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IIIGII-POWER PROTON LINAC FOR TRANSMUTING
THE LONG-LIVED FISSION PRODUCTS IN NUCLEAR WASTE*

G. P. Lawrence
MS 111, Los Alamos National Laboratory, Los Alimos NM 87544

Abstract
Higlt ppwer proton linies sire being considered at Los Alamos
as drivers Tor high-flux spallatipn ncutron sources that can be
uscil to trnsmte the troublesome long-lived fission products
in defense mielear waste. The tinsmutation scheme being
studic provides a high fux (> 10'%m2-s) of thermal
ucutrons, which clficiently converts fission products to stable
or short-lived isotopes. A medium-energy proton linac with
an average beam power nf about 110 MW can burn the
accumulated TeY9 aml 12D inventory at the DOE's Hanford
site within 30 years. Preliminary coneepts for this machine
e described.

Backgrouail
High power protou lingaes driving intense neutron spallition
sonrces have been stmlied for four dec:des for various nuclear
prcess applications inclulling nucle:r waste buming
(ransmntation). Present plans for disposal ol defense (anil
comntercil) high-level nuelear waste, namely vitrification and
long erm storage (1074 10 10° years) in deep genlogic
repositories are aieeting with public skepticism and
opposition. A principal coneern is that projected migration
rates for long-dived fission prochicts in these wastes (TeY9 awl
129) will i satisty the stdards for liung-term confineiicm
within the geochewical envirmuiecut of the planncld high-level
wasle repository (Yucea Munutiin, NV), Ongping studirs m
Los Akunos snggest et an imeuse thernimal wentron spuree
triven by a high-power proton linse woulil be able to
transtnte sl the Tev and 1129 inventory swecimulated at the
DOE Thautord site abont 2000 k) o stable products within
ahont 30 yeas, elimiwsting e frornihe repository Teed, ad
pvercottug aeritical nhjection to repository plans, Highes
Actinides, such as Np237 and Am242, canalso e apidly
burued i soch o system if desired.

Hinthe Tos Alanios defense - wiaste timsmuter schie:ne,
sumnarized in Fig. 1, a stopping b arger is usal tn generite
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a high Mux of spall:..on ncutrons with an incident medinm
cncrgy high-current proton beam. The primary ncutron
specinun is moderated to produce an intense thermal flux (1049
w 10'6 n/em?-5) in a D,0 blanket cylindrically suriounding tlic
leand target. The material to be transmuteil would be
iransported through this neutron ficld by a continuous flow n!
aqucouns or mnlten-fluoride-salt carricr Inops. Precision
cheatical partitioning methods would remove transmuted
niitenial from the carricr flow while the remainder is returned
i 1hic bliinkelt for continued ncutron irmadiation.

Previnus aceelerator-bascd ransmutatinn schemes have been
hused bt fas ncutron spectrum in the corversinn reginn.
With thermal neutron flux levels in the 1006 n/em2-s range
(100 rimes greater than in typical thermas reactors), signilicau
technical advances are possible. The hgher actinides (c.g.
NP237) e be converted by ncutron capture 1o daughter
protducts that are fissioned rapidly by a second neutron
interaction before they can decay to non-fissile isotopes. High
t:ernial Muxes of necutrons (where cross scetions arce large) also
perit rapid and cfficient conversion of fission products (TcYY
wnl 1129) 1o stable or ~lunt-lived specics. Because of the high
thermal NMux i high cross sections, the blanket concentratinn
of niierials 10 be transiniuted is very dilute in the Los Alaos
scheuie (< 0.1%), providing a systein with an cxtremely sinall
workiug inventory of dangerous nuaterials. This provides
siguificant sufety aud environinental advantages.
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should be approximately 2x10'9 w/s, Fig, 2 plots the neutron
yicld (caleulited with HETC) versus encrgy for medium
coergy protons axially incident on a 50-cm diameter, 200-cm-
tung I'b eylider. Also shown are the energy tlependence af
the proton current and beam power required to producc this
ncutron souree strength. The required beam power is nearly
constant it around 100 MW above 1000 MeV, so that bear
current i be tended linearly against output beam cnergy.
Belaw this energy additipnal beam power is necded, reaching
uesrly 60% more at SO0 McV. Within the constraints of peak
power deposition in the tirget, the transmuter accelerator
pannicters e be selecred w provide the system with lowest
lifetime Facility cosix.

