
7 

PREPRINT UCRL- 78549 

Lawrence Livermore Laboratory 
LASERS FOR ISOTOPE SEPARATION PROCESSES AND THEIR PROPERTIES 

E. V. George and K. F. Krupke 

August 1976 

THIS PAPER WAS PREPARED FOR SUBMISSION TO THE SPIE CONFERENCE, SAN DIEGO 

AUGUST 23 -27 , 1976 

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be made 
before publication, this preprint is made available with the understanding that it will not be cited or reproduced 
without the permission of the author. 



86-22 
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Abstract 
The laser system requirements f o r isotope enrichment are presented in the context o f an atomic uranium vapor 

process. Coherently pumped dye lasers using as the pimp laser , e i t he r the frequency doubled Nd:YAG or copper 
vapor are seen to be qu i te promising f o r meeting the near term requirements o f a laser isotope separat ion (LIS) 
process. The u t i l i t y of e l e c t r i c a l discharoe exc i ta t i on o f the rare gas halogens i n an LIS context is d i s 
cussed. 

In t roduct ion 

The strong i n te res t i n isotope enrichment using lasers can be put in to perspective by consider ing the fac t 
that estimates o f the demand fo r new enrichment capacity through the l a te 1980's and ear l y 1990's ca l l f o r a 
new 9,000 tonne (1 tonne = 1,C00 kg) separative work p lan t every 18 months. On the basis o f cur ren t pro jec
t i ons , 9 new plants o f t h i s size may be required by the year 2000» at a cost o f three to four b i l l i o n do l la rs 
each, using cur ren t gaseous d i f f us ion or gas cent r i fuge technology. Since the Laser Isotope Separation (LIS) 
process has a much higher separation fac tor than c i t h e r the gaseous d i f f us i on or gas cent r i fuge process, high 
product as&ay may be achieved in a few separation stages instead o f a cascade system. As a r e s u l t , LIS p lants 
have the po ten t ia l to be small and r e l a t i v e l y inexpensive. Prel iminary estimates show that the const ruct ion 
cost of an LIS p lant may be approximately three to f i v e times less than fo r a gaseous d i f f u s i o n p l a n t . The 
po ten t ia l savings through the year 2000 could be many b i l l i o n s o f do l la rs i n cap i ta l investment and operat ing 
costs. 

The economic v i a b i l i t y o f laser photosepsration w i l l depend upon several fac tors which are per ipheral to the 
enrichment process i t s e l f . P r inc ip le among these is the development o f high-power tunable l ase rs . Clear ly 
numerous processes w i l l prove to be techn ica l l y f eas ib l e ; however, economic f e a s i b i l i t y w i l l depend upon the 
scal ing of the lasers used to d r i ve the process. 

Po ten t ia l l y useful uranium laser enrichment process can be conf igured using as the feed mater ia l uranium as 
a f ree atom or i n some molecular form. In th i s work we shal l discuss those aspects of the laser sub-system 
which per ta in to the atomic uranium vapor process. The de ta i l s o f such a scheme w i l l not be discussed here; i t 
suf f ices to say that i n general several photons { t y p i c a l l y a t d i f f e r e n t frequencies) are employed to se lec t i ve 
l y place the desired uranium isotope (U235) ™ a h ighly exci ted s ta te . This e l e c t r u n i c a l l y exc i ted isotope i s 
subsequently ion ized (using another laser f o r example) and then extracted from the i n t e rac t i on region i n some 
fashion. Since the i on i za t i on po ten t ia l of uranium i s 6.2 eV, a mult iphoton process h i l l t y p i c a l l y u t i l i z e 
lasers which span the v i s i b l e por t ion o f the spectral region, 

The purpose o f t h i s paper i s to ou t l i ne a number o f the laser requirements and to scope operat ing parameter 
ranges fo r some o f the p r i n c i p l e laser systems where poss ib le , ke begin wi th an abbreviated statement o f 
nominal laser system requirements, fol lowed by a review o f the status of the more promising laser candidates. 

