22 )P v . E .eb tO t

Using the curves in Figures 15 and 16, the ionization rate can be expressed

as a func t ion  of the metastable production ef f ic iency 1M for a g iven electr ic

field. Thus we can plot the discharge enhancement factor as a func t ion  of

the ruetastable production e f f i c iency .  Fi gure 19 shows such a plot for an
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electric filed of 3 kV/cm atm . The analysis predicts that one can obtain a

stable d ischarge  with a large enhancement ( > 5 )  and a la rge  metastable

production e f f i c iency  (70-80%). However , this is obtained at a price , i. e. ,

the power into the laser mix decreases as one moves along the curve f r o m

l i f t  to r i ght .  In fact , the maximum metastable e f f i c iency  is approached

asymptotically as the d ischarge  power , and hence metastable dens i ty,  goes

to zero. It appears reasonable however to obtain discharge enhancement

factors of 5-10, metastable pumping efficiencies of 70-80% at a discharge

power input of 100 J ( l i t e r-a tm)~~ (J.Lseci 1.

C. K iNETIC  DISCHARGE MODEL

U s i n g  the rate constants  predicted by the Boitzmann code , we have

developed a self-consistent kinetics code that follows the temporal evolution

of the secondary electrons , posit ive and negative ions , Ar ’
~, Kr and KrF .

We couple our kinetics code to a simultaneous set of d i f ferent ia l  equation s

that  descr ibe  the electr ical  circuit.  The outputs of this code include the

temporal  evolution of the discharge current  and voltage and the K r F

f luorescence  for a given preion izat ion level , discharge capacitor charge

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

• compared with  our KrF laser discharge experiments.  The cav i ty  was f i l led

with a 2 atm mix of 93. 7% Ar , 6% Kr and 0. 3% F2 . Fi gure 20 show s the

exper imenta l  results  and theoret ical  predictions when the 0. 3 p,F capacitor

is cha rged  to 10 kV. The top t race is the discharge voltage. The second

t r ace  is the d ischarge  c u r r e n t .  The th i rd  trace is the KrF ” fluorescence.

- 
H y the end of the pulse the enhancement in the f luorescence is 3. The

n-~et a s t a b le s  are  being produced with a maximum e f f i c i ency  of 1.4 t imes

the e f f i c i e n c y  of rnetastable production by a pure e-bearn . Fi gure 21 show s
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the re sults when the capacitor is charged to 16 kV. In this case the di s-

charge current continually increases until the discharge goes thr ough the

glow to arc transit ion 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 times the

eff iciency 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 as the rnetastable density increases and the discharge

pumping efficiency of Ar* and Kr* falls.
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V . POWER EXTRACTION

The power extracted from a laser cavity with a well saturated gain

niediurn was ana lyzed by Rigrod.~
49
~ In his analyses he assumed a stable

optical re sonator homogeneously broa dened gain coefficient, and plain

electromagnetic waves. He also assumed steady state conditions and in-

c ludes mirror losses. Ri grod model has been extended to account for a

distributed absorption in the active medium. t50) Such a modification is

necessary because of the excited state and molecula r ion absorption at the

laser wavelengths as will be discussed subsequently. For this case the

extraction efficiency can be presented as a function of the small signal gain ,

g0 , absorption coefficient, a , the laser length , L , the satura tion flux ,

~~sat’ and the reflectivity of the mirrors .  The steady state analysis  is

valid provided the laser pulse is much longer than the gain rise time and

photon transit time through the laser cavity. So this analysis will be ap-

plicable for the ~ sec laser pulses obta ined by e -beam and e.~beam controlled

discharge pumping. The analysis is not valid for the short pulses typical of

the UV preionized lasers .

A . POWER EXTRACTION IN KrF *

Fi gure 22 shows the variation of the optimum extraction efficiency,

as a function of the small signal gain, g0L, for va rious intrinsic absorption

a L. The effic iency is calculated for the optimum mirror reflectivity (output

coupling) and it is assume d that the lower laser level is repulsive (as in KrF *).

