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Lawrence Livermore National Laberatory
Livermore, California 94550

ABSTRACT e

Varfous by-products in spent nuclear fuels including strategic metals are uniquely useful and of high
intrinsic value. Isotope separation is necessary to achieve the full benefits of fissjon-product partition-
ing, increasing the specific activity of radioactive modifications or reducing the intrinsic radjation associ-
ated with various elements. The atomicevapor laser-isotope-separation process, under large-scale development

for uranium enrichment, applies to most of the spent-fuel nuclides and offers attracti-e benefit to costs.

INTRODUCTION

Spent nuclear fuels contain on the order of 30
different fission product elements and several acti-
nides in addition to wranium and plutonium, Al-
though the fission products constitute only a minor
portion of the discharged fuel mass, their elemen-
tally separated value can be an important fraction
of the uranium fissile fuel value, These by-
products represent a potentially significant na-
tional resource for a variety of processing indus-
tries (e.9., agriculture, chemical and petroleum)
and, for examle, may find large scale applications
in the waste sanitization and medical fields. Fur-
thermore, removal of selected fission products
{e.g., Sr and Cs) from the waste stream can signifi-
cantly offset certain waste management costs.

For several cases of interest, isotope separa-
tion s necessary to achieve the full benefits of
fission product partitioning, Although many of the
elements and specific isotopes in the waste stream
are imiquely useful asnd of high intrinsic value,
conventional {sotope separation technologies are
efther not applicable or, in general, prohibitively
expensive. Advanced isotope separation processes,
including laser isotope separation (LIS), offer
major cost reductions for the isotopic enrichment/
purification of the myriad of by-produci nuclides.
The atomic vapor laser ijsotope separation (AVLIS)
process, under large scale development for uranjum
enrichment at the Lawrence (ivermore Naiional
Laboratory, Is directly applicable to most of the
spent fuel elements. We outline here the gemeric
benefits of isotope separation, the AVLIS technology
status and some of the associated economic factors,

BENEFITS SUMMARY

We {llustrate in Table I several fission product
isotope separation applications, Figure 1 provides
the approximate isotopic assays referenced to o1
year after discharge. The most notable applicatien
is the disotopic cleanup of the radicactive com-
porents in the strategic platinum grow metals
(PM). In the absence of isotopic cleanup, severe
uszge restrictions are expected or equivalently the
worth of the reactor materials may be substantially
balow the world market prices, The composite value
of PGM in a typical commercial spent fuel is po-
tentially ~30% of the value of urmium in the spent
fuel, based on current warket prices.
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TABLE 1 FISSION PRODUCT (SOTOPE SEPARATION APPLICATIONS

For Sr-50, the benefits of {sotope separation
are a more effective utilization of the available
Sr-90 resources and lower radio-thermoslectric-
generater {RTG) system costs. Isotope separation
would enable the use of substantial quantities of
Tow-grade Sr-90 [assay degraded by decay and/or
chenical contamination during processing), and sn-
richment to high assays would allow extended RTG
operation or extensive recycle, Kr«85 is in com-
paratively minor {sotopic abundance and certain
self-powered 1ighting applications could benefit
fron higher specific activity material. Radio-
thermeolectric-generators represent a  potentially
large scale application for Kr-85, but highly en-
riched Kr-85 will be required to achieve adequate
power densities, 1In connection with RTE 2pplica-
tions, Pu-238 and Sr-20 are in roughly comparable

I i@l T
Re-101 | Ru-¥2 R4
- 00 g %
e e ~y m Sy
@ |FnRim
~w
- 150mn) - 2a gl M
Sosy | 3y | TR
o | merm | v | 90 u.ulu.m
w || | m o
ekt | kst ] SLE [ o
CREAEAED
)
.
g
w“w |
TAR | Covw | Gty
Lol I B
w | |
o 1M | 47
an |
Stv | 28y

Fig, 1. Isotope abundances and half-1ifes.
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quintities in commercial spent Ffuels, tuh che Former
{s in minor isotopic comtent (n1%). A suitable iso-
tope separation process could enrich py-238 #d 2)sg
remove the undesirable Pu-236 component,

ATOMIC VAPOR LASER ISOTOPE SEPARATION

The physical principle behind LIS s the selec-
tive absorption of laser radfation by atows/
molecyles containing the {sotope of interest. In
the specific enrichment process under developmnt
for the DOE at LLM., we use precisely tuned (lazer
pmped} dye laser radiation to selectively photo-
fonize thr U-235 component in the atomic wvapor
stream.  Three visible laser beams are productd with
sufficiently precise wavelengths to distinguish
between the U-238 and U-235 elactronie energy levels
which are slightly shifted with respact %o one an-
other, This and alternate one- and tWo-step pro-
cesses are shown in Fig. 2. Following {onization,
the U-235 atoms are exiracted from tha reutral vapor
by pulsed electromagnetic fields and collected as
enriched products,  Figure 3 shows the basic
elements of the process.