Laser^Systerns Requirement 

The average power requirement f o r each laser of the mu l t i - s tep process, is a func t ion o f the number o f U S 
oodules which might be present in a commercial p l an t . I t i s qu i te s t ra ight forward to show that the t o t a l laser 
power P in wat ts , which i s required f o r a given p lant module* assuming that i t produces 0.?.% t a i l s * i s given by 
the fo l lowing re l a t i onsh ip : 

*Th1s work was performed under the auspice* of the United States Energy Research and Development Administra
t i o n . Contract W-7405-Eng.48. 
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Here N is the module output in SWllVyr, n* 1s the probability that a photon which enters the separation chamber 
will be absorbed by the desired isotope, n c is the probability that an atom (or molecule) which has absorbed a 
photon will go on to be collected and not lost due to an exchange or undesired decay channel and hv is the 
photon energy in joules. As an illustrative example; the laser requirements for a mlniplant module with a 
throughput of 50 x 1 0 3 SWU/yr (roughly l/200th the throughput of the present Oak Ridge facility) assuming a 
total utilization efficiency n$ nc = 0.1 and a 4000 a photon, turns out to b; approximately 100 watts. 

Another parameter of importance 1s the overall laser efficiency denoted by ni. This quantity is intimately 
related to the efficiency with which the laser isotope separation process uses the available photons and to 
the maximal energy cost per step per separated atom E* which can be economically tolerated. The relationship 
is written in the following fashion: 

\ "• "c 
(2) 

To be compet i t ive w i t h other isotope separation processes 1$ should H e nominally a t 30 keV per separated atom 
( e , g . gaseous d i f f u s i o n is ^ 3 MeV per separated atom). From our previous example ni turns out to be about 
10-3. 

lS»1le we have obta ined in qu i te general terms several o f the important laser system requirements, -"any more 
remain. S t r i c t l y speaking however, these remaining laser requirements such as beam q u a l i t y , spectral d i s t r i 
b u t i o n , pulse w i d t h , r e p e t i t i o n r a t e , e t c . , depend upon the actual po in t design ( fo r example source jnd ext rac
t o r con f igu ra t ions ) chosen f o r the LIS process. Table I quan t i f i es some o f these parameters o f i n t e res t f o r an 
aton ic uranium vapor process. The v i a b i l i t y o f the p a r t i c u l a r LIS process chosen is based on the employment of 
pulsed lasers . Under such condi t ions the upper l i m i t on the pulse width 1s roughly set by the l i f e t imes o f the 
leve ls which are invo lved in the exc i t a t i on processes. 

I t i s important t o note tha t w i t h the possible exception o f the rare gas halogen lase rs , the p r o b a b i l i t y of 
using f i xed wavelength lasers f o r se lec t i ve exc i ta t ions i s poor. One then turns to the use of tunable dve 
lase rs . One dye l a s e r opt ion centers around flashlamp-pumped lasers . While the e f f i c iency p ro jec t i ons , p a r t 
i c u l a r l y f o r l a r g e flashlamp-pumped devices are acceptable, the prognosis f o r simultaneous high r epe t i t i on ra te 
operat ion (> 1 kHz) w i t h acceptable e f f i c iency wi thout mul t ip lex ing is questionable. In add i t ion the flashlamp 
l i f e t i m e and photochemical degradation o f the dye media are also areas of concern. For these and other reasons 
the use of coherent pumping of dye media appears more v i ab le . 

LIS Process aser Requirements f o r a Mult iphoton Atomic Uranium Vapor 
wavelength v i s i b l e 
average pawer > 100 w 
laser e f f i c i ency > 0.1% 
pulse width £ 100 ns 

> 10 4 Hz r epe t i t i on ra te 
£ 100 ns 
> 10 4 Hz 

bandwidth * 1 GHz 
beam qua l i t y d i f f r a c t i o n l i m i t e d 
l i f e t i m e •• 1000 hrs 

Table I I summarizes the lasers tha t were considered as coherent pumps f o r dye lasers . Of those l i s t e d only 
two were i d e n t i f i e d as having the projected charac te r i s t i cs which lay w i t h i n the acceptable parameter space; 
the copper vapor and the frequency double Nd:YAG laser systems. One can of course envis ion using a rare gas 
halogen laser t o punp the dye media; however, a t t h i s time we feel that the major u t i l i t y o f these systems l i e 
in t h e i r i n t r i n s i c t u n a b i l i t y t hu : obv ia t ing the need o f the dve laser e n t i r e l y . In the next sections we 
discuss some aspects o f the copper vapor and rare gas halogen laser systems. 