(49) W . W . Ri grod, J. Appl. Phys. ~~~~~, 2487 (1965).
(50) J. A . Mangano , AERL, to be published.
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An important feature of these curves is that a laser that has intrinsic ab-

sorption cannot be scaled in length indefinitely. For example , for a g0L of

8 and an a L of 0 .5 , the extraction efficiency is 55%. If the length is in-

creased a factor of 5 so g0L is 40 and a L is 2 . 5, the extraction efficiency

drops to 33%.

Absorption in the active media has been investigated. (51) There

• are a number of species that can photoabsorb at 249 nm. Stuenenberg and

vogel(52) have determined that the F2 photoabsorption cross-section is about

1. 3 x l0 20 cm2
. By probing an e-beam excited mixture with a fia shlamp

• pumped dye laser , broadband absorption has been observed.~
51) This ab-

sorption can be explained as contributions from positive and negative ionic

states (A4, Kr~ , F ) ,  by triatomic species such as Kr 2F and by the high

**lying rare gas electronic states Ar (4p states). Table 4 lists the dominant

absorpting specie s and their respective cross-sections at 249 nm (other than

F2 ). This table also give s the number dens ities of these species as predicted

from our kinetic code for 1. 5 A/cm2 and 6 A/cm2 e-beam current densities .

The F photodetachxne nt cross-section has been measured by Mand1~
53

~

between 245 and 270 m. The photoionization cross-sections of Ar ”
~ and Kr *

(4 p and Sp states respectively) have been calculated by H. Hyman. (54) Stevens,

(51) A . M. Hawryluk, J. A . Manga no and J.H. Jacob , “Gain and Absorption
Measurements in a KrF * Laser , ’ Appl. Phys. Lett. 31 , 164-166 ( 1977).

(52) R . K .  Stuenenberg and R.C.  Vogel , J. Am. Chem. Soc. 78 , 901- (1976).

- (53) A . Mandi , “Electron Photode tachment Cross-section of the Negative
Ion of Fluorine, ” Phys. Rev. A3, 251-255 (1970).