Cu and FD Nd: YAG XeCl
pumped dyn. Puthped dym

ArF
Raman ghifted
Fig. 2, Laser photofonization options  utilize
copper  vapor  laser, frequeiCy doubled
neodyniom YAG (FD NG:YAG) and XeCl pumped
1dye Tasers, as well a5 Raman shifted ArF
asers,

Fig. 3. Atomic vapor laser isotope stparation .-
major systems.

Since 1974, we have concentrated o developing
the laser, vaporizer and extractor systt®s thit can
be scaled to large sizes. We have identified a sat
of baseline Taser transitions and accurately mea-
swed mnwmrshin l'the moto{miz:tﬂo:d pPh;
cess., [ s been direc o
three-step photolonization process ﬁgig- 2;, -
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bling cmulative selectivities in excess of 107,
We have also successfully completed macroscopic en-
richment experiments confirming that the baseline
process agrees with our detailed model predictions.
Fimlly an extensive development program, carried
out at both LLNL and Union Carbide Corporation-
Nuclear Division (Oak Ridge), has demonstrated that
atonic uranimm vapor cf the required densities can
be vaporized and cullected reliably.

The ability of the AVLIS process to obtain 2
large separation factor and mass throughput in 2
simle stage gives it its projected cost advantage
over conventional processes (Table II).  The
specific capital investment for AVLIS 15 an
order-of- magnitude lowor, and the AVLIS power
consumption is minor compared to that for the
gastous diffusion proceys,

ENERGY OPERAT-
CAPITAL REQUIRE: ING
COSTS MENTS COsTS
et
Giwous
dillugion | high high low
i {~5600/SWUy1) | {~2400 kwWiSWUL
[+
centnfuge [ high fow materatr
(~ SB00/SWU/y) | (~100 WWH/SWUI
Laser
sdlope
separation ( low low low
1~ SEO/SWUlv | (~ 100 WwWh/swy)

TABLE2,  COMPARISON OF URANIUM
ENRICHMENT COSTS.

The design approach for our copper vapor-pumped-
dye laser system that satisfies plant availability
and reliability requirements fs shown in Fig. 4.
The 1aser system consists of two major modules, the
waveform generator (oscillator and preamplifiers)
and the power amplifier. The waveform generator
provides the temporal, spatial, and spectral format
required to drive the photoionizatien process, The
waveform generator output is amplified by the power-
amplifier module, which in turmn provides sufficient
power to fully illuminate the uranium vapor in the
sepirator modules,

Saparator
module

Wavelorm generator

Power
asimplifier
module

L

Ffg. 4. Conceptual relationship between major AVLIS
modules.

Development of adequate copper vapor lasers has
been o important goal of the AVLIS program. A pro-
gression of lasers that have bsen developed in re.
cent years is shom in Fig. 5, while Fig. 6 shows
one of tha 4100 W lasers in operation,

Frequency conversion and amplification is accom-
plished using dye lasers which also have been exten-
sively developed at LLNL, A dye Taser amplifier is
shom in Fig. 7. To date, the highest output power
we have obtained from this type of dye laser Is
56 ¥, opeating at 6 kKz «ith 45% conversion effi-
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Fig. 6. Large bore copper vapor laser oscillator op-
erating at approximately 90 W output power,

ciency. For the fission product applications, this
power (reduced for laser system and process losses)
equivalently corresponds to a product rate of ~10-
1000 kg/yr, dependisg or the specific application.

To enable the. developmgnt of the laser electro-
ootic. systems, we have constructed an integrated
system of enrichment facilities which are
on a routire basis, These are repres
Fig. 8. As {n our AVLIS plant design, She lnedr
system consists of the tw: mejor modules: the wave-
form generator (SPP-I1) and a pover aplifim
(Vonus). The composite systam demonstrates all of
the functions of a plant Jaser system. The system
includes 40 copper vapor lasers, § dys master oscil-
lators, 7 dye preamplifiers, and a ful) complement
of beam transport optics, support structures and
diagnostics/controls.

Our physics experiments are conducted in the low
throughput separator (Regulfs), while the high
throughput separator (Mars) is used to test precess
characteristics at Targe scale and 1s also used to
test production process " technologies related to
miterals handling and relisbility, Both separator
systems use electron beam evaporation, optimized for
the AVLIS process, Figure 9 shows the large scale
weparstor, : .