Table I I . Summary o f Potent ial Character is t ics of Coherent Pumps f o r Dye Lasers. 
Laser Max. E f f . AV P . W 

? 
200 

50 
1000 
>100 

>25 

Rep. Rate ^ "7 xTff 
5 x 10 J 

DC 

>2 x 10 ' 
>1 x 104 
>1 x IQl 

Nitrogen glow discharge 
Ar N2 (coaxial E-beam) 
Ar ion ( a l l v i s i b l e l i nes ) 
Ar ion ( a l l uv l i n e s ) 
Copper vapor 
Nd:YAG (cw pump, rep Q switch) 

Hd:YAI, (frequency doubled) 

6 x T5=l 
1 x lO- 2 

1 x 10-J 
2.5 x 10-J 

2 x 10-2 
2 x 10-£ 
5 x 1 0 ' 3 

^Separative work i s a value balance between feed , product* and t a i l s . The d e f i n i t i o n o f separat ive work s ta tes 
t h a t i t i s a measure o f the net increase o r change in value f o r a given feed amount separated in to product or 
t a i l s . Separative work is commonly measured i n kilcgrams o f uranium and termed separative work u n i t s , or SWU. 
As an example, a ^ r o d u c t output o f 1 kg o f uranium a t 3.255 assay would require 5.871 kg o f uraniun feed a t nor
mal assay {0.712} and would involve performinn 4.746 kg o f separative work. Of course, to achieve.the product 
output f o r t h i s example, the t a i l s or waste stream produced would be 4.871 kg o f uranium a t 0.2?! " b U content . 
See r e f . 1 . 
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The Copper Vapor laser 

Laser action in copper metal vapor discharges has been studied by winy invest igator* . 2 " 6 As can be seen 
from the energy level diagram In Fig. 1 , this laser Is basically a three level system. The ZP upper laser 
levels arc strongly connected to the Si/? ground state by resonantly radiative transitions at 3258 and 3247 k. 
The un trapped lifetimes for these transitions is -• 10 ns. The *0 lower laser levels are me u s table states and 
are not connected optically to the ground state. I t 1s interesting to note that the actual User transitions 
at 5105 and 6732 A constitutes a double electron jump 4p to 4s (a i » I ) and 3d to 4s ( m > 2) with natural 
radiative lifetimes of 780 ns and 370 ns respectively. 

Generally speaking this system exhibits the potential 
for e f f ic ient production of transient inversions in high 
voltage discharges; the intr insic quantun efficiency be
ing of the order of 605. The actual overall device 
efficiency is considerably lower than this due to sever
al basic kinetic processes which are operative. For 
example, since the peak value of the electron irpact 
cross section for pumping the lower state ( i . e . , she 
'S * *9 cross section) is only about a factor of three 
less than that for punping the upper £p s tate , a reason
able araount of energy is expended in populating the 
lower laser leve l . This loss process is part icularly 
detrimental in that 1t also markedly reduces the- net 
gain In the system. Theie have been several kinetic 
models developed for the copper vapor laser. In his 
model Leonard4 showed computationally that the upper 
level punping rate dominated the others for values of 
the electron temperature in excess of 2 eV. This indi 
cates that large £/p values, where E is the applied 
electr ic f i e l d and p the reduced pressure, are necessary 
for reasonable Inversion densities. fnergy levels for the lasing transitions 

1n copper. The isotope shifts for copper 
and tiyperfine components are not shown. 

While many different discharge device configurations'"™ and buffer gas additive studios* 1 have been done, 
the confiauratioii that is presently employee" for the ILL isotope separation experiments is a General Electric 
d e s i g n . 6 ' " ' 3 This laser consists of an alu-nina tube with concentric electrodes mounted a t each end. The 
entire assc^My is rountcd in a thermally insulated enclosure and the device e lectr ica l ly Isolated using a 
metal-ceramic seal. After placing metallic topper at several locations within the tube bore ana f i l l i n g with 
10-30 Torr of buffer gas (He, A or He) several kilowatts (average) of pulsed electr ical power is applied to the 
device. The "waste" energy fron the discharge heats the device to operating temperature {•>- l€00* C) and pulsed 
outputs of several watts (average power) have been obtained. 

Table 111 summarized the results of the copper vapor laser characteristics for such a device. The average 
power and efficiency of this device scale with increasing electr ical input power and pjlse repetit ion frequency. 
Development of plasma tubes and thyratrons capable of handling higher average power should lead to higher 
power outputs. 

