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LASER ISOTOPE. SEPARATION TECHNOLOGY
by

R. J. Jensen and L. S. Blasr
University of California
Los #lamos Nationoal Laboiatory
P. 0. Box 1663
Los Alamos, NM 87545

ABSTRACT

The Mvlerular Laser Isotope Separdtion (MLIS) process currently under development at the
Los Alamcs National labroatory s discussed as an operative example ot the use of lasers
for material processing. The MLIS process, which uses anfrared and ultraviclet lasers to
process uranium hexafiuoride (UFg) resulting in enriched uranium fuel to be used an
electrical~power-producing nuclear reactor, 1s reviewed.

The economirs of the MLIS enrichment process is compared with convertional enriihment
techniques, ond tihe projectod availabality of MLIS enrichment capability s related to
estimated demands for U'. S. enrichment service. The laser: required an the Les Alam s
MLUS program are discussed in detail, and thesr pertormance and operational chargcter-
151108 are summarized.

Finally, the timely development of low=cost, highly efficient ultraviclet and gnfrared
lasers 1s shown to be the critical elemnut contrelling the ultimete depioyme., of Mils
uratgur enricharnt .

Enriched urarnaum for use on fuel in nuclear reactors ar rresently produced oo the Umited
States My the gasecus diffusion process.  In addition te beang very expens:ve, gaseout-
ditfusion enrichment of uranium 1y very energy antensive.  The Department of Lnergy hae
imtiated ¢ study of advanced concepts that could potentiadly veduce the cost of enrich-
ing utantium fucl for eiectrical=poner=generating reactors and lueer the energy requires
ments Lo achieve the enrichment

The natienal program tor adansed urapum asotope © poratien comprises ceptryfuge avd
Advanced Isct 0 Separation (AlS) processes. 5 centnifuge facihity as present!y being
added te the gaseous diffuscon plant at Portsmouth, Omiop end werk s continang on
advanced centrituge deveiopment.  Three advanied isotope separdtion techniques are being
stuhied  an stomic vapor process using lasers, o med=cular process using lascrs, and 4
laserless proceskt hased upoi don cydlotron resvnance. It as planned that, an the next
fow wertts, one of the Al programs will be chosen to advance te the deselopment modols

M rtapr where ton quantilies of process material oand plac.- cquipment sl e
ured an ratlnor eahaurtaing component and overall proc et o L prepran plan
talls toer operation of the DY an the 1987 time fram and fog extablishment of an

ciorationsl productaon plant an the early 199us.  Although the denand for enrichment s
ulvertain at thas tame, an estimate 1s showt, ar Lhe shaded band on bag. 1. Also shewn on
Fig ) as the forecarted capaaaty of the garecons diffusion plants and the gaseous centoa-
fupe plante new under censtruction. o the anternational market . cne aett also connider
the pigmrcant capacity of foreagn facalities such ay lrenco and Lurcdift, wlinch gicm
with Japan and the USSK will have o capacaty of over 20 aalbaon SWls per year by Jress
Pigure 2 summarazes the tost projectiont of the variou. entichment eptions.

The Meletular Laser Isotope Separation (MLIS) program har heen wnde: deselepment at the
Lox Alamex Mataonal Laberat vy sance the early aeventies and har o cotgbbarhed o seund
techne jogy base for the uranmium enrichment process The propran 10 v medv g ant. the
engivrering phage and ot as possable to determine o detaa] the oot Ypntnibatsens used
in MEIS eccnomic progectrons,
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The basis of the MLIS process 1s & selective three-cclor dissociation i UFg. The f.rst
infrarea frequency is tuned Lo oftimize 1sotopic selectavity. Tne second infrarea fre-
quency 15 chosen to address only those mclec.ules stronglv excited by tre first laser. ani
the ultraviolet frequency of 308 nm photcdisscciatles Lhe vibratichally excited mcleciles
The ultraviolet frequency 1s chosen as an eccnomic tradecf{ of average cross secticrn fc.
the wvhcle gas mix versus selectivaty of photolysis for those molecu.es exciled by the-
infrared.