Cost/Performauce Qplimizalinon

Our pproach to a rational tesign for a transmuler linae is o
start Trow the concepit develiped in the recent APT (Aceelerator
for I'rcluction of Tritium) study.? Paramcte.s for this
machine were 250 mA (ew) at 1600 McV. From Fig. 2 it is
appareut that 60 mA (avg.) woulill satisfy the transmuter
requirement at 1600 McV. llowever, in comparison with
AP 2 00-miA linae would be very incfTicient, because of the
relatively low b lomling. Two options can be considereil]
Tor 2 more cTicient configuration: 1) a ew linac design with
lower beaun cuergy and higher current, and 2) a pulsed linae
with hiz:h peak current. T onder o phtain i uantititive
assessuiezt of the nptimunn parameter  linices for these twn
approchies and o cowpare them, a sieple cost unde! for twe
lueic lis een constructed.  1tassumes a machine architecture
sinular 10 the AFT Linae, with duad REFQ/DTL 350-M11z he:nn
inps funoeled into a 700 Mllz CCL. Since funncling takes
place ata low energy (20 MeV), for the reasons given in the
APT desigu? wnst of the enst of the aceelerator lics in the
CCL. Our cost ndel therefore represents the ATW linae
frant end as a lump sam anl concententes priviarily on

i wierizing the CCL
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Readts vl thee oeclel ane stsplayeld i Fig. 3, wlueh plogs

eatntbated] Coeteieton cast snd sonme] e ting: cost versus
e ontpi encrpy fan both aew hoae seenato ad a pul-ed
Do et ve v approviostte at this sigee aid cosaen

nnly the accelerator itsclf no costs arc included for the
transmuter target/blanket cr chemical scparations fucilitics.
Table 1 lists nominal valucs for the kcy parameters cnlering
the mode! for cach kind of linac. For the cw linac, the averipe
acceleratin gradicnt was chosen at 1.0 MV/m. A scarch of
parameter space indicates that this is close to minimizing
construction cost and somewhat above minimum annual cost.
For a pulsed linac (25% duty fictor), these costs optimize at i
higher average gradicut, close to 1.5 MV/in. An rf capital com
of $2/watt was assumed for a cw systein (based on about 100
1-MW power modules). For a pulsed system with the high
duty factor requirer] (25%, 120 pps, 2 ms pulses at 1600 MceV)
o keep peak current at or below ATW levels, the capital costs
per avernige wall were taken as $4/wall,

Table 1
ATW Linac Cost Mndel Parameters

CCL real esune gradiem (MV/m) 1.0 1.5
Dy facior 1.0 0.25
RF yni capital cost ($/avg wan) 2.0 4.0
CCL siruciure cost (M$/m) 0.100 0.100
CCl. shum ingpwedance, avg. (Moliman)  32.5 23).8
Cosi of clecirie power ($/kWh) 0.05 0.08
Avg. RF power per klysiron (MW) 1.0 1.0
Avyg. klysiron lifetime (1000 hrs) 50 50
Thoe-on ftacnon 0.75 0.75
Nunber of operming staff 200 200
PPower conversiub efficiency (rf/ac) 0.60 0.60

Figure 3 shows that constructinn costs for a cw linac
winiutize near a proton cnergy of 7(0 Mc ¥, whercas annnal
¢Sty optimize near 1000 MeV. Amal costs arc dosninated
by clectric power ($ 0.05/watt), which contributes 60% of the
tal. We select 800 MeV as the nominal optimum operating
cuerpy, a value that has the advantage of allowing relevant
measurements o be maile at LAMPIY withong extrapolation
i pemits use of a well-establisiwd iccelerator database. 1w
correspomling proton carrent is 140 mA. The position of the
animal cost minimum is remarkably insensitive 1o moderite
varistion of the principal model paramceters. Fifty pereent
chauges in pecelerating grklient, average CCL slnmt
itpedimee, CCL structure cost, o it cost, ele, shil't the
urininnn less than 50 McV.

For a 25% duty pulsel linac Fig, 3 shows constructintt costs
uve doawa s e Tinal energy is lowered, However, the
criergy cumol be deereised imch below 1100 MeV without
wiewiting puethibinively bigh peak runent levels o the CCL -
W0 wA) or duty Fitctors greaier than 30, At this energy the
coustinetion cost of i pulsed linae appears to be at least Dy
lighen than Tor a ew wachine while annmal cost is esseutially
the e us tet Tor a ew approacls, within the plaosibility !
the madels Given these results the selection can e usule on
the lvsis ol techwology preference, A ow approsch woulll
sy cantral aspects, eliminate wadulatos Trow the 1
systenn, auud wanld allow substutiadly lawer pesh cunrents
the accelentar, Fan the semvtimder ol teis paiper we asstune
ewsapposiel, walt the cierpvAment pacuneters selected as
KOO NMeV/EID A,