Table I I I . Optimized Characteristics for a General Electric Copper Metal Vapor Laser. 
Operating characteristics as a function of Input power and repetition rate 

I \3oon : rszTif n^ro*"if j 
6.1 kHz _ __ __lL0__kHz ^ J J ^ t L -

Average output power (W) 
at 5106 S 

1.75 2.30 T:K~ ' Average output power (W) 
at 5106 S 1.25 1.70 1.70 

Single pulse energy (uJ) 
<t sine A 

287 209 400 Single pulse energy (uJ) 
<t sine A 205 155 279 

Pulse width FH1IH (ns) 27 42 27 
Average peak power tkU) 

at 5106 A 
10.6 5.0 14.8 Average peak power tkU) 

at 5106 A 7.6 3.7 10.3 
Specific energy ( J/cm3) 13 9.5 IB 
Lffidcncv (d.c. input to total laser outputlt.) 0.135 0.17 0.17 
Tube lifetime (hrl 7 7 
Far field divergence (nradj 2.4' 

*Th1s corresponds to 35 times the di f fract ion U n i t for a gaussian beam. 

The potential device limitations Imposed due to the required high temperature operation has stimulated an 
ef for t to f ind another source for the copper atoms. Liu e t . a l . , have obtained super-radiant emission at 5106, 
5700 ana (J7G2 A T f l in pulsed copper iodide discharges. Here the source for the copper atoms is obtained by the 
oMssocatlon of the Cu! molecule. Other copper hailde compounds can also be cmplovcd. 1 ' Their irajor advantage 
appears to be the lower operating temperature. For example at 1600° C the vapor pressure of pure copper Is 
about 1 Torr w'noroas a t •<- 600" C the vapor prpssure of Cul is 1-10 Torr. The alteration of the plasma and 
kinetic processes because of the presence of the halogen can be either a bonus or a detr iment. 1 6 Work is pros-

file:///3oon
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cntly underlay tt clarify this point. 

It H interr.ittng to note that despite Che etriy discovery of the copper vapor User, both o detailed physi
cal understandjno of the device characteristics and a quantitative dau base of laser parameters is s t i l t lack
ing. This situation ts due in part to me tack of fcisle Ur.etfc data for cesser, fn part to eiperirental dif
ficulties associated with working at very high teoperatures and, tn part due to the United interest in the low 
overall syst.o efficiencies which were achievable in the past with externally-hcatcd netal va&ir generator 
techniques. Ths demonstration of a IS watt,** 15 efficient pure exjtal vapor laser, which utf1J?ed the waste 
heat free t-'ic electrical discharge to generate the vapor, put Ertit system in aft entirely new perspective. 
Table IV iMustratcs a cofflarlson between various published copoer napor laser characteristics. 

Table IV. CorpaHson oi demonstrated Copper VapOf* laser Characteristic 
PuHIr-c tncrgy 

Tut* Ola. Tube Length Average .'ewer frequency efficiency Or.nr.Hv 
two - # - —W— 

Average .'ewer 
M i ) 

- 1 $ 
Or.nr.Hv 

"Raw*" Cu cetal - # - —W— 
Average .'ewer 

M i ) 
- 1 $ 

Or.nr.Hv 

l .S 70 IS 19 1.0 6.7 
6. E.' J Cu cctfll o.ss 8.S l . J 6.8 J9 
L U ,, Cu r.cul 0.3 M s.s 6.1 0.1? I t 
Ha l te r 1 7 

JPl'B 
Cu ectal i 80 I I IS i.e' J9 Ha l te r 1 7 

JPl'B Cu chloride . 1 30 29 • 35 

*Cu r«ul generated by external heat source. 

Unfortur-ately until ^orc precise knowledge of the basic Nineties of cepper Users is obtained, on? is limit
ed to the development of scaling relationships on the basis of ej>perice»tatly d\*:*rained output pewer ?or sue-
cific experimental situations, "he e«n;y density Ihiit^tioe of copper vapor is rat fcninm cr well undrrsinod 
as the present tine. The test figures reported to date are appro*teylcly 15—10 —Vc=»* for potu pure ce;al and 
halide devices. Eviden-e points to possible cetastabl*1 quencrting effects i t the tube wall as a da^iftjn', 
scaling Halt . If this fact Is borne out by further investigations, then scaling of th* conventional copper 
Mppr laser tan be accomplished by scaling the tube length. Under these severe cendittens while IO0 watt 
Users ssca eminently achievable, power levels fn the nultihundred watt to kilowatt reglr.es cay not *JC realis
tically feasible. 