Because the vibrational levels of UFg are highly dJegenerate and are low lying. thei are
heavily popuiated at room temperature and give rise tc a lrrge numrer of hot-band sjec-
tral features 1n ad-ftic1cn to the fundamental band. but each participating mclecule has
1ts vy Quanlur nurter Chehiged by one 1nleger Trese hot bands result in a 8; tral
widening that exceeds 'he magnitude cof the spectral 1sotopr shift betweer Lhe €7 . an1
238, molecules The ohvicus remedy for the rcom-temjerature spectral overlap 15 tec cc-l
the gas to a Jow temperature Gas-dyramic cocling 18 used to achieve spactral s:mgl:l:-
cativn  After Lhe pholodissociation by the uv laser. the isctopicaliy selected 3% g»
in the UFg miicwule, which grews to purticles that are read.ly remcved from tha UFg pac
flo~ hy standard techriques The result 15 a physical separatisn of the 23 from the 3¢
urarium A tabular compariscn of gasecus diffusion anc MLIS 15 given 1rn Telle ] Tr.e
MLIS process s based on the same process gas. Ulg. as gasecus duffusion. thus Lhe eng,-
neering devel.pment of MLIS can take full advantage cf the many years of gesecus dut-
fusich Gperating experience using UFe

Tat-le I elss ndicaler Lhe pPrecesrs engineerihg Cchsideretions that arise {rom (e Jaser
Froeiessiia €° o REZ2ZleC ovled ga-

Tre spec.fic reguiremerts for the ir and uv lasers are dicrated by the [recess phisacs
and the canditlions Lhal mustl prevarl 11 the arradiatiovn 20he LG GFLIMZC uraljum Mmenmer
debs 1ty Trr warvelchgths of the ar and uv lasers are Jdeterminad By ,r atd ul Sfeclric-
Cufar Mearurcnint~ ar.] are ¢t at valurs thal of.;"a2e enricamenl (v at a3 Preduc?! rut
th. . determaned v the @ -nomace of Lhe procesy Ter cut 1fract.en of Ubg pholeli2et
f-r the process o detoernaned by the **"UFg uv abs=rpt cr Cruss pecticn (0 and the flu-
ence 131 f the uv laser 1he punt-cr dewsity fur the Frocesp. which 15 lemp-érature Je-
pendent. 16 cptimized for the sequ.r~d o and f{ar the temferature (T Iac temy«rature
d=term,ner Lhe lenglh (L1 ¢ver wha€h Lo monomer hiumber Jensily Cah be maintained »jthiut
eaxrecy,ve cchdensat ot The requireq jrradiatiin zine temperature. 10 turhi. fixes tNr
flce Maith L@ Er <3t the LEZ21e=sr )0l <lagha.aich lemperature 1k erperlially fixed gt
aml-'enl el teens i1 sl phllw al- v Tre Macth ngmter ani the gas Ci-mp-C-Bal it delerm,ne
e requared fiow veleoatly v, wha- o a0 oml el 0 wall Ul Tlew Jengtth (L. 3r ern,nes
the laver repctation rate requiret o 1Fraa,ats o L of Lht Ras: 1liw fad®ing tEr.-ugh the
1Irta- et cr zone The deptr w1 o f Lhe aTradiatact Z--he a3k ROVETHs 3 1. Lhe urorsy s )
PadBl o nang 8 ynafrpm enplichmerl cogr ot Jepih_ Lhe 3r arsarptian ap @ tencleon of flu=
enit . thas o Wl gn Jiwes o f ¢« Lhe ar Jad€r whai-! 1= m xt strongl. atkorled. as re-
Gulret Tne heaght t the yrtafiar 1 7-tn g% Chuxrn U eSlal J1®h rearcnalje beam B 20
at tre rrogaared flusrea [hi taryr DLumber 1 vargatles gmvoj.rd an Ut MLIS g -
mogbe 1t ne.epsary Lo perlers crveral ateratone L - harie AL cRUamar g iradaala- 6o 2o ne
and g lant Ve

F-r tre I~ jr-cr-s, tha chyeilasr 3f Li- Jesafn the flw prplem p- Uhat 1 Conforme |-
the je~er Peqpuateme bl of the Javerr and the reguited ghafrermty ¢l arradsataet gt Ul

