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I. INTRODUCTION

This contract has made many contributions over the years

to advance our understanding of the UV/visible laser candidates

investigated as part of the DARPA/ONR program. For example , in

F Y 7 5, we observed the first lasing by discharge pumping of a rare

gas fluor ide laser on the AERL small-scale apparatus. Under

this program a stab ility criterion for discharge pumping of elec-

tronic transition lasers was predicted theoretically and verified

experimentally. The !ormation efficiency of KrF by discha rge

pumping was measured under stable lischarge conditions and ‘r ound

to be 35%. The -rain and absorption in e-beam pumped XrF0 and

XeF were also measured .~~
4’5

~ From these measurements , the domi-

nant absorbing speci es were identified and we verified that self-

absorption in KrF* ~~as negligibl e . The above information , together

with the AERL measur~’J quenching kinetics , was incorporated into a

k~netics/iaser code. This code has successfully predicted the

efficiency and iase r flux extracted f rom the im , device)6~

More recently, we have done pre l iminary experiments in dis-

• charge pumped mercury halides. For example , lasing of HgCt* by

~1ischarge pumping has been demonstrated . In addition , a kinetic

cod e has been writt en that includes the major reactions and the

cir ui t equations. As in the earlier work on the discharge pumping

of KrF’, we have included the effects of excited state excitation

5
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and i o ni za t i o n . A s t a b i l i t y  theory that is applicable for metal

vapo r discharges  has be en Cotnplt~t~ d. 18) This  i n f o rn a t i o n  has

been s~rmar i zed  in ear L.er technica l  reports and open l i t e r a t u r e

publications. Mor e r e c e nt l y ,  in FY78 , i n f o r m a t i o n  on the extent

of bottleneck~ng in XeF* was provided , temperature dependent rate

constants for the ~ro~unant quenching processes involving XCF*

were measured , and experiments investigating the variation of

absorption in XeF~ active mediun~ at elevated temperature were

undertaken. These measurements also included the first direct

me.rs..rcmcnt 0! the rate constant for electron quenching of XCF*.19)

The in~~o rm a tx o n  o b t ain e d  in the program and the understand-

ing of electronic transition lasers it r epresents has contributed

significantly to the overall DARPA/ONR visible laser effort. Based

on these ~ey kinetic measurements and supporting laser experiments ,

we were able to project efficient , scalable operation of these

laser candidates to meet a var iety of DARPA mission objectives.
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II. RESULTS

A. ELECTRON ATTACHMENT PROCESSES

Experiments per~ ormed under contract N00014-76-C-1032

demonstrated an i n t r i n s i c  laser e f f i c i e n c y  near 3% for  e—beam-

con t roll t ’d discharge pumping of HgC~ * in the one-meter laser

device . One of the major technica l issues for efficient laser

o:~o ra t i on  is diseharqe stability wh~ch was discussed in considerable

• de t a i l  in an e a r l i e r  report. UO) The discharge was shown to ~~

stable if the follnwrn ~: criterion was met for  at tachment dom inated

con d i t i o n s :

.

where 2 m < 3, v is the e q u i l i b r i u m  ionizat ion rate and is

the attachment rat e , i.e., ~ - ~~~~~~~ where kATT is the attach-

ment rate constant and (Xj denotes the density of attacher present.

Due to the importance of attachmen t in the successful model-

ing of the attachment dominated e-beam-contro l led dishcarge lasers ,

we have hade a rieasurement of the rate  constant for electron dis-

socia t ive  at tachment  to molecular ch lor ine  used as a donor in the

l as e r experiments. The ha logen donor serves two basic functions :

• (1) it provides the halogen atom for the lasing exciplex; and (2)

~n helps stabilize the discharge by dissociatively attaching the

secondary electrons.~~
7’2~ For the HgC~ laser , C~~ may be an

•1

• - . !~~~~O EVERETT

S ~~~~~~~ 
— — 

~~~~~~~~ 
.-

~ 

~~~-~~~~~~~~~—~~~~~~~~~~ • - • - • •-



• -• _ _ _ _

appropr ia te  donor because it is known tha t  the U g ( 3P 2 ) leve l ~~~
• acts w i t h  C~ 2 to prod uce HgC i~* . Before discharge pumping of

HgC~ * using C.2 may be evaluated , the dissociative attachment.  rate

of electrons by 
~~2 

has to be known .

Figure 1 shows the potential curves U2) of C 1 and c2 .

From these curves it is apparent that there are three electron

energies where the attachment cross section will have a maximum

value corresponding to the transitions to the three non-bonding

states . These peak:. have been observed experimental by Tam and

wonq U2) and Kurepa and Belic~
13
~ who measured the shape of the

• attachment cross section as a f unction of electron energy for room

• t empe rature C~
’
2. Also , as the vibrational distribution of C~ 2

changes , the attachment cross section and hence the attachment

ra te constant will chanqe . Such a variation of attachment rate

with vibrational temperature has been observed for other halogen

compounds. (14) As the mercury monoha lide lasers operate at 200—

2~~O ’ C , it is important to measure the attachment rate as a function

of both electron temperature and gas temperature .

The experimental apparatus in which these measurements were

made has been described previously . The gas mixture was ionized

by a beam of fast electrons having an energy of 150 key and a cur—

rent density of about 0.1 A/cm2. About 40 ns after the e-beam was

fired , a capacitor that was precharged to the relevant voltage was

switched across the anode and cathode of the discharge cell. The

discharge cell was constructed from stainless steel and could be

• heated to 250°C. The C’2 density in the cell was monitored by

• 8
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the absorption of the 366 am mercury line . The C~ 2 absorption

at this wavelcn~;th is practically independent of temperature be-

tween 20°-250°C. t15) The attachment rate w~ s measured by observ-

in— ; the c ecay or t h e  electron current  • t f  ter the e-bearr was shut

o f f .  Tv~~r cal data are shown in Fi-~ure ~~~~. The top trace iS  the

c-be am current . The middle trace is the discharge anode/cathode

vo 1ta~ e -e-:d 1 w e s t  t r ace  is the discharge current. There is a

s l i g h t  r i se  in the vol tage  when the c-beam shuts o f f .  This is

because ot the  d i s c h t r ~:e c i r c ui t  i n d u c tan c e  of about I t O  nh .

It should be n ted that th~ c — h t an c u rr e n t  ~;hut s  o f f  in about 10

ns ., w h i ch is muc h r a s te r  t h an  the temporal decay of the secondary

el e c t r o n  d e n s i t y .

A f t e r the e-beam is turned o f f  the r a t e  of chanqt of the

e lectron density n~ with time t is ~ivc n by

d n
— - in n -
dt e + e

where a is the recomb~ n a t i  ‘n rate constant of electrons with

molecular ions and B is the attachment rate. When n (and

cons.’queritly n 4) are small such that ‘> in~ then Eq. ( 1)  may

be i n t e g r a t e d  to :ivc e For t h i s  condi t ion  the tempora l

decay of the current density iS exponential , and the decay rate

~s proportional to the number density of a t tachers . For the

• exper iments  described in t h i s  paper the c-beam current was atten-

~;~rted to 0.1 A/cm 2 and ‘
~e 

.. ~ io H cm 3. Figure 3 shows the

decay of the current on semi-log plots for mixtures containing

l~)
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4 t o rr  of CZ 2 t n  one aziiagat of N2. From this figure it is appar-

er t  t h at  the decay is exponent ia l  t o r  mor~ than a decade of drop

~n n , v e r i f y i n g  the the e le c t r o n - i o n  recombination is neg li ub le

compared to the attachment rate. Moreover the attachment rate so

measured is a linear function of the C~~, density as shown Ui Fig-

ure 4. Experiments were performed at 2, 6 and 10 kV cm-amagat.

From the slope of these curves t he  a t t achment  r a t e  constant  of

C~~ at a qivt’n electric f ield rs determined . Figure 5 shows the

re s u l t s  of s i m i l a r  ex p cr i r -u m t s  a t  250°C.  By comparing Figures 4

and S i t  is clear tha t the  d i s s o c i a tiv e  a t t achmen t  ra te  in  heated

C~~, ~s la rqer  t h a n  tha t  of ~~om t emp e r atu r e  C ’~2 .  Figure  6 shows

the results o~ the attachment rate constant for various E/N in N2
mixtures for both room temperature and 250°C gas mixtures. in

evaluating the E1 N we have a l~~ewed for a cathode fall of 200 V.