Th» Dye l.aser 

The wavelengths of the pulsed copper vapor User co not overlap an/ useful boijftd-baund transition* in urtn-
1tn; ont nust tu-n t*j*r*for* to employing dye rwtfia and associated hard..*?* to shift the laser freijutnw into 
a useful spectral region. {.spending upon the specific process used the wivelcngfi region of interest for tun
able dye lasers in B urnnlir r.ulttpfioton ohotnffttiixaticr. l lS process span* the ;pc:.ir^l region iron appro**-
r^tcly 5M3 A to 6bJ'> X. While the wavelength region centered near WW A fs atJeOMateiy covered by !hr rnoda-
ninc fenilv. tne r««lon out near t$03 A has traditionally Uckefl dyes with cood Usln? proaerti<-% *<nct can be 
punped with the green copper vapor or argon ion fines. 

A survey of dyej end solvents 1:3s performed at LLL by p . 'irranrf u-.lnij the coyr-er vap»r U;«'•<• ope*-.-,t**>1 c» 
the 51'/> nn<i S73? A band, figure 2 '*w-*rizci tta» Pest systens co--Vin3tton'. compatible with the •cc;'-rc *a?ir 
User py-p. Of specia' note is the availftbfMly now of the new cUss of WM eyes «hich ai<t'tnr to be i:;Mf 
and efficient. Using sources cut near 6W9 A. 

High power dye later-, for LIS applications will, in 
g?n«ral, be confi^uryd as oscillator-irpl if ici- -,/\tc«*. 
lo which the osciiUtor pro/ides the necet'.ary t>fecise 
frequency-bandwi»sth chjocterisstcs which i*. then 
boosted to the desired firal power by successive ampli
fier stages, faong the several dye User parftrteicrs 
required for LIS, the one characteristic which t*. unique 
to the uranim rretal vapor process Is the rc-iairee-scni of 
a User line-width power density distribution which will 
effect U»P untforn saturation of the inhoaoqeneously-
bfMdencd uranfun absorption line across its nominal 
^ 1 GH* ffwh») Doppler widtn. This requirement is dic
tated by the need to achieve efficient aton utilization. 

At ILL, wc have developed a cospcr vapor punped lin
ear dye amplifier which exhibits a 20-30^ conversion 
efficiency. Using known staging techniques such as a 
device appears to be scalable up to the desired power 
levels far LIS applications. However, at the present 
tfno we have not vet developed an oscillator which has 
the desired termor 11 and bandwidth format; work Is con
tinuing in this particular area. 

« t".*W. vf**ml, 1ft m 

FIG. 2. Optimized dye medi.i for use with 
the copper vapor laser. 

http://interr.it
http://Or.nr.Hv
http://Or.nr.Hv
http://Or.nr.Hv
http://reglr.es
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The Rare Gas Halogen Laser 

Quite recent ly considerable work is being devoted at U L and elsewhere, to discharge exc i t a t i on o f several 
of the rare ga^ ha l ides. These system hold the promise a t l ees t , o f meeting both the r epe t i t i on ra te and 
scalable power r e t i r emen ts o f an atomic uranism vapor LIS process. In add i t ion they are i n t r i n s i c a l l y tunable 
over a wide frequency ranne thus abrogating we need for using the dye laser . Before proceeding fu r the r i t i s 
useful to discuss the m i a r k i n e t i c processes which arv responsible fo r the ooi iulat ion in the uoper rad ia t i ve 
* t a l e in these sys tem. However, one nust bear in afnd that at th i s t i n e there does not e x i s t a great deal o f 
data and analysis so that what is presented hero is a best estimate of the important processes. We shal l con
centrate rost of our discussion on the XeF rare 93s halogen system, the e lec t ron ic s t ruc ture o f which 1s shown 
i n F i g . 3. 