[SLI T RS LN BT 1. meet ful. Froducbavn=plant larer encrg. and pulsr=rrpolLitacnl Fals
P guareme e, wyth ro]y modrrate extrap- latione of current tectin- Jrgy . U g Bgore=ap- L.
Foth spataally and tempe,ally Multplen tha jacer beams The rPequared sulues "o 0 lased

} iAmelers are g ndcgted g Tat-de 1

Atvp.cal coontagurataen for the 1v laser pyvstemy 3 ghown a1 Fag 8 A mav.rr rrnfiat-r-
fowrr amplofae= A arveupem: st jp yped Lo achifve Lhe G Egquire.] bBrak Pnerpy After
v v en c f the JUagr (o, raclialien e JEmpn radaataoch Lhprgglh the ure of the effaornn
i~50. kv cerierter, the beame from epght Modd chaane . roch cprratang al Jo - Mo a-s
mallsplrae 1 together Lo achiest 8 repeigtla-n rate o1 1o dH2 The jequirearnts gotioate
it "atle 11 arr for & saugle ampiofarr stager of MebA (han Bhewn 1o bag 8
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A typical uv laser system consists ¢f a yvare-gas-halide mester oscillator and a single
power amplifier. o achieve the correct ensrgy in the uv beam, the outputs from indi-
vidual &mplifyiug units are spatially multiplexed together using a dihedral beam com-
biner.

A conceptual design of an ir laser amplifier unit is shown in Figs. 4(a) and (b). As
shown, the CO; pump laser consists /{ two discharge heads emhrdded in a common recircu-
lating flow system. The conceptual design of the uv laser 1s very similar to the ir in
appearance.

A, Tempora)l Mult:ipiexing

As noted above, the inducirialization of the MLIS uranium process requires both 1r and uv
lasers Lhat operate at kilohertz pulse repetition rates. To obtain the process repet)-
tion rate needed to irradiate all of the gas passing through the photolysis zone, thr
individual laser beams must be temporally combined to form a multiplexed single beam. A
preliminary design of @ temporal multiplexer, which will also serve as 4 master tamer for
laser trigegering, has been accomplished. This device consists of a faceted wheel with
each mirrer facet-si1zed to accommodate the crosse-sectional area of vcipght ldaser beam:
without overlap. The wheel is water-cooled and sttached to a spindle that 1s driven with
a constant-speed electric motor through & timing belt drive. The mirrer facets are
mahined by diamrnd turning and then coated for optimum refiection of the 1r beams on one
side ana for the uv besms on the opposite side, This device, built from commercially
available compunents except fer the whee!l, oprrates at a low rotational speed, 15 compact
and sample 1n design, and is designed to maintain laser beam qualaty by limitaing thermal
distortion o1 the reilective surfaces,

k. Raman tonversien

tne of the key elements an the MLIS uramium process 15 the faman system that converts the
ivspn cutput of the COy iasers tu the proper lb=ym wavelength. Raman systems are highly
effacient, with conversion efticiencies greater than 50% demcnstrated.  The samplest forn
of & Ruman converter 1s ¢ wylindiical tube falled with the scattering gas and fitted with
end mirrors and beam 1nsertion and extraction ojltacs. A 10=um pump heam and a lo=pm seed

bram are anserted anto the cell and multipassed Lo achieve the desired lo-um outpul power.

Calculation of the depletion of a CO, pump beam and the buildup of tiue 16=pm output as o
functien of number of passes through ¢ pare-li;=fi1iled Ramsn cell at roum temperature
show that apj i comately 20 passes are requeired te fully deplete the pump beam.  The beam
profale tor the COL pump, be! ac and atter dopletion an the vell, and the Jt=pm output
Jre shown an bag. 5.

le acvommodate the high=average anfraved power needed i the MLIS process, the Raman gas
must be continuaunly reciivalated and vociod. A Jarge Kaman converter that would provid
tour Raman cells operating samultaneously in 4 common gds flow hes beer designed. A
rombar twescel] system w1l be tested ot Lee Alamos 1n early 198!