From the room temperature data we can calibrate the relative attach-

ment ross section measured by Tam and wong U2) and kurepa and

Belic. (13) Thc :eak cross section near ;ero energy is 2.2 x

c~~ . Kurepa and Belic U3) estima ted this peak value as 2 x io
_
~
6

cm 2. For comparison , in Figure 6 we also show the variation of

the attachment rate constant as predicted by the Boltzmann code (16)

using Tam an~I Wong ’s cross section , (~ 2) norma lized by our meas-

urements .

• The attac~ nent rate constant of CL2 for  thermal electrons

• at 3OO°~ has been measured by Christodoulides, Schumacher and

Schind1er~
17 1 to be 3.1 x i0~~~ crn3/s. Using our predicted peak

1 3
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Figure 6 Attachment Rate Constant of CL2 at Room Temperature and
250°C. The solid curve is the predictions of the
Boltzmann code for room temperature CL2 .
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value of 2.2 x io 16 ~~2 we calculate that the rite const.e-i t for

an e lec t ron temperature  ot 300 °K should be ~ l0~~ crn 3/s. Tl~~s

discrepancy , between the measu rem en t of Ch r i stodou lides et a i U 7 )

and our c a l c u l a tio n  us ing  t h e  Tam and Wong s U~~ cross sectiun

can be explained in part by t h e  uncer ta inty  of + 0 .05  eV in the

e lec tron  ene r . j~- . Also the e-Lea :n  used by Tarn and wonq U 2 )  had a

~-~ dth of 0.05 eV causing an uncertainty in the width of the

~tak cross section near ~~~~ ~
— enerqy . Such an u n c e r t a i n t y  is

.tL~~ut 2 kT at room temperature and could greatly alter the esti-

nu ted at t a c hm e n t  rate constant  for  300 °K e le c t r o n s .

F i n a l ly  w~- have measured  the  a t tachment  rate  in A r / C L 2 mix-

t u res .  Th~- purpose for rc~~lacing the N 2 bu f f e r  w i t h  Ar is that

in Ar the mean elec t ron  energy is considerably  larger  for the same

E N. For t he Ar t i c h  m i x t u i e ~ we ran at  an e l e c t r i c  f i e l d  2 ky/cm

atm . The mear  e l ec t ron  energy fer this case was predicted to be

5.2 eV by the Bo1t~:minn code. At room temperature the measured

attachment rate constant was 2.04 x io 10 cm 3/s .  This value should

be .o~ipared with the ‘.‘-~1ue of 3.3 x 10 b0 cm3/s predicted by the

Bo l t z m an n  code us ing  Tam and Wong ’s cross section , U 2 )  and 2 . 9  x

;o l0 cm3/s , ~;ing Kurepa and Belic ’s cross section.U3) The

attachment rate constant at 250°C in Ar was measured as 2.9 x

cm3

For the mercury monohalide e-beam-controlled laser discharges

the electron energy will be determined largely by the mercury . The

mean electron energy is approximately 1-2 eV. U8) The mixture tern-

~erature is approximately 250°C. So the measurements in the N 2

buffer gas discussed i . i  the report will be applicable.
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B. XeF* LASER KINETICS

The key physical processes governing the operation of e-beam

excited XeF lasers are summarized in Figure 7. T• 
~ c-beam deposits

i t s  energy in the laser qa s mix tu re  which r e su l t s  in the f o r m a t4 o n
— of XeF° exciplex states via a set of k i n e t i c  processes labeled

“formation k i n e t i c s . ” An unde r s t and ing  of these procesnc- s is

necessary in order t o  ( 1)  choose the optimum gas m i x t u r e  and cxci-

t a t  ion i n t e n s i t y ,  an d  ( 2 )  predict the  for m at i o n  e f f i ci en c y  and

attainable specif ic pulse enei iy (~~/ l )

X OF * has tw o n e a r l y  •~ner~ y-deqenerat e lowest Ionic  s ta tes .

These •t re  :.‘n e r a l l y l abe led  XeF* (B )  and XeF* ( C ) .  Since these

s t a t es  are close in  energy , one expec t s  s u b s t a n t i a l  format ion  in

Poth of these and , f u r t h e r m o re , once forme d , they should also be

coupled through col]2sions . Since generally l as ing  only occurs

from the XeF°(B) state , one must consider  the fo rmat ion  and the

rate of collisional mixin g between these states.

(‘
~nce formed these XeF° s tates  can spontaneously r a d i a t e , be

quenched , or :~t i m u l i t c -’d by the photon field. In order to calculate

the cavity flux required to compete effectively against radiative

and quenchini processes, one rrust know the radiative lifetimes ,

the stimulated emission cross sections and the various quenching

rate constants.

The lower laser leve l , the XeF (X) ground state , is sligh~~1y

hound (~~ 1200 cm
1 ) (19) and , therefore, for effic ient laser opera- •

tion it must be removed by volumetric processes. The rate with

which this occurs determines the lower level density and extent

of bo t t leneck inq .
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E—BE AM