The exc i ted states of the rare gas hal ldes are p re 
dominately Ionic in character and show a strong s i m i l a r 
i t y to the exci ted s ta tes o f the a l k a l i haHdes.20 i R e 
lowest l y ing exc i ted states can be cor re la ted a t i n f i 
n i t e internuclear separat ion, w i th Xe4 + F". As these 
pa r t i c l es approach one another they a t t r a c t along a very 
long range coulomb curve which crosses in a d iabat ic 
sense, the exc i ted states o f both ie and f. These 
curve crossings then provide fo r an e f f i c i e n t c o l l i s i o n -
al channeling o f energy resid ing in the exc i ted s ta te 
mani fo lds, in to the lowest- ly ing molecular exc i ted 
states (namely the * ^ f / 2 s t a t e ) . The ground states are 
s p l i t i n to i and s branches; the **l/2tyz , s repuls ive 
in character (unbound) whereas the '£1 /2 exh ib i ts a 
b ind ing , the magnitude of which depends,upon the species 
under cons iderat ion. Fnr example, the "1/2 ground 
s ta te is unbound or onty s l i g h t l y bound i n Xel but more 
s t rong ly bound i n XeF. The rad ia t i on emi t ted , there
f o r e , nay have a bound-bound as wel l as bound-free spec
t r a l character. 

At th i s po in t i t i s useful to discuss b r i e f l y the 
— . . . ... _ u t i l i t y of the ear? gas halogen systems in an I I S con-
,, t e x t . Figure 4 show: the extent of the f lourescent 

M K f t M u c i c M scwuTtON IA) spectra for the rare gas halogens. One sees that f o r a 
given molecular system the spectra is comprised o f a t 

F ig . 3. Estimated po ten t ia l energy curves for xenon leas t one narrow bandwidth emission corresponding to the 
f l u o r i d e . f ron Ref. 19. Z)/2 * l \ f t t r a n s i t i o n a f i d a broadband emCssion whicn 

corresponds 10 the *'-\fi • 2 " i / ? , 3/2 t r a n s i t i o n s . In 
« t u s l f i d these spectra are somewhat isorc complicated the* w>iat i s shown due to the fac t that a t i n f i n i t e 
l r , t e m u i l c * r s«-;M».ition f *e exci ted states are cor re la ted wi th both the J » V2 and 1/2 rare gas ion ic ground 
s t a t e s , 7 1 The use*ul '-pcctral r.>r.tio spanned by these noleculcs is f rcn rounnlv 1903 to 5500 5. As can be seen 
Vt the ve r t i ca l l i r e s in th i s fi<;«rc a t iw step atonic «rani*,r» v?t*or U S process tha i vt1H2es a i e f f i c i e n t 
User *or the J.ist (>itt)toioni;.ui ' j ! i s tep, w ' l l require a rare nas hal ide '.aser .ihich ';1cs in the wavelength 
r*«f?e f ron ?£,m tt> '1500 '*, Eiecme of th i s fac t wort i t t i l has centered around the use of XeF or *eC; as o"e 
:>hOton of a trfo photon LiS process. 

The r-echanis^j. by which exc i ted stale? o f the rare-gas ftalides and dihsloaens are e f f i c i e n t l y fomed by 
electron t M f t jnd discharge c a u t i o n has been a r a t t e r of intense speculat ion. I t i s known" that rare-gas 
neta t tab le attack en saw halogen-containing co lecu les, such as the react ions 

Xe* • f ? - XeF* • F (3) 

Xe* • NF 3 • XcF* • NF ? (4) 

proceeds rap id ly w i t h high y i e l d of exc i ted rare-gas ha l ides . The production mechanism in the discharge lasers 
presumably involves production of these metastases by discharge electrons and t he i r suiise^uent c o l l i s i o n w i th 
F;» or ( i f j . In e lec t ron beam exc i ted systems, which t y i i c a l l y contain about S atn Ar , 150 Torr Xe, and 5 Torr 
f ? o r KF3, the nroduct ion mechanise (nay involve rsrc-ti^ exc*iser chain to produce A r j , fo l lowed by A r | c o l l i 
sions wi th Xe to produce Xe* and subsequent attack on Nfg. Some ArF* emission is seen from such systems, how
ever, so the k ine t i c chain n igh t involve tne exchange 

ArF* t Xe - Ar • XcF* (5) 

w i th Arf produced by argot* atonic GtotasUblc or exctaer c o l l i s i o n s . I t has also been speculated that ion ic 
react ions such as 

Xe* + F" « H - XeF* • H (6) 
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where H represents a heavy body (xenon or argon) may be Important. 
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Fluorscence spectra of the rare gas excimers 
and rare gas halides. The circles denote 
those systems and transitions for which 
stimulated emission has been observed. 
Shown also are the requisite wavelengths 
for a hypothetical two step LIS process. 