vo Toradaata s Chamber Consaderations

The MUIN photelysas thamber requites a desigh that integrates Lhe process phveics, ergl-
neeriny, and etonomien.  The design must accommedate the dafterent laser wave Jengthe
twith different Ul abrerption crowne sectiont for each wavelength) and varjations an
pulse Ginang dnd laser fluences. For o plant, the pbatolyais chamber munt efticiontl
ulili2e the Jaser photons and. «t the same time, previde o hagh enrichment over the tull
width of each uezsle of each stage, The correct fluences can be marttatned from nezzle
to nezele by bedm compression uning cvlindrical apt.cs between atages; oplical losser are
mimimized by using independent redlective opiscal  omponents tor each laser beam

The derign must provide geod photon utilvzation an' not aniroduce diffraction eftect, A
pumber of such desagne are being studied at Losn Ajames.  Figure 6 shaws the relatyee
phctochemical perf osmance an a4 chamber as 8 function ef chipping Juas far g Gdunsian
protale. Chippang «f the Gaussran beam an done b obtaan & “guarsi™ top=hot bheam profile.
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Figure €6 shows the propagaticn characterastics of zlipped Gaussian beams A side-by-s1de
insertion scheme provides mere uniform peam distributions over large areas

Figure 7 shows typical 1intensities acrecss a center line of the reacticn chamher for
Type 1 inpst, where the side-by-side beams happen to lire _p in phase, and Type 1] input.
where the side-by-side beams are cut cf phase Finally improved performgnce 1§ chtain
able with the use of super-Ga:ssian beams of the form f = f  exp[-Zixsw) ). The super-
Gaussian beams have 2 better filling _actor than normal Gaufsian beams for N as sm-11 as
S, but they aintroduce tne problem of rapid degradation of the beam as 1t propagates

For the several meters of pathlength reguired for each photolysis chamber, thecretic
calculations using a deta:led multilevel model predict that self-focusing an the proce
gas of the resonant ir, beam vill net be & p-oblem

al
€z

Simple, straigntfcreard gas-phase Jasers are used ain the MLIS precess Cperational
requirements for these ilacer.. such as frcguency statalaty. phase front distcerticr, ara
CPl1cal CCmponent reguirements ore Suhimal likewise, minima] requirements are im-LSEd

orn the plant env_rcnment by “he MLiIS lasers, temperature stability. humidily. and ctheér
enviranmental factcrs are easily chtainable for the MLIS i1nfrared and uitraviclel lasers

Tnere 15 a strong overlap betweern MLIS laser rejuirements and those for several Dol preo-
grams As an exampie. Ta“le 11l coempares MLIS CO; laser reguiremenls witn those cof the
D.D laser radar prograw Lixewi=e _ Talis I\ summarizes the exiimer laser reguiremeit
cverlaj for MIIS and the Ny, DARFA Blue-green submarine Csmmunicalions progran Tne
cermcnality of MLIS ara Dol Jaser reguirements will alicw the MLIS pragram te take full
alvantage cf the technilogy development supported by other governmental agencres

A< the MLIS pregram enters the engineering phase and the AIS sejecticrn date afproaches.
Ificreacing atlention 1s heing durected to plant (osts Ire ultimste eccuam,cy of ML:S
urat.ium enTichnfnt 18 Strenigly dependent con the cost of the laserc used in the pruocess

Tat1e Vv 1temi22s the estimaled cost breakdown for an MLIS productien plant Tarie \1
summar,res ML]- annual costs and predicts a cost of S2B Bo for eacl separative work uhit

Laser corts ac.cunt for appreximately oU% of tre tctal direct caratal cest of tre plant

Clearls  sine (881 «--8tv ionst;lute the singie mogt imparrant coet element of the LIS
Flant. the Fr-gectsn of laser ¢ ets e v@er o Achikant factor in determining the eco-
nomic feasitility ¢f the MLIS precess