PUMPING

_+_

FORMATION 1
KINETICS

__J

~~~~~~~~~~~~~~~~~ ~~~~~1~1~~~ B) 
ON~t D J

S1~MULATED 
_ _ _

_______ _______ 

COLLISiONAL 1
DEACTIVATION I

ABSORPTION _______________

PROCESSES

• LASER
OUTPUT AT

350 nm
HIOZY ____________

Figure 7 Key Issues in XeF L -~sers

19

~1*VCO EVERETT

• _•s•-~
__ — -

L —-~~~~~~~~~~ -~~~~ — - -~~ -~ • •  ~~~~ ~~~~~~~~~



F,7’. - 

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

The stimulated photons must emerge from the laser c a v i t y .

Some w i l l  be absorbed by excited species present in the active

medium. For effective modeling the dominant absorbing species

must be i d e n t i f i e d  and t h e i r  cross sections measured so that

the laser medium absorption coefficient at the laser wavelength

can be predicted for various pumpinq intensities and mixtures.

The active med L ur~ abs orpt ion c o ef f i c i e n t  is needed to determine

the optimum cavity f l u x  for e f f ic i e n t  energy e x t r a c t i o n  and also

t o  determine the length scaling limits.

We have investi gated severa l of these important laser kinetic

issues as part of this contractua l effort. These inc lude experiments

exploring the role of the XeF(B) and XeF (C) states in the B X las-

inq transition , absorption in the active laser med i a as a func t ion

of gas mixture temperature , and temperature dependent quenching

rate constants for removal of the upper laser level.

1. Role  of the B a nd C State

As a result of the formation sequence , energy tha t was de-

posited into the gas mixture from the excitation source , channels

into the excited states of the XeF* exciplex . There are two such

states tha t are relevant to this discussion : The XeF (B) state

and the XeF (C) state . Initially it was believed that  the B-state

was lower than the C-state and this labeling has been retained .

Krauss~
20
~ was the first to suggest that the XeF (C) state may , in

H fact , be below the B—state and lie at greater internuclear sepa-

ration . MOre recently, experiments performed by Setser, et al.(2]) 
a

and Kligler , et al. (22) indicate that the C—state could be as much

I
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as 0.08 eV below the B-state . This energy separation was deduced

hy observing the 350 nm and broadband fluorescence as a function

of pre ssure . In this analysis it was tssumed~
2 1 ’22

~ that the

broadband centered at 480 rim w i s solely due to C -. A radiation .

Culienne and Kr-i iss~~
2
~~ have rt-cently shown that at the broad-

band wavelength there could also be a contribution from B A

ra di ation . However , t a k i n g  ‘h i s  r a d i a t i o n  into account , th ey

‘ind that reported separation~
21’ 22

~ of the B- and C—states

would change only sliqhtly , (~ 2%).

In this section , we report the results of our investigation

reqardinq the relation bet ween the narrowband and broadband emis-

sions. In general our da~ a su~~~est  t h at :  a)  At low pressures the

B- - a n d  C—st ates are not c o l l i s ion a l l y  coupled and the fo rma t ion  from

the ionic channe l populates mainly the B-state . This lack of cou-

• pl ing at low pressures may have caused some of the disagreement

among various kinct :c rat . constants , measured by different groups.

b) The B- and C-states are well coupled at gas mixture pressures

appropr ia ’ e for laser action (> 1/2 atm) and under these conditions

the er~’rgy stored in the C-state is amenable to the 350 rim laser

t- ransit~on. c) With increasing gas mixture pressure an extra con-

tribution to the broadband appears , due to triatomic exciplexes

(i.e., ArXeF )  formc .~ by the three-body quenching of XeF* .

Two sets of experiments were performed . One set consisted

• of m o n i t o r i n g  the absolute ratio of the 350 nm and the broadband

intensities when the XeF was produced by e-beam pumping, (pulse-

length 300 nc , current denisty 2 A/cm2) and by short-pulse

21
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e x c i t a t ion  (p u l s e - l e n g t h  — 6 ns, 10 A/cm~). Appropriato filters

w i t h  two photodiodes were used for the s imul taneous  measurement

of the two-band intensities. The filters were sel cted carefully

so as to separate the two bands and to transmit the full energy

content ot the desired band. Assymetries in the experiment were

corrected for by repeating the measurements when the filter sets

were exchanged between the photodiodes.

The ratio o~ the narrow band intensity to the broadband

intensity is plot ted in Figure 8 a~ a function of gas mixture

pressure for various inert gas/NF 3 mixtures. The NF 3 concen tra-

tion was 0.2% for all mixtures and the Xe concentration in the

mixtures with Ar or No as diluent was 2%. As seen in Figure 8,

the intensity ratio decreases as the pressure rises until it

approaches i constant asymptotic value near 1/2 atm. This asymp-

totic value is abou t 6-7 for Xe/NE’3 mixtures and decreases to

4-5 and 1-2 for Ne and Ar diluents , respectively. Similar re-

sults were obtained when these mixtures were excited by the 6 ns

e-beam pulse . These results are very different from those reported

by Setser et al)21~ and Kligler et al)22~ who observed an asymp-

totic -.alue of  about 0.3 for Ar , N2 and He diluents.

The f a c t  ‘h a t  the asympotatic va lue is dependent on the gas

diluent used is a strong indication of the possibility of tn-

at- ’nic exciplexes ’ contribution to the emission at the broadband

wavelength region . The possibility of triatomic exciplex contri-

bution to the broadband is also compatible with the observed ordering

of the asymptotic ratios (see Figure 8). For binary mixtures of

~2
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Xe/NE’3, no triatom~c emission should be observed ne ar the broad-

band wavelength since the Xe2F’ triatomic is expected to radiate

at much longer wavelengths (> 1 ,
~) . Also , since ArXeF* is pr -

dicted t o  be more tightly bound t ha! N~ XeF ,~~
20
~ one would expect

t hat the tri ator~ic density would be Larger when Ar is the diluent ,

and hence the r a tio of the B X intensity to the broadband inten-

s it v is exhected to be smalle st for Ar dilue nt , and largest for

Xe :NF 3 binary m i xt ores , as  observed .

To f- .rt her s s ’  ant i it ’ th i s hypo t hes  ~s we carefully examined

the br oad band spectra for the th :’ . different mixtures at high pres-

sures as shown in Fi ‘ure ~ A comparison of the spectra shows that

there  is a r e - I  shi ft (- sf the l r - a d b a n d  spect rum of the Ni /Xe/NP3

mixtur~ compared t o  that of tb . Xe/NF’ ., m i x t u r e  and a f u r t h e r s h i f t

t o th~ red to:- ht ~‘~: /Xe/NF .~ mixtur e as expected if there is a

sign~~ftcan
t contr ~ h -~ ion o~ the triatomics to the broadband emis-

sion. By exam inin~ t h e  low pressure spectra for these three cases,

where th.~ t - ’.r~~t jon of triatom ics by three-body quenching of XeF

is 1 - ss sign ’ ican t , the broadband spectra showed no shift. From

these results we conclud .  t h a t  w i t h  Ar and Ne d ilu e n t s  there is

-a tria ’omic con - ribution to the broadband which becomes sigraifi-

cant with incre a sing pressure .~~
24
~

in addit ion to these fluorescence experiments , we have per-

formed lasing experiments that show that the energy stored in the

broadband is recoverable under B -. X laser c o n d i ti o n s .  These ex-

periments were performed by mon i toring the sidelight flurores~ n~

• of the B -
~ x transition and the broadband transition under lasing
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H
— and non-lasing conditions. The experimental apparatus is shown

schematically in Figure 10 and has been described previou~- ly.~~
25
~

The active qa in length was one meter and the m ir r~~rs were spac. 1

1.5 m ap art. The spectral regions monitored are 350 ± 1.0 nm

and 475 ± 7~ rim. Dat a were taken with the mirrors blocked and

not blocked and showed that the fluo rescence signals from both

spectral reg ions were depressed an equal amount as shown in Fiq-

ure 11. These data were for typical laser mixtures > 3/4 atm at

room temperature.

The results of the sideliqh experiment , the intensity ratios

(Figure 8), the ~uenchinq results~~~ and the observed spectra are

consistent with the following : At ~ow pressures the B- and C—states

are not c o l l i s i o n a ll y m i x e d  and the B-s ta te  is formed preferentially.

This conclusion has -also been arrived at by Finn , et a1)26~ and

Kolts an.i set ~~~~~~ It is for th is reason that the ratios of

the (B X) t o  broadband emission is large at low pressures (see

Figure 8) . At high pressures the B- and C-states are well mixed

by collisions and so c-an be considered as a single state. It is

for th i s  reason that t b ’  curves in Figure 8 for the Xe buffer

reaches -a r. asyr~1pt ote (for these runs the “broadband ” is presumed

to be entirely C A and B A). From the asymptotic value of

the intensity ratio for xenon , one can compute the B- to C-state

energy spacing with out data as was done in Ref. 21 and 32. Usina

i spontaneous lifetime ratio of 9.3 for the C— and B—states , then

the data suggests that the C—state lies below the B—state by

2 6
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~ kT/5; where T is the temperature of the mixing agent. The

m ix~ nq could be due to e1ectrons~
”
~ or heavy particles. It is

unlikely that the electrons are mixi~~ the B- and C—states for

the f o l l o w i n g  reasons.  Under the present experimental conditio:is,

the ‘lectron density for the data shown in Figure 8 is a lmost in-

dependent of press-~re for a ~iiven m ixturc- . So if el ect rons were

responsible for :~~xjnq the B- C-states , one would expect the ratio

of the intensities to be independent of pressure , which is clearly

not the case. The conclusion tha t electrons are not the dominant

mixing aqent for the B- and C-~; ates has also been arrived at by

F:rn , et al)26~ Hence , the mixing must be a result of heavy

particles collisions. By subs ti tut :n: the ambient temperature

-
; (300°K), we find ~rnra these data that the C-state is lower than

the B-state by ~ 0.01 eV , which is much smaller than the results

of Sotser , et ai.~~
2
~~ and Kligl i’r , et al .~~

22
~

Although our model is sel~- -ccinsIstent , an alternative ex—

;‘laraation is that XeF (B) is primarily formed and XeF(C) is sub-

seq u’ntly formed by XeF(13) quenching processes.~
26
~ Such a mode l

would also exp l a n  the observed depression of the broadband under

lasing conditions. However, in this model (using the published

B-C quenching rate constants), 122 ’24~ the XeF(B) fluorescence

e f f i c i e n c y  would be 60% smaller than we have previously measured . (6)

Furthermore , this model cannot account for the measured three-body

quenching of XeF(B) and the observed wavelength shift of the broad-

• 1 and emission in the various mixtures.

• 2~
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2. Absorption in the Active Laser Media

An additiona l competing process for efficient laser opera-

tion and one that may limit the length scalinq of any operucionil

laser device is the extent of the active media ’s absorption . APT 1

had provided information on gain and absorption in KrF* laser

mixes~
27
~ ~ind also neon and argon rich XeF* laser mixtures . 

(28)

These results showed the importance of using neon as a diluent ,

since in nt’e :-rich mixtures the lormation of Xe~ is significantly

curtailed . This molecular ion has stronq absorp t ion  at XeF* l a s i n g

wav e l en g t h s  as seen in Fi -~ure 12 . In raton—rich mixtures , Ne~ is

the principa l dimer ion and , therefore , we were interested in the

effect of t emperature on the total absorpt ion.

These experiments were carried Out using a flashlamp pumped

dye laser operating at 338 ~ 2 nm with p-terpheny l as the solute

(se.’ Figure 13). This is essentially the same experimental set-

up used for the roem temperature measurements. We first verified -

t~ e r.’-is~ remer s a’ r oom temperature and then took additional data

at 400° and 450°K (see Figure 14). These data indicated the absorp—

ion cross sect ion at higher t emperature seemed to lessen by about

40~ it presc res near 2 a m a g a t .  Th i s  decrease in ac t ive  media

absorpt ion has a positive effect on the laser performance and

accounts for some of the increase in efficiency observed in the

1-rn lasinq experiments.

3. Temperature Dependent Quenching Rate Constants

Since heavy particle quenching affects the efficiency of

these exciplex lasers , information on these rate constants is

30
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necessary for predicting the laser ’s performance . In addition ,

recent experiments demonstrating increased efficiency have been

repor ted~
29
~ when XeF* was lased from c-beam excited mixtures

heated to temperatures of 4000 to 500°K. To correctly model

these experiments and provide information on the causes of the

improved operation at elevated temperature , we measured the tern—

perature dependence of the dominant quenching reaction rate con-

stants (see Table I). These measurements were made at pressures

~~TOTAL 0.5 amagat) and temperatures appropriate to the condi-

tions it which the laser  operates . Under these conditions , the

B- and C - s t a t e s  ar .. co l l i s i o na l l y  coupled (see above) and the

measured r a t e  c o n s t a n t s  a re  r e l e van t  to XeF ° 350 nm l ase r  modeling

describing the d~- cn’tivation of these coupled electronic states.

The experimental apparatus used for these measurements has

Loen previously described . (30) It has been mod i f i e d  to a l l ow

operation at temperatures  in excess of 500°K and is l imited

es sen t ia l ly by componen t temperature compatibility (e.g., Teflon ,

Vi ton  0— Ri nqs , e t c . ) .  Gas mix tu re s  are i r rad ia ted  by a 150 )ceV ,
2 -0.8 or 3.4 A/cm c-beam having a p u l s e l e n g t h  of 300 ns .  The re-

sulting fluorescence is viewed at right angles to the e-beam

direction and interpreted through a steady-state analysis of the

signal amp litude . By varying the mixture , mixture ratios , total

pressure , temperatures and e-beam current , we have measured values

for (k rad~ 
for a variety of two- and three-body quenching proces- 

-

ses , where k is the rate constant , and is the spontaneous

l ifetime of XeF°. This product (k trad) is the relevant parameter

34

~ Z~~~CO EVERETT -



I - - 