(54) H. A . Hyman, “Photoionization Cross-sections for Excited State s of
Argon and Krypton , ” Appl. Phys. Lett . 

~~~ 
14- 15 (1977).
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TABLE 4

KpP PHOTOABSORPTION

PHOTOAB$ORPTION NUMBER DENSITY ABSORPTION
SPECIE CRO~ SECTION SOURCE cm a,, —

- 
• cm 2 

ISA/cm 2 S Ncm 2 l.5 A/a,~ IA/cm2

50 * 1O~~~ MANDL 1.1 z io14 2.2 * 1O~~ 02 c 10 ’ 1.2 ~

Kr 2~ 1.6 * IO~~~ ESTIMATED 4.3 x ~~13 4.9 * io13 •.a ~ io~~ 7.9 M

Kr 2F 1.5 * 10~~~ ESTIMATED 3.7 * io14 1.6 * 10~~ 5.9 c IO~~ 2.4 ~

Ai2~ 1.3 • 1O~~~ STEVENS ETAL 6.3 • 1012 1* * io13 e.g • 10~~ 2.3 •

6 * 10~~~ HYMAN 5.2 • io12 2.S • 10~~ 3.7 • 10~~ 1.0 •

TOTAL CALCULATED ABSORPTION 1.4 • 4.1 •

TOTAL MEASURED ABSORPTION 1.1 c IO~~ 4.4 *

G$1$1— 1

I

;~
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Gardner and Karo~
55

~ and Wa dt and Hay~
56

~ have recently ca lculated the

Ar~~photodissoc iation cross-section ( 2E + 
.~~~ 2~~+) The Kr~~photoabsorption

cross-section was estimated by red shifting Ar~ c ross— sec t ion  as given b y
(5~5) *Ste vens , Garder and Karo by 20 nm. Finally we have assumed that Kr 2F

will have the same absorption cross-section as Kr 2. The total absorption

measured at an e -bearn current density of 1.5 A/cm2 is 1 .5  x 10~~ cm*

From the data listed in Table 4 we calculate an absorption of 1. 4 x 1 0 ~ cm*

At 6 A/cm2 the measured and calculated values are 4 .4  x l0~~ cm 1 and

4 . 1 x 10~~ cm~~ respectively.

The gain on line cente r has also been measured. From the gain and

absorption measurements the stimulated emission cross-section is 2. 5 ±
0 . 3 Tellinghuisen et al~

58
~ have ana lyzed the KrF * spontaneous emission

spectrum and found a value of 2. 6 ± 0. 3 
g 2 From these results we can con-

*d ude that the self-absorption of the KrF to the R ydberg levels is negligible .

The above results have been used to predict the performance of KrF

on the one -meter AERL device. The best result by pure e -beam pumping are

listed in Table 5. For these conditions g0L = 3 .7 , a L  0 .35  and the pre-

dicted extraction efficiency is 46%. Thi s corresponds to a computed intrinsic

efficiency of 9. 8% compared to the measured efficiency of 9%. The op tical

energy  extracted was 102 J in 8. 5 liters corresponding to an energy  density

of 12 J/liter.

(55) Walter J. Stevens , Maureen Gardner and Arnold Karo , “Theoretical
Determination of Bound—Free Absorption Cross-sections in Art , ”
Che. Phys. 67 , 280-2867 (1977).

(56) Willard R. Wadt , David C. Cartwright and James S. Cohe n, “Theoretical
Absorption Spectra for Net, Ar~~, Kr~ , and Xe~ in the Near Ultra violet , ”
Appl. Phys . Lett . .a~ 672-674 ~l977).

(57) M. Krauss , NBS, private communication.
(58) J. Tellingheusen , A . K. Hays, J. M. Hoffman and G. C. Tilcone , J.

Chem. Phys . ~~~~~ , 4473 ( 1976) .
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TABLE 5. PERFORMANCE: E -BEAM PUMPED KrF  LASER
(0 . 2~ F2/4T,- Kr/95. 8~ - Ar AT 1. 7 ATM)

• LASER PERFORMANCE

— LASER ENERGY 102 JOULES

— ACTIVE VOLUME = 8.5 LIT ERS

- 
— LASER ENERGY DENSITY 12 J/LITER 

-

— LASER ENERGY /ENERGY 9%

DEPOSITED

— LASER PULSE LENGTH 600 nsec

• E—BEA M CHARACTER ISTICS

— BEAM CURRENT DENSITY 11.5 A/cm 2

— BEAM ENERGY = 250 key

G933 2
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Finally, the best laser results obta ine d by e-beam controlled dis-

charge  pumping are summarized in Table 6. These results are limited by

the  fact  that the discharge is unstable for electric fields greater tha n

2 kV/ atm . Ideally, we would like to ope rate at electric fields of 3 kV/c m

atm . At such electric field strengths, both the discharge enhancement

and intrinsic efficiency would be higher. Theoretically the efficiency

- should increase to 15% and the enhancement to 4. The unstable

discharge is probably the result of nonuniformities in the ionization produced

by the fast electrons. The stability criteria applies to the reg ion of largest

input power; hence , a non-uniform discharge will not be as stable as a uni-