Tatie V11l precenty an estimated ceost breskdoern for direct rapit.}l costs of the ultra-
viclet and antrared Jaser _yateme for an MLIS plent ¢ 8 cost per watt cf laser power
Las.s The correspoinding wnfrared laser co8te ~1- 8 3 .t-um & bas1g e §170 61 agsuming
a kangl. comprs.oh et 1@ars of &% The sencit vty | the (ngl of enrichel material
e 13>t <apalad 781« 4p olowl. 4. bag 8 Likew,se. the sernsitivily L& jaser mantes
Dakie {osts o% alme~l richessblent {or the {irgi laser and slight for the geccnd ir and

us Jdasers

Tre w.oorall eftscaercy of the MIIS lasers 1o a sircng determinant of the alect. .5 [-wer
onsunf Ui of e MIUIS paant Ttw sens. tivaty ol fnr,.  Laentl - 5L o jaser efticienss ¢
sery sl Rt for eflic,eroaes greater tran u 5% Ari ¢fticaency of ] 00 has Lo assume!
tr the Xel] uitrav,ojel laser syatem Thus efficientcy cuomrparexs favorabt:-Jyv wilh Lhe i
Aem nst-ated . commercially; avaslatle lasers and the ¢ 5 to 1 0% ademons rgted an l.=
pelse repet . ach rate XeCl laser sistiems fabricated at l:s Al mas Tie ars gl g al hLa-
Brow rxgeece! Iy abdustis, =hi2rc Aevi effjcaencies greater thao Je have recentls .ecrn
demonstiralel

Tee G, Jacer effiCicacy a8sumed an MLIS plan' designs s 6.7% Contanucusewave (1o
larxers poulinely operate at ([fatienises ~xceeding 0% Lo repetition rate pulsed O
larers bave demonstrated  approxamately Yo efficiency kecent testr uvn a (73, laser suse
ten fatr.cated by Un-ted Technclog;er Retearch Center, whach wi)l be ured b an MLI®
FrejprtsUyps facal ty, yaelded an antriney efficiern-y an the @ te 105 rangr Thu~. 3t
18 {7]U *hat the MIIS desigr efficaenci@s for the ytfrared and ultraviciet laser are
arliaevac vt withan the present laser technclo
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In summary, the basic physical principle of the MLIS process has been adequately demon-
strated in integral enrichment experiments at Llos Alamos. The technology required to
extend the MLIS process to production plarnt scales exists today. The projected economics
of an MLIS production plant compare very favorably with those of gaseous diffusion and
gas centrifuge plants, and substantial electrical energy conservation may be realized by
timely integration of the MLIS process into the existing uranium enrichment capacity in
the United States.

The key to the ultimate success of MLIS uranium enrichment is the development of low
cost, highly efficient ultraviolet and infrared lasers. The industrial laser community
is challenged to become involved in an apgressive development program directed toward the
production of the requiied laser systems.

TABLI' 1

COMPARISON OF MOLECULAR LASER ISOTOFE SEPARATION
W!TH GASEOUS DIFFUSION

AR

GASEIOUS MCLECULAR
DIFFUSION MLIS
FEED MATERIAL U" U"
SELECTIVITY (0 1) 22107 18
ENERGY wwWh/iwy ' 2800 50 120
NET $EPARATION COST 18 4wu) 90 140 1520
POWER COSTS (S swu! - -~
STATUS PRODUCTION ALD
TAEL 15
TARLF 1)
MER 1A Sh N CVTAIAF F DT b
MLl LASEY REQUIREMENTS Co, N THIAL PRk
_Pareoeter \ajlue i lasth DFLASTR KA AR
v Tefrared WiTraviciet e — ——— e —— e
—areecter  Symbol Units g Pump  Leser ¢ LN RARL P NS
havelengtt A i 1% 9 0 I ¢ w ) FNLSE R ¢ LM A W
Loergs per pulse ¥ J 2 -8 2 ey A Coy e B
hepes ity te s .2 \ , N ;
lnr o ) Moo ot e e cont et AL
RN LI r y 4 g .
* § LI ¢ STARLE FLANT ENVIRONMESS N S LR SO T
Ceo e PRELUENIY CTARLEIY o 0 s BRELUINL SIALLL
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TABLE IV