~~~~~~~~~~~~~~~~
used for laser modeling . However , assuming a value of trad of

16 ns , we have provided values for the two- and three-body quench-

ing rate constants which are summarized in Table I at two d i f f e r —

ent temperatures. These rate constants represent the first reported

measurements of electron quenching of XeF* and the first temperature

variation of these quenching processes.

a. Experimental

The apparatus is shown schematically in Figure 15. The

spatially uniform high energy c-beam (from a broad area cold

cathode cons i s t ing  of a series of t a n t a l u m  s t r i p s )  impinges

upon a thin (1 or 2 m u )  Kaptori foil. The reaction cell con-

taining the reactant gas mixtures is constructed principally of

stainless steel. The fluorescence is monit~ red at right angles

to the c-beam direction by an o p t i c a l l y  f i l t e r e d  ( see Figure 16) ,

a p p r o p r i a t e l y  a t t e n uat e d , ph— todiodc (Irr F4502, S-4 response) .

The resutlin~ signal is photographicall y recorded on an oscillo-

scope (Tektronix , 7R44), see Figure 1 .  Viewing is restricted

to a 1.5 rr~n slab imrnedi-ttel y next to the foil. This insures

that even at the highest pressures the gas mixture is a thin

target and a one-d imensional treatment of the e-beam deposition

is valid.

To obtain the quench ing  of XeF° by electrons , xenon and

fluorine , the reactant gas consisted of binary mixtures of xenon

and fluorine (0.2, 0.4, 0.6, 0.8 and 1% fluorine in 380, 570, 760,

1140 and 1570 torr of xenon). Once these rate constants were

determined , ternary mixtures with varying amounts of neon were

k 

36

. ZNJ~~O EVERETT 

- -_- ---— ~~~~~~~~~~~~ -



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

- 
- 

.——_ —- —

~~~~

TABLE I

SUMMARY OF QUENCHING RATE CONSTANTS
= 16 ns)

Two-Body Quenching (cm 3/s)

(T 300 °K) (T = 500°K)
— 7 .

XeF’ + e 4.0 x 10 8.3 x 10

+ F2 1.5 x 10-~~ 1.7 x l0~~
0

+ Xe 1.8 x 10~~~ 0.62 x 10
_ li

+ Ne Negligible Negligible

Three-Body Quenching (~~ 6~~ )

XeF + Xe + Xe 2.6 x io 31 2.2 x io 31

4 Ne 7 . 9  x io 31 11 x io~~
+ F , 1.5 x io

_ 2 9  0 .79 x

+ Ne + Ne 4.5 x l0~~~ 5.8 x 10~~~

Reduction of Data As~ umes Dissociative Attachment Rate Constant
of k — 4.5 x i~~

9 cm ’/s at 300°K and 5.7 x iO~9 cin3/s at so0°~for e + F2
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Figure 15 Schematic of Experimental Setup
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Figure 16 Typical Fluorescence Spectrum of the B X Band of
XeF’ at the Lowest Pressures Used for Data Collections:
380 Torr Xenon , 1 Torr of F2, 5 A/cm2
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i nvesticiated to obtain two— and three-body quenching rate constants

of XeF involving neon (F 2 fixed at 0.3% , Xe fixed at 2 or 5% ~HtL

the balance of neon to total densities of 3040 torr). The neon

(Cryogenic , 99.999%) xenon (Cryoqen.i c , 99.9995%) and fluorine

(AR products , 98%) gases were mixed in Teflon-lined , high-pressure ,

stainless steel, 5-liter sample cylinders and allowed to thoroucih ly

mix befor e bei n: used in the experiments.

b. Results

The procedure for extracting rate constants has been described

in earUer pub ltcations 130 ’31
~ and consists of measuring the observed

XeF B -
~~ X 1 - rescenee signal amplitude as a function of mixture

cond it i -~ns. An example of the temporal behavior of these signals

is shown in Figure 17 . In these binary mixtures of xenon and

fluorine , the sional is directl y proportional to the energy deposi-

tion (i.e. , the xe non density) and inversely proportional to the

various quenchini pr~cesses as follows :

iN
s qnal — 

Xc 
2 

— _____

1 4 ~~~~~ (c F NF 
+ kXe NXe + k

~ 1N,~i 
4 k2XeNXe kX e F NXeNF~~

where rad is the XeF spon taneous  liftim e , k
~~ . 

k
xe I kei~ 

etc.,

are the rate constants describing the various procesc.-’s and th~

N ’s ar.’ the densities of the various components. 8y operating at

fixed xenon density (200 torr) and varying the amount of fluorine

for a Oive fl c-beam current (see Figure 18), we obtained informa tion

ibo~ t the two- and three-body quenching involving P2, i.e.,
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Figure 18 (XeF F1uorescence)~~ vs F2 Dens it y
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XeF * + F2 
• Produc ts

XeF* + F2 + M -, Products

Similar experiments at higher pressures and with constant fluorine

provided information on the other iuenching rate constants. Other

experiments were then performed with varying amounts of neon . These

fluorescence ~;iqnals were also collected at elevated temperature

(500°K) and the effects of temperature on the spectra are shown

in F igur e 19..

The fluorescence siqnal in these experiments is related to

k-I N and , by plotting the observed signals against N , the values

of k can be obtained . Using a value of 16 ns for 1rad (see

Table II), (32 ~~ we can convert these results to two- and

three-body quenching rate constants in molecular units for corn—

parison to other reported values. A unique quenching reaction

in this collection i~~ the quenching of XeF by electrons. These

e x p e r i m e n t s  were performed by varying the electron density over

a factor of twenty. Such a variation in the electron density was

obtained by varying the fluorine density (at constant xenon density)

and through the use of different primary electron current densities

(0.8 or 3.4 A/cm2). All of these data produced a consistent set

of rate constants which predicts the observed fluorescence signals

over a wide range of experimental conditions.
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Figure 19 Fluorescence Spectra of the B • X Band of XeF at Two
Gas Temperatures: 300 and 500°X. Experimental con-
ditions were 0.5% 

~2, 
balance xenon at total pressures

of 0.5 Amg.
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TABLE 11

SUMMARY OF EXPE RIMENTAL VALUES OF •

XeF (B) RADIATIVE LIFETIME

Author 
_____

Center and Fxsher~
32
~ 19.4 + 1.0

Eden and 5earje-s~~
33
~ 16.0 ± 5.0

Ewing~
34
~ 13.5 + 1.0

Burnhain and Harrjs t35
~ 18.8 + 1.3

Burnham and Searjea~~
36
~ 15.0 + 0.8

Eden and Waynant t37
~ 14.25 ± 0.2
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c. Discussion

For comparison , we show in Table III  our presen t measure-

men ts for the quench ing processes

XeF* + Xe • Products

+ F 2 • Products

with those of others.~~
32 ’37’38~ Also , we can compare the values

for the three-body quenching rate constants reported ear1ier~
30
~

to those obtained here for the reactions.

XeF + Xe + Ne

+Ne + Ne~~

+ Xe + Xe

These are summarized in Table IV. With the exception of the three-

body rate constants for quenching of XeF* by xenon with xenon as

the third-body reported by Eden and Waynant ,~~
37
~ the agreement

among these reported rate constants is within a factor of two.

The exceptionall y high value reported by these workers~
37
~ is in

disagreement with our results and recent theoretical predictions.

However , it ha~ also been reported~
38
~ that under different experi-

mental condition s no evidence of three-body quenching was observed

to pressures near 700 torr.

With regard to theoretical expectations concerning the tern—

perature effect on these rate processes, a simple model would

anticipate the two-body heavy particle quenching to increase with

a T112 dependence, if the relaxation processes involve impulsive

collisions and no complex formation . On the other hand , all
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TABLE IV

QUENCHING RATE CONSTANTS, XeP *

1 (
6 / )

Quenching (30) 37Reaction This Work Rokni et al. Eden/Waynant

XeF* + Xe + Ne 7.9 x io 31 7.8  x io 31

+ Ne + Ne 4.5 x ~~~~~ 2.5 x

+ X e + Xe 2.6 x 10 31 2.4 x 1 0 29

~ :
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th ree-body reactions are believed to proceed via complex foi.iuation

and one would expect these rat.~ constants to exhibit a “negative

temperature dependence ,” perha ps T 112 . Cl ea r ly ,  the data show

some exceptions to these anticipated trends.

There are no comparable results for electron quenching of

XeF with which to compare . Results reported on modeling of

discharge excited KrF5 lasers suggest , for model agreement with

observed laser performance , a value of 6 x ~~~~ cm3/s was re-

quired . (40) Cleirly, a rate constant of this magntiude implies

electrons may be a siqnificant source of quenching under condi-

tions where the electron density is relatively high . The sen-

5it~ vity of our data to electron quenching can be seen by comparing

fluorescence signal s to model predictions using the rate constants

summarized in Table I including and ~xcluding electron quenching

of XeF (see Fiqure .~0). These data also clearl y show the effect

at high pressure of three-body quenching. The rate constants for

electron quenching were deduced in the same way as the neutral par-

tjCle quenching, but the correlation between the observed signa l

and the rate constant is mor e circuitious. In Figure 21 is a plot

of 1/signal (corrected for quenching involving fluorine) vs secondary

electron density, ne. ‘
~e 

for attachment dominated conditions is

proportional to the production of electrons by fast electrons inter-

acting with the xenon buffer gas , S b. and the rate of removal of

these secondary electrons by dissociative attachment with the

f luo r ine molecules presen t , viz ,
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Figure 20 Rate Constant Model Calculation Fit to the Data
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Figure 21 (XeF5 Fluorescence Corrected for F2 Quenching)~~ vs
— Electron Density Where A is a Calibration Factor

Containing the Source Term and Geometry Considerations
and B — kF t rad

50