form discharge.

B. POWER EXTRACTION IN XeF~

The best performa nce of the XeF * laser by e-bearn pumping is listed

in Table 6. These results were obtained in a Ne -rich mixture. The expe ri-

mental efficiency of 2. 6% is less than 1/2 that of KrF . In part the decreased

• eff iciency is because of the lower qua ntum efficiency. In Ne-r ich mixtures

the finite relaxation time of the upper manifold and the bound lower level de-

creases the maximum obtainable efficiency as will be discussed in this section.

In Ar- r ich  mixtures the active medium absorption further decreases the ex-

traction efficiency.

The dominant absorbing species in e -beam pumped XeF* gas mixtures

have been ide ntified by systematic absorption measuremerit s .~
59

~ The mea-

sured and calculated absorption cross-sections of the different species are

listed in Table 7. In Figure 23 a comparison of the absorption in Ar and Ne-

rich mixtures is shown. These mixtures contained 0. 5% Xe and 0. 2% F2.

(59) M. Rokni , J .H .  Jacob, J. A. Ma nga no and R. Brochu (unpublished).
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T A B L E  6. E-BEAM CONTROLLED DISCHARGE PUMPING OF KrF *
1 METER DEVICE (0. 5% F2/ 10% Kr/89. 5% Ar AT 1. 5 ATM )

• LASER PERFORMANCE
— LASER ENERGY - 75 JOULES

— ACTIVE VOLUME 7.5 LITERS

— LASER ENERGY DE NSITY = 10 4/LITER

— LASER ENERGY /EN ERGY DEPOSITED - 9.5%

— LASE R PULSE LEN GTH - 500 niec

— OUTPUT COUPLING 71%

• DISCHARGE CHARACTERISTICS

— DISCHARGE ELECTRIC FIELD ~~ 2 ky/cm—atm

— DISCHARGE CURRENT DENSITY = 70 A/cm2

— DISCHARGE ENERGY DEPOSITED - 70 J/LITER

• E— BEAM CHARACTERISTICS

— BEAM CURRENT DENSITY - 4 A/cm2

— BEAM ENERGY - 300 key

— BEAM ENERGY DEPOSITED 35 J/LITER

Hi 887
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TABLE 7

2
o c m  300

SPECIES EXP. THEOR.

2 x (REF 5)
r2 . x 1~8.7 x 1O~~ (REF 6)

Xe2~ 1.2 x io~~
6 4.8 x 1O~~ (REF 6)

Ne2~ — 9.6 x 10—19 (REF 6)

H 2014
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Figure 23 Excited State Absorption in A r/Xe/F 2 and Ne/X e/F2Mixtures
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From this fi gure s it is apparent that in Ne/Xe/F2 mixtures the observed

photoabsorption is much less.~
60

~ The two main reasons for the decreased

photoabsorption in Ne-r ich mixtures at XeF wa velengths are (1)  Ne~~ photo -

absorption at XeF wavelengths is much smaller tha n Ar~ photoabsorption

and (2) Xe~ formation is much slower because the intermediate complex

+ + (61)
NeXe , in contrast to ArXe , is probably only weakly bound or unbound .

Figure 24 show s the bound upper and lower XeF laser levels. The

dominant laser transition is the v’ = 0 —‘ v” = 3 (353 nm) . The extraction

efficiency will depend on the lower level lifetime and the vibrational relaxa-.

tion rate of the uppe r manifold. Starting with rate equations for the upper
(62)

and lower levels it can be shown that extraction efficiency is given by

O T / T
1ext + O r / r )  ~ [

~ 
-
~~::~] (23)

where 1) is the extraction efficiency plotted in Figure 22. The second term

accounts for the finite vibrational relaxation time of the upper laser manifold.

o is the fractional population in v = 0 unde r the equilibrium conditions, T~

is the uppe r level lifetime and T ,,, is the vibrational relaxation time . When

OT u/T v >> 1 thi s term approache s unity . The last term account s for the in--

efficiency resulting from finite lifetime of the lower laser level (v” = 3). For

a repulsive lower level , as in the case of KrF * this limit is unity.

We wiJ ’ f irst  consider the effect of the vibrational relaxation of the

uppe r manifold. In Ar-r ich mixtures, as we have discussed previously, the

vibrational relaxation is faster than in Ne-diluted mixtures. The second term

(~~0) L. F. Champagne and N. W. Harris , “The Influence of Diluent Gas on the
XeF Laser , ” Appl. Phys. Lett . 31 , 513-515 (1977).

(61) M . Krauss , NBS , private communication.

(62) M. Rokni, AERL , private communication.