COMPARISON OF DOL/DOL AND MLIS ULTRAVIOLET LASER REQUIREMENTS

MLIS REQUIREMENT

DART'A - NAVY REQUIREMINT

ENERGY / PULSE «J “ )
ACTIVE MEDII™ XeCl xell
BEAY QUALITY -5 > DIFFRATION -3 » DIFFRACTION
LITE! LINITED
LITETING . 10 sHots 1c? smors
PULSE RATE 125 MHe 100 Wz
EFFICIENGY .2 “
LINESIETH NONL 0 1A OOl ASHT - SHOT
SFACL QUALITILD \ Y1t
TABLE VI
SUMMARY OF ANNUAL ML1!S COSTS
e ANNUAL COSTS
CAPITAL AT 0.11017/YR $161.84 M
POWER 30 0 milsmWH 1958
OTHER OPERATING COST 7146
TOTAL ANNUAL COSTS 25282 m
o UNIT COST OF SEPARATIVE WORK 28.08rwu
e UNIT COST OF PRODUCT 708 .90 /w gV

TABLE V

MLIS PRODUCTION PLANT COST ESTIMATE

TOTAL PROCESS BUILDiNC AND AUX,
TOTAL SUPPORT FACILITIES

SITE PREPARATION

PLANT STARTUP EXPENSE

SPECIAL EQUIPMENT
INFRARED LASERS
ULTRAVIOLET LASERS
NOZZLES
COMPRESSORS, DRIVERS, COOLERS
PRODUCT COLLECTORS
HZ AT EXCHANGERS
OPTICAL BEAM CONTROL LYSTEM
SUBTOTAL

TOTAL DIRECT CAPITAL COSTS
CHGINEERING L28%)
CONTINGENCY BE%)

8176 1
RLE )

L K}
ass
108
24
wo

INTEREST DURING CONSTRUCTION 1%}

TOTAL PLANT CAPITAL COSTS

TABLE VI

$180.)
845
208
nse

L]

059

o414
1003
4409
223?

14660 M

DIRECY CAPITA, COST BREAKDOWN FOR M 1§
ULTRAVIQLET AND INFRARED LASERS

LASER sUBSYSTEM

POWLR SUPPLY

MODULATOR

PULSE PORMING LINE

ELECTRICAL SWITCH

GAS CLEANL?

FLOW SUBSYSTEM

PREIONIZIR

orTics

INSTAUMENTATION & CONTROLS

SYSTEM ASSIMOLY

QUALIFICATION TEETING

DATA & DOCUMENTATION

PACKING B EMIPPING

INSTALLATION B ACCEPTANSE TESTING
TotAL
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Figure 1. Projected demand for enriched
uranium through the year 2000. The

United States production capability for
Gaseous Diffusion (GDP) and Gas Centri-
fuge En.ichment (GCEP) 1is also shoun.

[ R4 NI L

200 ;“ /

~
»
o

HUUS DL L
SN

UNIT COST OF SEPARATIVE WORK ($/5we}

&2 -
| R e

* J

¢ i I i i e A A
19E- 82 B4 8€ 06 90 92 94 N6 B 2000
Bt OF -FISCAL YEAR

PRI ELT O PON
LILER AN A

Figure 2. Cost
diftusion, Ras
1Sotope

processes.

projections for gaseous
centrifuge and advanced
separation uranium enr)chment
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Figure 3. Schematic layouur of the infra-
red laser system for an MLIS plant.
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Figure 4. Conceptual design ol CUp laser
amplifier. (a) lsometric view show.ng the
laser flow system configuration. (b} Crosse
section view showing dual discharge heat
configuration.

Page 7 of 8
Jensen/Blafr



g

RAMAN CONVERSION PuMP AND OUTPUT
Stav PROFILES

r gL T}
r ) b fut
r Louth alt
I [ LR (R4
I w8l
— 0.
(a)
; L ¥ A
R IE )
[N
- 10 e
(b)
Figure 5. Oscilloscope traces depicting
Raman conversion. (a) Input CO, pump
pulse (upper) and depleted (O, pulse
after Raman conversion (lower). ({(b) Out~
lay of ten 16-uym output pulses. Note:

Temporal pulsewidth limited by the opti-
cal detector used.
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Figure ©.  Infrared beam clipping. (a)
Performance as a function of clipping
Josses.  Approximately 25% clipping is
optimum. (b) Infrared beam profiles at

insertion and after 2 m of propagation.
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