~~~~~~~~ EVERETT 

- - --



r1

dIn i Seb k (ne) (F2)

Under steady-state conditions (see Figure 17),

Seb /k 1F 2 1

The dissociative attachment rate constant , k2, is a function of

both the electron and fluorine energies. We have used a value

of 4.5 x ~~~~ cm 3/s for this rate constant at 300°K and

5.7 x 10~~ cm3/s at 500°K for our experimental conditions

(— ‘  1 eV mean electron energy) based on recent experimental data

on electron attachment)41~ Due to the relationship between

and this attachment rate constant , the value for the electron

quenching reported here will be proportional to k5. For example,

revision of these rate constant va lues assumed for e + F2 upward

will cause the ra te constan ts for e + XeF to scale in the same

manner.

The likely physical processes represented by electron quench-

ing under our experimental conditions may involve any or all of

the following product channels:

a) Electron dissociative attachment

XeF + e • Xe + F

~ Xe + F

b) Superelastic collisions

XeF + e •
~~ XeF (X) + e ’

-“ Xe + F + e ’
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Experiments on the temperature effect on various dissociative

att a c-h.~nent processes have shown increased rate constant values

as higher vibrationa l states are assessed and , thereiore , elec-

tron attachment could provide a mechanism whereby a thermal tem-

pertture effect c—ul d he anticipa ted,~~
41 ’4~~ but the magnitude

of the observed rate c-cistant -t~~-ear8 quite large ~or an attach-

ment mechan i sm (~ cr av.~raqe 
,-Il~?ctro?~ e nerg ies near 1 eV) and ,

therefore , not likely to be the dominant processes. No strong

tempera tu re  o f f  ec’ on the ra te  co n s tan t  would be anticipated via

the superelistic channel, yet this channel , depending on the

products , would have the most si~~nificant impact on XeF laser

o p e ri t  ion (see be low) due to the decrease in the inversion density

as a result of increasing the l ower la-;er level population . How—

ever , one r~”- -h~tnism that can qualtta tiv~-l y explain this apparent

te~~ a-’rat~:re effect would be if the higher ly~nq electronic state

(c . ;. ,  the XeF B-sta ’e) has a significantly larger electron

quenching rat’ con ant than the lower lying state . The observed

increase in the rate constant f rom 4.0 x ~~~~ crn
3/s at 300°K to

8.3 x i0~~ cfn3/s -it 500°X would then be a re’lection of thermal

population shifts between the collicional ly coupled electronic

~~a~ os and their respective rotational/vibrational mainifolds.

In general , these data show that for typical laser mixtures

°lectron quenching is a dominant loss process (see Figures 22 and

23) accounting for more than 40% of the quenching losses at optimum

temperature.
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4. The Effect of Ground State Population on the Xe? Laser
Performance

One of the reasons that excip lex lasers have demonstrated

exceptional performance is that the lower level is repulsive and

hence an inversion will automatically exist provided the upper

level can be populated. Unfortunately Xe? is an exception to

this rule. The lower leve l of XeF(X) is bound by about 0.15 eV.~
44
~

At room temperature and under equilibrium conditions most XeF

molecules would be dissociated to atomic Xe and ~~~~~~ To pie-

dict the laser output flux it is necessary to determine the rate

of dissociation of XeF (X). Clearl y, the more rapid the dissocia-

tion the more eff ici ent the XeF laser. Recently Fulqhum et a1.~
46
~

reported measurments of the XeF ground state dissociation rate with

He as a buffer ras . In this work , we investigate the bottlenecking

effect due t o  the finit e ground state lifetime of Xe? for typical

laser mixture s at room temperatur e and at 500°K. F
At room temperature the dominant laser transition is Xe?

(B,v ’ — 0) • XeF (X,v 3). Figure 24 shows the potential curves

of the upper and lower laser levels and the dortinant transitions.

Experimentally, the effect of the finite lower level lifetime on

the laser performance can be investigated by observing the side-

l ight fluorescence under lasinq and non-lasing conditions. The

fluorescence wil l , of course , be proprotional to the upper level

density. By considering the rate equations of the upper and lower

levels one can show tha t

— (1 + ~ ~~
) (1 + (2)

55

~ t~~~~ O EVERETT

.,~~ ,, — - —~~~ ..—————— -- - - -

_— -

- - -- --- - --~ - -— - - -  —-- -—--_- -- _-—-
~~
____s_ _ _ ____ __ .__ ——--——- - — — —-----—



3 1,000— —- -_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

30000 —
3

- 
_ _ _ _ _ _

X .F’(B)

29000-- 
v• • 0

,‘—3532 A ?
/ • ~LA SER TRANSIT IONS
1--- 3 5II A ~

- X .+F

1000—

4

3
- 

2 
1200cm 1

X.F(X)

• v_ i 0

0— 
1 1 

I 1 1 1 1
2.0 2.5 3.0 3.5 4.0

R(A)
H 1990

Figure 24 Potential Energy Diagram for Xe? Indicating the
Laser Trans itions

56

1~~~~ O EVERETT

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



_ _  _ _ _  --

where N is the population of the zeroth vibrational level of the

8—state. is the population when the cavity flux • is zero.