deactivation scheme, namely 

Several Important collisionat loss processes for Xe* 
•re worth nothing. These are given below; 

Xe* • Xe* -* Xe* • Xe + e (7) 

* • Xe -* Xe + 2e (8) 
The f i r s t of these (namely Eq. 7) Is a Penniny ion iza
t i o n process and cross sections T- 1 0 " ' * cm? are probable. 
The second loss process (En. 8) involves the Ion iza t ion 
(or exc i ta t ion ) of the exc i ted s ta te due to in terac t ions 
w i th the co ld background plasma. This is a wel l known 
phenomenon i n gaseous discharge; and cross-sections as 
large as •<* 1 0 - 1 5 e n 2 are poss ib le . This l a t t e r react ion 
i s of utmost importance 1n determining the performance 
charac te r i s t i cs o f e lectron beam sostainers or simple 
e l e c t r i c a l discharge exc i t a t i on schemes. I t has been 
shown both experimental ly and theo re t i ca l l y to substan
t i a l l y U n i t the e f f ec t i ve use o f a sustalner discharge 
to augment the e-beam pimped xenon excimer system. 
Roughly speaking, these two react ions ind ica te that to 
produce Xe a t high e f f i c i e n c i e s , Xe* * 1 0 1 5 cm'3. 
These processes w i l l be Important f o r XeF* as well and 
wi th probably s i m i l a r l y large cross sect ion values. 

There i s an add i t iona l c o l l i s i o n a l loss process 
which appears to be energet ica l ly poss ib le ; namely the 
c o l l i s i o n s ! deact ivat ion ofJfeF* by f l u o r i n e . In t he i r 
work on XeF Ewing and B r a u " postulated the fo l low ing 

(9) 

From their data they infer a rate coefficient of approximately 8 x 10~ 1 0 cm 3 s - 1. Since this process effec
tively competes with the radiative channel one must work at a sufficiently low halogen concentration that this 
reaction does not dominate the stimulated emission rate. 

Obviously thes» systems are quite complicated and certainly warrant further study. Let us estimate however, 
the max1m<jn Intrinsic efficiency for the nroduction cf XeF* under the assunution that the experimental condi
tions arc chosen $o as to minimize the collisions! deactivation processes. From £q. 3 we have that. 

Hef* (101 

where - and E are the appropriate production e f f i c i enc ies and photon (or s ta te) energies. Theoret ica l ly \ . ' 
can be shown to haw a value •• 50". i f the exci ted s ta te densi t ies are held below approximately lO 1 ^ cm 3 . Tflis 
Implies a maxlmi/n i n t r i n s i c e f f i c iency of -• 20%. 

At the present t i ne i t appears that because of the r epe t i t i on requirements (> 10 4 Hz), <f!ectrcn beam or 
e-beam/sustaine-- exc i t a t i on of the rare gas hal ides is not a v iab le opt ion and fo r t h i s reason work on dischar
ge exc i t a t i on f i r these systems has been encouraged. Quite recent ly R. A i rey? 4 has shown that the stronq band 
laser m i s s i o n in XeF i s tunable over approximately 2D A in an unoptimized cav i t y con f igu ra t ion . Table V sum
marizes ou>- best understanding a t t h i s t ime, o f the published operating charac te r i s t i cs fo r discharge exci ted 
XeF and KrF. 

Table V. Comparison o f Demonstrated Discharge Excited Rare Gas Halogen Charac te r i s t i cs . 

Holccule (Iccj 

{£26.28 
KrF25 

Tube 
Length 

jem) 
To 
90 
50 
90 

Pulse 
Energy 

(•J) 

100 
1.6 

30 

Pulse 
f r ^uency 

- & • 

Efficiency 

IF 
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Conclusion 

A brief swmary of the laser requirements for an atomic uranium vapor LIS process have been presented. The 
near term use of copper vapor pumptd dye lasers has been described and both the present and future status of 
these devices given. At this time i t appears that they cart meet th.e needs of an LIS process however. I t re 
mains to be seen I f both the scaling and long l i fet ime (> 4000 hrs) requirements can be f u l f i l l e d . 

The use of high repetition rate electr ical discharge excitation of the rare gas halogens appears to be 
quite attractive in in LIS context. Much more work 1s required to bring these to the point where a c r i t i c a l 
assessment of their capabilit ies can be made. 
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