The AVLIS technology base develeped over the
past 10 years {s very broad in scope and applicable
to many elements of finterest other than the acti-
nides, We have extensively explored a variety of

scalable laser systems (e.q., Fig. 2), vaporizers, -

extractors, and collectors, a3 well as various pro-
cess  excitation/discrimination schemes. For the
fission product applicatiors, detailed process
physics data bases must be acquirad to set precite
bounds on the economics. Fiom & technical stamd-
point, fission product AVLIS 45 easier in some re-
spects but more difficult fn other respects to
uran{um-AYLIS. To {Mustrate, for strontium the
intrinsic materials handling {vaporization amd col-
lection) s easier due to its comparatively low
celting point and high volatility. On the ether
hind, the ahievement of adequate isotopic resolva-
bility for strontium and the PGM is more challenging
due to their comparatively mall {sotope shifts. 1In
this connection, we have tdentified severa) sciemti-
fi;::ﬂ{ viable apprusches for obviating this re-
striction,

Fig. 7. Dye Taser amplifier showi with mutually ortrogost] Lo
directions for excitation, fiow,-and aplificetion. Ce
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The laser energy required per unit of product
depends on the stoichiometric amount of material
that must be converted and the selectivity of the

irradiation step. With the aid of Fig. 10, we cin
relate the specific laser energy requirements for
the AVLIS process to the energy (Ejy) to photo-
fonize the vapor, the atomic waioht of the element
(m), the photon utilization efficiency (e} and
the product yield (gp/gg). For purificiation
applications, the laser enerqy raquirements are
generally much smaller than for applicatfons tnvolv-
ing the enrichment of an isotope in minor feed abun-
dance. This leads to a broad possible range of
laser enerqy requirements. The characteristic AVLIS
laser system cost for delivering a megajoule of
highly coherent tunable radiation to the separator
rodule 1ies in the $10-S100 range. This is a total
Tife-cycle system cost (electrical, refurbishment,
and amortized capita) fnvestment costs) and *akes
into account system losses due to frequency conver-
sfon, beam combination and beam transport. For the
range of applications, we then find a laser system
related cost contribution of $$1/qram product.

The materials handling contribution includes all
separator related costs associated with feed, prod-
uwt and tails processing operations. This cost
center is a strong functior of: (1) the stoichio-
metric and staging requirements, the latter which in
turn depends on the single stage laser conversion
yield, and (2) the specific radiation character-
istics of the feed, which datermine the added (non-
direct) contajoment, shitiding and maintenance
costs. Hith few exceptions, the ruclear hy-products
are sfgnificantly radioactive, and the incremental
handling costs can be quite significant, if not
dominant for Sr-90 amd €s-137, A rough analysis
leads to an gverall materials handling cost in the
range of $0.05-30.5/gram product.

Our rudimentary assessment seemingly indicates
attractive benefit-to-costs for rewctor by-product
isotope separaticn. However, the analyses implic-
ftly assumed economies of scale characteristic of
uraniym enrichment, '\-106kg/yr product per enrith-
ment plant (low enriched uranium is 21so a high
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Fig. 10. Laser system related product costs.

value product, the gaseous diffusion enrichment cost
nearing $1/gram), It is instructive then to specu-
late on the possible throughputs for these by~
product applications. For the PGM, feed availa-
bility (nuclear economy size) would set the maximum
throughput at least for the foreseeable future. In
particular, a 100 GW, installed nuclear capabﬂitx
with complimentary reprocessing could provide 10
kg/yr feed (hproduct), roughly 5-10 fold Tower than
domestic imports (PGM). Conversely, the throughput
for other applications will be Tlimited by demand,
expected to fall in the range of several to perhaps
several hundred kg/yr. Clearly, the *total economic
incentive® for uranium enrichment {s orders-of
magnitude greater,

Simple cost scaling considerations indicate that
on a stand.alone basis, these by-product isotope
separation applications (Timited throughputs) inm
gengral are not economically attractive. However,
in analogy to many industrial chemicals and other
indestrial products, acceptable costs can be
achieved by integration with an existing large scale
laser process. This naturally raises the question
or the nature and time frame for the large scale use

® Scientific concepts
for LIS applications

/

* Sorting of scisntific
approaches 1o LIS —
severe aconomic
nalysas

® Intensive enginesting
for UiPu LIS

# Dederly sciontific
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photochemistry

/
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Fig. 11, History and anticipated progress in the science, technology,
and application of industrial laser systems.




of Twert in material processing, Figure 11 summa-
rizes o perspactive on how Tong 1t takes to get 2
process into production and shows what we thirk
wight Mppen 1n the future, Uranfum-AVLIS 15 ex-
pectad to be the first use of lasers on 2 large
scale basis and occuring in the early 15%0s, This

{s also the plausible perfod for comsercial repros
cessing, essentfal for a substantfal and sustained
swpply of muclear by-products, The development and
implewentation of 2 significant nuclesr by-product
LIS capability with a firm economic basis is consis-
tent with these schedules.
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