• is the saturation flux which is defined as the flux at which

the gain is decreased by a factor of two. 8 is a function of the

uppe r and lower leve l lifetime s, the vibrational relaxation times

of the upper level and lower level manifolds and the distribution

functions of these level -~;. As the lower leve l l i fet ime approaches

zero B approaches infinity. Once ~
- is  determined the extraction

efficiency of the XeF laser can be accurately calculated . (6)

Equation (2) is derived without assuming vibrationa l equilibrium

of the electronic states , hut we have assumed that the rotational

relaxation is extreme l y rapid compared to the upper level lifetime

and the dissociat ive lif et ime of the lower level. (47)

For conditions where t he  uppe r and lower level manifold are

each in vibrational c i i i  l i b r i t m t , t is given by

~~~ ~ 

~u 
- (3)

‘~, ‘~3 ; ui /

where and are the l i f e t i r ~es of the upper and lower levels ,

respectively, l/i~~. is the rate of transitions from upper level
— m ai n i f ol d  to the lower level manifold , ~ (~ 0.77) is the fraction

of the upper level population that is in~~he v ’ - 0 level and
1
13 ( 0.026) is the fraction of the lower level population that

is the v ” - 3 level of 300°K.

* 
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A schematic of the experimental setup is shown in Figure 25.

The laser mixtu xt* contained 0.2% NF3, 0.5% Xe and 99.3% Ne at a

total pressure of 3 atm and waS excited by a 150 key beam of elec-

trons. The details 0: the c-beam and gas cell have bccn described

previously. To obtain a large ratio of ~~~~ , the c-beam cur-

rent density was n1tintained at 41 A/cm~ . The laser cavity was

f u r r~ed by a maxxmu~ ret lector and a 95% output coupler. The max-

imum reflector had - i  zadius of curvature of 4 m , while tic output

coupler was flat. The c a v i ty  f1.~x was altered by introducing

varying amoun ts ~~~~ chlorine into an absorption cell which was

~laced in the optical cavity. The cavity flux near the output

couplc~ ~~~ dct~~i~~ined by meas-a i in ; the transmitted flux through

the ~~~~~ - m A i t o r  u s in o  a calibrated photod iode. The sidelight was

monitored at the active ic - ;~on nearest the output coupler as shown

in Figure 25. The intr .h:avity flux at the v iewing port was varied

:r om 0 to 6 MW cr~~. Since tht~re a i e  two laser emissions lines , a

~i itcr , havin-; a bandpass - - : 10 R, centered at 353 nm (which cor-

res~onds to the 0-3 tranSition), was placed in front of the photo—

d~ . The cross section of the active medium was 1 cm2 and the

~ - - -h ’ volume was - - 60 cm 3.

The experimental resui t s are plotted in Figure 26 which shows

the variation of N~~N as a function of the measured cavity flux .

This ratio saturated verifying that XeF(X) has a finite lifetime .

The curve in that figure is a best fit of the data to Eq. (3).

From Figure ~ k we obtain a value of 8 ~ 1.6. One can also estimate

the saturation flux t rom the data shown in Figure 16 to be
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Figure 26 The Ratio of N0/N as a Function of Cavity Flux.
The solid line is the best fit of the data to Eq. (2).
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0.6 MW/cm2. The saturation flux assuming complete vibrational

rea]xation is given by:

r It -
~

~~ 
-~~~

‘
~~ t~ + i _ ! — __i

~
_ ii ( 4 )S 0 1  I u o  3 L ~ ut

Using the measured quenching rates (see above), we can calculate
for our experimental conditions 3.8 ns , where the dominant

quenching is due to electrons. If we assume that all of the

electron quenching results in the following process

e + XeF(B) c + XeF(X)

then ‘ut — ~~~~~ ns.

Using these value s of and 
~u’ 

we can estimate , from

Eq. ~~ t~ to be 77 ns. Taking :~ = 0.6 MW/cm2, we can then

compute the stimulated gain cross section from Eq. (4) to be

about 2.9 x io 16 cm 2 )4 7  49) At the other extreme , the elec—

tron quenching process could result in atomic Xe and F. For

this case is just radiative lifetime of 16 ns. Then, fromU,

Eq. (3), we obtain to be 135 ns. For this case a is found

to be 1.7 x io *~~6 cm2 . The reason that quasi—steady—state

lasing is possible even though the lower level lifetime is so

much greater than the upper leve l lifetime is that the laser

transition terminates on the third vibrational level and the

l i f e t i m e  of this level is shorter than the upper level iifetime .

In computing the lower level lifetime , we have assumed that the

upper and lower levels are in vibrationa l equilibrium with the
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gas. From previous data we know that this is not the case)61

So these evaluations are probably upper bound estimates. It

is interesting to note that Ful~ihum et 
al)46

~ would pred ict

a t .  of 44 ns it the buffer gas was lIe at 3 atm and nut Ne.

if the temperature 01 the m i x t u r e  is raised , ~~~~~~ would

expect i . to decrease . Fi~;ure 27 shows the eifect of increased

temperature on the lower state liletim e . Results at 300° and

500°K arc presented . These experiments were performed for the

same mixture and d~ n~;ity as those ;-resented in Figure 26. The

e-b.~am current density ter this set of experiments was 25 A/cm2.

The asymptote :or the room temperature data in Figure 27 is

hi-lher t h a n  tha t in F igure  2 6 .  This is due to the decrease in

the elcctr~-r~ quench in ; corresponding to the lower c-beam current

used in this set o: experiments.

For a qiven cavity flux , IS larger for the higher

temperature data. From the data presented in Figure 27 , it is

obvious that B wifl e con -.iderably larqer for the 500°K case.

Since the electron quenching is dominant , the increase in the

value of B is mainly due to the increased dissociation rate

of the ground state . This is in agreement with the theoretical

expectations of Shui and Duzy.

Detailed analysis shows~
6
~ that due to the ground state

bottlenecking, the extraction efficiency of the XeF laser is

d.~creased by the factor (1 - 
~~~

) .  From Figure 27 , one can esti-

mate for a value of 1.8 at 300°K and 3.5 at 500~K. Thu s,
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Gas Tempera tures of 300°K and 500°K. The c-beam
curren t density was 25 A/ca2. The solid curves are
the best fit to the data of Eq. (2).
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for the experimental conditions of Figure 27 , an increase by a

:actor of 1.5 in the ext rac t ion  ef f i c i e n c y  is expected , when . 
-

the gas temperature is raised f rom 300° to 500°K. This improve-

ment in the extraction efficiency is due to the more rapid dis-

sociation rate of the ground state at higher temperatures.

However , the shorter lifetime at elevated temperatures only

partly accounts for the improved XeF laser efficiency at these

temperatures .  (29) An additional contributing factor is improved

energy extraction from hi gher vibrational levels (V 1 > 1) in the

uppe r leve l mainfold of hiTher temperatures)291

S .
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C. PULSE SHAPE AND LASER ENERGY EXTRACTION FROM E-SEAM PUMPED
Kr?

The physical processes which determine the performance of

XrF* lasers have been intensively researched during the last two

years. As a result of this research , for e—beam excitation in-

tensities in the 1-5 x 1O 5 W/cm 3 reg ime , the dominant formation

and quenching kinetics are well understood)51’521 the stimula ted

cross section has been measured , and the dominant absorbers in

the active medium has been identified . (27) The above informa tion

allows one to construct a comprehensive model which can be used

to predict laser performance over a wide range of laser operating

conditions. Experimental verification of the predictive capability

of such a model then provides an independent check on the various

kinetics leading to med ium gain and absorption , as well as a check

on the validity of power extraction model.

In this section , a description of such a code is presented .

The predict ions of the code are compared with exper imental results

obtained with a 1-rn e-beam excited KrF* laser device. The corn-

par ison includes the tempor al shape of the KrF laser output and

sidelight pulses , the output pulse energy , and intrinsic laser

efficiency . Also included is a detailed description of the 1—rn

laser device . The model predicts the laser energy and power ex-

tracted and efficiencies to within 10% of the experimental values.

A detailed comparison of the predicted and measured sidelight

emission, however , show evidence of processes not previously ad—

: dressed . These include (a) the effect of finite vibrational relax-

ation and Ib) electron quenching of KrF*. Although for the
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experimental conditions discussed in this section the effec t of

these processes on the overall laser performance is about 10%.

They may become important at pump powers ‘ 5 x 1O~ W/cm
3.

In the foilowing discussion w~ summarize the formation and

quenching kinetics. Then we discuss how the kinetics .ire coupled

to power extraction by the laser cavity flux and the experimental

apparatus and ~ detailed comparison between the results and model

arc presented . Finall y , a discussion of the processes not prev i-

ously investigated will be addressed and a scaling map for the

KrF laser is presented .

1. KrF Laser Kinetics

F i q u r e  28 shows a bloc k d i a-;ram which summarizes the irnpor—

tant processes included in the computer code. The c-beam energy

results in the formation of electron and rare gas ion pairs . The

secondary electron s arc rapidly lost via dis8ociative attachment

with the halogen donor to form F . These ionic states eventually

result in the formation (~f KrF* . The dominant formation kinet-

ics and corresponding rates arc listed in Table V (Refs. 53-56).