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in Eq. (23) is unity when Ar is used as a buffer .  The same is true in the

KrF laser mixtures of Ar/Kr/F2. Figure 25 shows time integrated side

li ght spectra of XeF in a Ne/X e/N F3 mixture for lasing and non-lasing con-

ditions. From this fi gure it is evident that the laser radiation depresses

only the v ’ = 0 population density while the higher vibrational levels are

not affected.  As a result , the second term in Eq. (23 )  is about 0 .6 , i .e . ,

60% of the available energy can be extra cted.

In contrast to KrF * the lower level of XeF ” is bound by about 0 .15

eV . In steady state at ambient tempe rature and typical laser mixture pres-

sures , most of the XeF will dissociate into Xe + F. However , if the dis-

socia tion rate TD is comparable or slower than the upper level lifetime,

the extraction efficiency will be decreased by the third term of Eq. (23).

Figure 26 shows the side light emission at 353.2 nm (v ’ 0 —
~~ v” = 3)

unde r lasing and non-lasing conditions . Unde r lasing conditions we ensured

that the cavity flux was at least an order of magnitude larger tha n the satu-

ration flux . From the side light fluorescence the ratio of N ( v  = 0)/N~~(v = 0)

in the limit ~~~ >> 1 is determined to be ~ 0 .6 .  Therefore, the last term

of Eq. (23) is 0. 4 . The decrease in the ext raction due to the lower level can

be understood from the schematic diagram shown in Figur e 27. For a re -

pulsive lower level if ~~~/4l 10 , the side light will be depre ssed by a factor

- 
of 11. For this condition a finit e ~ N = N - N required to overcome the

cavity loss. In the case of a repulsive lower level N = 0, hence N
4 

= ~ N .

For a bound lower level and steady state lasing conditions, the population of

the ground state will be finite and dependent on the ground state lifetime. For

the same cavity loss (same AN)  N * 
= N + ~ N to sustain lasing action. Hence

the extraction efficiency is lowe r by the factor give n in Eq. (23).
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Figure 26 XeF* Sidelight Emission at 353. 2 nm With and Without
Las ing
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VI. CONCLUSION

The rare gas fluoride lasers can be very efficient and have the

potential of being scaled to high avera ge powers. To date the best ef-

ficiencies and single pulse energies have been obtained from KrF* which

has a repulsive lower level. The formation, quenching and extraction of

the KrF* laser is understood well enough to enable laser performance

predictions. In the XeF* laser the physics is more complicated. It

appears that the efficiency is constrained by the bound lower level, the

finite vibrational relaxation of the upper level and intrinsic active medium

- . absorption. The intrinsic absorption is greatly reduced by using Ne as

a buffe r instead of Ar ;  however , in the presence of Ne the vibrational

relaxation of the uppe r laser level is slower than in the presence of Ar.

New families of exciplex lasers having ionic upper levels , as in

the rarle gas fluorides , can be researched. The mercury  rnonohalides

discovered recently is an example of such a class of lasers. As in the

case of the rare gas halides these exciplexe s were first  lased by pure

e-beam pumping .~
6
~ Laser action has also been obtained by e-bearn controlled

discharge pumping.~
63

~ The mercury monohalide lasers radiate in the visible

and have the potential of achieving high power and efficiencies. There are

also triatomic exciplexes analogous to the rare gas halides that could

possibly lase. These systems will be far more complex with a high density

of states and numerous curve crossings and hence the probability of achiev- - -
~

ing efficient lasing is expected to be smaller than in the diatoznic exciplexe a.

(63) J.H. Jacob, i.A. Mangano, M. Rokni and B.N. Srivastava, pre.
sented at the 20th Gaseous Electronic Conf .,  Oct. (1977) ;
M. McCusker etal ibid , W. Watt private communication.
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