Once the KrF is formed , i t  can radiatively decay , be quenched by

the rare gases or halogen donor or be stimulated by the cavity

flux . The rate constants for the dominant formation and quenching

processes have been measured and checked by comparing the measured

KrF fluorescence efficiency calculated using these rates for

various Ar/kr/F2 mixtures. The dominant quenching reactions and

rate constant s used in the co ie are given i n  Table VI (R e f ~~. 51

and 57). Inclusion of these processes also enables the code to

I~~~~ O EVERETT
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Figure 28 A Block Diagram of the KrF Laser Code
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H
TABLE V

DOM I NAN T FORMAT I ON RATES

Ref.

Ar • Ar 2~~.4 eV/electron-ion pair

c + + 
~~

• (5 3)

Kr Kr + 
24.1 eV/clectron—ion p a i r

c + F , ~ F ~ 3 x IO~~ cm
3/s (54)

+ — —7 —6 3Ar + F + (H) • MF~ ~ (MI (10 + 10 P) cm Is;
— 

P < 1 atm 1.1 x 106 cm 3/s
Kr • F (H) KrF + (H) P 1 atm

• — (55 , 56)
Ar 2 + F • • A F

kr + F • K~~F + P — pressure in atm
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TABLE VI

DOMINAN T QUEN CHING RATES

Ref.

KrF + F2 • Products 7.8 x ~~~~~ cm 3/s~~

KrF + 2Kr • Kr 2F + Kr 6. 7 x io 31 cm6/s ’

—31 6 1KrF + Kr + Ar -. Kr 2F Ar 6.5 x 10 cm /s

KrF + 2Ar • Products 7 x iø 32 cm6/s~~
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predict the number densities ot species which absorb at the laser

wavelength . The calculated medium .absorption has bt~en compared

with measured values for various mixtures and e -be~jm excitation

levels)271 The three important absorbing species are F2, F and

Kr2F .  The absorption cross sections of these species~
27’58’591

are listed in Table VII. The molecular ions Ar and Kr~ also

absorb~
60
~ KrF photon ; however , their absorption is small com-

pared to F2, F and Kr 2F .  What remains to be verified is the

ability of the code to prethct power extraction in the presence

of i n t r i n s i c  medium a b s o rp t i o n  and overall laser performance for

vaiious levels of . -b cam e x c i ta t i o n  and laser  gas m i x t u r e s . In

the follow ing section this ability is checked by comparing the

predictions with expciiment al results. This comparison provides

a verificatisn of the validity of the power extraction model as

well as an independent check o~ the various kinetics leading to

laser medium gain and absorption.

2. Power Extraction

The rate of change of the cavity flux is given by

g — a
± —

~~~~~~ 
— U + + ~~~~~ 

—

where •~
(
~~

) is the cavity flux propagating in the positive

(negative) x direction , •~ is the saturation flux , g0 is the small

s i g n a l  gai n , 
~~ 

and are the s a t u r a b l e  and nonsaturable absorp-

t~on coefficients of the medium . It should be noted that and

g have the same saturation flux . Absorption by F2, F , Kr and

Ar is nonsaturable , while the absorption by Kr2F is saturable
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TABLE VII

DOMINANT ABSORBING SPECIES

Cross Section Ref.
(cm 2 ) 

— _____

F2 1.3 x io
.20 

(58)

F 5.6 x io~~
8 

(59)

Kr 2? 1.6 x 1O~~~ (60)

I
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w i t h  the same saturation flux as the lasing transition , sin:C

KrF is the precursor of the Kr2F
*)5

~~ Equation (5) may be *

simplitied by integrating over x. The temporal vaLiatlon of the

laser cavity flux is then determined by the following differen-

t i a l  equation

d< :>
~~ — c 

~~~~~~~ 
- 

~~c 
- (6)

where 
~~~ 

is the spatially averaged cavity flux , q~ the cavity

loss. In writing Eq. (6) we hive assumed that (1) the variations

o~ gain and absorption along the cavity art’ small~
6
~~ and (2) the

tcrn p~’r a l  v a r i a t i c n  u~ is small during one round trip in the

c a v i t y .  The photon round t r i~ - time in the cavity was 10 ns ,

whereas ,, as w i l l  be shown subseq u e n t l y ,  the cav i t y f l u x  varied on

a time scale of — 50 ns. The numerical solution of Eq. (5) was

obtained by following the temporal buildup of laser cavity flux

from KrF spontaneous fluorescence . The initial value of the

isotropic KrF fluorescence was determined from the code describing

the f o r m a t i o n  and quench ing  k i n e t i c s .  The predicted shape of the

laser pu sc was only weakly dependent on the calculated value of

initi al flux , since the transit time of the flux in the laser

cavity was short compared to the time scale of the c-beam current

density variations .

3. Experimental Results and Comj-’arison with Model Predictions

The data were obtained using a 1—rn e-beam excited laser.

A cross section of the cold cathode c-gun (Veb ~ 250 keV ,

~eb ~ 
12 A-c m ’) and the laser chamber are shown in Figure 29.
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The c-gun was powered by a Marx generator which produ’~ d beam

pulselengths from 0.5 to 1 1~s. The cathode consisted of 1-mu

thick tantalum blades placed on edge and separated L~ 1 cm. The

anodt~ was made from stainless steel mesh. A 2-mu thick Kapton

fOji supported by a 90% transmitting support structure separated

the laser cavity from the c-gun vacuum chamber. The foi l window

had an aperture of 10 x 100 cm . A grounded beam collector situ-

ated 8.5 cm from the foil collected the beam electrons after they

traversed the active laser volume .

The l a se r chamber was constructed from Lucite which was

passivated with F2 be~iore each series of laser experiments. An

optical cavity was formed by two dielectrically-coated quartz

(Dynasil) fiats located outside the l a se r .  These mir rors  were

separated by 1.5 m . A ~- 1anar optica l cavity was chosen so that

the resultant transverse intensity profile of the laser beam was

indicative of the e-beam energy deposition uniformity across the

laser aperture. Laser cavity window s were uncoated quartz (Dynasil)

fiats which were accurately aligned parallel to the optical cavity

mirrors.

A dc magnetic field , provided by two external field coils,

was used to confine the e-beam against transverse beam diffusion

caused by small angle scattering of the electrons by the foil and

laser gas mixture. The field was directed parallel to the desired

e-bearn direction and measured 800 G at the center of the cavity.

The c-beam power deposited was calculated from measured voltage

and transmitted current traces shown in Figure 30. The beam energy
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deposited was also calculated from measurements of the cav ity

overpressure taken after the acoustic disturbance had dissipated .

These measurementes were corrected for power radiated from t~e

laser cavity and they agreed with theoretical calculations to

within ± 5%.

Figure 31 shows the comparison of the code predictions and

experimental observations for a typical case. The laser mixture

for t h is case contained 0..% F2, 4% Kr and 95.~~% Ar at a total

mixture pressure of 1.5 atm . The optical cavity output couplin~

was 0.66. The peak t’-bcam current density after attenuation by

the ~u~ -dc screen an-i toil support structur e was 11.5 A/cm2. The

top trace in Figure 31 is the KrF sideli ght pulse shape that was

monitored ~n the absence of las~ r ~1ux by an S5 photodiode. A

narrow band filter (.. * — 5 run) ce ntered  at 249 rim was placed in

f r o nt  of the ot ’di~ de. For comparison , the  sidel ight  pulse

shape predicted by our numerica l code is also  shown . The predicted

curve was normalized to the experimental curve at the peak v~ 1ue .

The center traces arc a comparison of the sidelight under laser

conditions.

Tne bottom t races in Figure 31 show the predicted and experi-

mental laser pulse shapes. Experimentally, the laser energy was

measured using a Scientoc calorimeter and the pulse shape was moni-

— tored by a photodiode. The laser power coupled out was computed

by insuring that the integrated power was just the measured output

eneriy. The area of the laser beam was determined from burn bittern

measuic;.ents so that the output flux could be computed . Notice that• I 76
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t Figure 31 The Top Two Traces are a Comparison Between Numerically
Pr dicted and Measured KrF* Sidelight Pulse Shapes
Under Non-Lasing Conditions. The middle two traces are

• the sidelight pulse shapes under lasing conditions .
The bottom traces are a comparison of the predicted and
measured laser flux extracted.
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the predicted pulse turns on about 40 ns earlier than the experi-

mental pulse . In part this is because of the assumptions made in

writing Eq. (6). As the laser flux increases, the sidelight is

depressed . This depression , caused by the laser cavity flux , is

smaller than predicted . Experimentally the ratio of the sidelight

fluorescence amplitude under lasing conditions to the amplitude in

the absence of laser flux is 0.45. The predicted ratio is 0.33.

4. Discussion

The experimental sidelight amplitude under lasing is expected

to be larger than the predicted value because fluorescence from the

upper and lower edges of the c-beam is not saturated as well as

that in the center. However , because of the guide magnetic field ,

we expect the edqc effect to be of the order 5- 10% which is much

less than the 30-35% difference seen experimentally. A possible

explanation for this difference is the finite vibrational and per-

haps rotational relaxation of the upper laser level. This can be

seen by analyzin i the following rate equations

dN (N - N  ) N N

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

oe ... ..2 _ ..2 ( 7)

and

(8)

where N0 is the population of the zeroth vibrational level; N~~ is

the equilibrium population of the zeroth level N~~ = 00N. Where

80 is the Boltzmann factor and N — ~ N , t is the lifetime of the
V

upper level , -t is the stimulated lifetime of the upper level , P

is the pumping rate and is the vibrational relaxation rate.

78
EVERETT



— ,—— - --,-—~~~~ 
-•- -.-- —-- ------ .-

~--—~~~
--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _
~~~~~~~~

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

_
~~~~~~~~~~~~~ -~~~~~ —.--- ---- ~~--~~~~~~~~ • --—“-,--- - - -  - -  —

r- 

— - - - -

~~~~

Equa tions (7) and (8) can be solved under steady-state con-

di t ions to g ive

(1 + ($/ ~~~ )

N/N = 

(1 + 
(9)

where is the saturation flux defined previously, N0 is the

upper state population density when $ = 0 and

— 1 + -

~~~~ 

t / ’~, ( 10)

Note that for • 0 and -. ~ the depression of the sidelight

will be (1 + •/~~ )
_ 1
. In our model we have assumed t v = 0. To

explain the 25-35% difference in the depression we require that

~ 0.25—0.35 or ~ ~ 8.5 (11)

The vibra tional spacing of KrF4 is estimated~
62
~ to be 310 cnC~ .

Hence , at room tempera ture t~~ 0.76. Using the value of ~ given

by Eq. (11) the ratio t/t v ~ 10. The KrF* lifetime in the laser

• mixture is — 2.9 ns. Hence, we can est imate the vibrational

relaxa tion time to be 0.29 ns. Assuming that Ar is responsible

for the vibra ti on al relaxa t ion , this relaxation time corresponds

to a two-body ra te constant of -. i0 10 cm3/s or a three-body rate

cons tan t of — 2.7 x 1o 3° ~~~~ This finite vibrational relaxa-

tion rate will decrease the extraction efficiency by 1/B (Ref. 6)

which is small for this experiment and so we will ignore its

effect in the subsequent discussion. However, it should be noted

that this decrease in extraction efficiency can be substantial

• for very high e-beam pumping intensities (> 1O~ W/cm
3) where the

elec tron density is high and electron quenching of KrF* can
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sig n i f i c a n t l y  lowet i .  Also the transter t i me  between the B and

C states of KrF may have a similar effect on the extraction ef~ i-

ciency . Again at low pump powers the effect is small , but it

could be substantial at the higher pump power.

Figure 32 shows the predicted time dependence ol the forma-

tion efficiency ~~~~ ., fluorescence u~!iciency ~FL ’ the laser intrinsic

efti ciency 
~INT ’ a..L. the lasci ex t r a c t i o n  e f f i c i e n c y  ‘

~ ‘XT 
for the

experimental data discussed in Section 1I.C .3. is the efficiency

wit h which  K r F  ~s created and r F.l is the spontaneous po~ er radiated

div iaed by the c—be am power dep - ted . t he r at i o  of the

Ltscr flux extracted to the available flux , and 
~~~ 

is just the

produc t 
~ •\T~~ ’ which also ~~; e-;ual to the laser output power

divided by he c-beam power Jc;& -~i it ~ d . in t e r e s tin g l y  t :~ou~ h , by

thu end o: the pu sc the fluorescer ce efficiency is 7.5%, while

t h e  -. t~~1ssi c •~~~ ic~~- sc v  is al most a .~ The reason that INT > 
~FL

is that u5- lex l~t: -i:. c n ~~it i .~~ns the ca’.~~ty  f l u x  is large enough to

st  ~rr-~~at€ the : F before it can •tdia tiv ely decay or be que~chcd

by F , and the :arc i-~~cs . F i n a l l y .  EXT and a r e ~~~t : -  un til

the laser  t u r n s  on , whi :h is t c— be (* :,4 eSc t c d

We have used ~ r code t - pre - : ict the laser output for a

var~~.ty of pumping conditions. These predictions are shown in

;n c  33 w h i c h  is a ~ lot  of t he i n t r i n s i c  e f f i c i .~ncy as a func-

tion of c-beam current density. In plotting these curves we have

kept constant at 7.5 x 10~~ coulombs/cm 2, i.e., the pump

~- l s e  enc~~j y into the laser mixture was held constant. For this

~-ur~ energy half the F2 is burnt t y the end of the pulse.

I . 
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Figure 32 Plots Showing the Predicted Values of nEXT , nF , nIwr
and n~~ . Note that the curve for flEX? is divided by
two.
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Notice that for a given la~cr length of ~- 2 m the laser

ef :iciency first rises as the c-beam curien t density increases.

This Lncrc.ise is because the absorbing species F increases only

as the square root o~ the pump power whert~as the gain i ncr ease :;

linearly. Uowcver , the curves reach a peak  and then the c~ 11—

ciency decreases as the pump power is increased turth er . The

reason ~or this l c r ~ ast is that at the hr~~her current densities

the secondar v cIt .- ron density incicases . These s - ~~ ndary ‘ lec-

t: - s  can -~ucnch the KrF ‘ . In the ne tel we h tve assumed a quench-

ing rate constant .~ x io~~’ ~~~~~~ 
~~~~~~~~~~ The election quenching

of K r F ha~~~vt- t to be tctorm~ :.t~d. it ~~~~- partly tor t h i s  reason

tha t we have shaded the rciion in Fi-;ure 33 cor  responding to cur-

ren t densities > t A -:r- . In  t h i s  shaded rcuon t)~o effect of

m i t e  v ib r at i e n . a l r e l tx a t  o -n  discussed e a r u m c ~ may ~u r t h e r do—

crease ¶hc p~cd1Cte 1 eUmcicnc~ cs. Such an effect has not been

m nclude l ~ n our  c o l e.  For exampl4 - , tor c-beam current densities

of 100 A ’cr~~ the electron dcnsi y w i ll be .it-uut S x 10 ’s ~~~~

The K rF 1i~~e t m m e  w i l l  I-c of - r d e r  0.8 irs and t~ ~ 2.5 (see Eq.

( 1 0 ) ) .  The l as er  e f f i c i e ncy ,  1 cau s e  et this e f f e c t , w i l l  be

educed hy — 4 - i . Asothor feature of the curves shown in Figure

33 i s  tha t the efficiency for longer laser lengths also tecrease

as the leng th  increases .  This  decr ease is because the product of

the a bsor p t ion a n t  the l a s e r  l eng th  is qr e a tcr  than  u n I t y .  ( 6 )

For the present laser device the highest output enetiy and

the hi rhest intrinsic efficiency were observed at a filling pressure

o~ 1.7 atm (0.2% F2/4i Kr/95.~~ Ar) , an average transmittcd current
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of 11.5 A/cm2 (13.5 A/cm2 peak) and an optical cavity output

coupling of 0.71. Under these conditions a total output energy

of 102 J was obtained with an act ive laser volume of 8.5 1 (12

3/1) and the intrinsic efficiency was 9~ . For these conditions

t he code predicted an intrinsic efficiency of 9.3% and an energy

extraction density of 12.5 J/l .

in corrclusion , we hav e sh own th a t a comprehensive computer

code has been developed which can predict all the important char-

act.ermstics of e-beam pusnpeu Kr? lasers for e-beam current densi-

tie s .~ 30 A/cm 2 . The predictive capabilities of tne code have

been verified by detailed comparisons with experiment. The code

should prove valua bl e in achicvin.~ optimal laser designs as well

as pro)ectlng t::c ultimate cncr-~y scalabml xty of these lasers.

For current densities ‘ 30 A/cm2 the electron quenching of KrF

a.,d other excited species could  become important.
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