Accelerator Design

A first approach o a ew ATW linac design could start from the
desipn ol tlie AT accelenunr deseribed in relerence 2. This
coneept coutiiing a beam-launcher (front end) consisting of two
de injectors, two 350-MITz REFQs, and two 350-Ml1z DTLs
funncline proton beams at 20 MceV into a 700-M1iz CCL.
Ench leg of the beam Lwncher carried a 125 mA beam, ard
could e powered by existing 1-MV cw klystrons. The CCl.
was 2 2-km-long 1600-MeV coupled cavity linae, carrying
250-mA cw current witl au R efficicuey of 0.78. The AI"Y
CCL was diviled into 7 sections, cach made up of modules
consisting of n (side-couplail) accelerating cells, a quanlrupole
and 2 dinguosiic station, The nunmber (n) of coupled cells per
wodule ineres s +d from 2 o 10 as proton encrgy increased from
20 MeV 1o 1600 MeV. Averige aceclerating gradient was |
MV/m o miinimize RF structune osses, il the aperture in
the CCT was chosen very large (3 ¢ o 7 e o maintaio a
very higluaperture/beam-size ratio (9 tn 22). Such a large ratio
assures the extremie?y simall bein losses reruired to permit
conta st naimenznee of the aceelerator. Given the very large
heam power, the low averape stineture shunt inpeildance (21.8
Mahums/m) resubiing from this decision imposed an aceeptable
sticture-dass penalee. Beam power was 400 MW and
structine loss about 0 MW,

Injecior Ll LA

350 Wiz, 140 mA CCL 1700 Milz, 140 mA)

[ Hvol{un el T T 1 M
I | tel 0 60 a0 e
100keV 25 MV 20 MeV 800 MV
Cmalianre
. Twmer '
I *'m 1 101 m i

Lo U ATW ew linae cobeept witliom fameling.

For ATW, with a enrrent sperilication of 110 mA cw aml an
output cuergy of 80 MV, the Tueling eequirement could e
climinated, siplifyiug the front cud, and producing am
aclutecture as skelehel in Figd, “The ajector il the 350-
Mz REQ zud DL wanld pravide @t 110 wA beam at 20
MoV, waidil have essentially the saine performanee il
desipi i juajected for AL, Table 2 lists importut desipn
paciieter s Oue relineent that tmight be nede to tes
nclune suchitechme would e to coutinue the 1211, to a ligher
cretpy, sy 0 60 Me V. However, becanse of thie desirbility
ol heepitp sieespranee e “ons il kw eoerpy, to mitimize
Hee gt ob hala ottt thewe nay e anincentive la
teranne the tmsttion ki e uglien liequeney CCL at the
beaeet phoncd coctpy, Anverage CCLpeshicat of 1 MVAR
swottht e nanntaned s un AU, Teadug oo ootal aceeleiton
Leuptieod alamt 1050 1, Stooetine apettines snd slomt
unpedint o values e the siine as loe APT, Finittimee vidines
A taeann s escne crewer ity the sanie o AP beciitee
clings e nmele s ot the sine, Ouly every athier RI1
Lo bt 1 Hellinld,

Phe abwsie e ept prossheesn utactie AW desapen s e

the virtuc of beam-launcher simplicity (no funnel). However,
we believe a more optimum performince could be obuainetl
with the following design modifications: 1) Employ funncling
to reduce the current requirement in the injeetor, RFQ, miud

Table 2
ATW Linac Parameters (No funnel)
l! ]l l ‘I !I I

Freegpieney (Milz) 150 350 700
Euergy (McV) 0]l w2sS 25102 20 10 Y00
Syuchr. phase (deg)  -90 10 -37 40 60 10 40
Radial aperture (em) 0.4 to 0.3 0.8 141035
Beam currenl (mA) 130w 120 120 120
Length (m) 34 11.3 1150
Accel. grad. (MV/mi) 1.1 10 3.] 1.0 (avg)
Copper power (MW) - 04 1.3 717
Beam power (MW) 03 22 106
Total power (MW) 0.7 35 183
Beam aading 0.4} 0.56 0.58
Nu, ul  Rlysitons t 5 190
Accel. siructure 4-vane P11y Side.coupled
T cmiit. (r mm-nuirad)  0.20 w 0.23 0.27 10 0.58 0.6] 10 0.6%
L emin. (JO'6 ¢Vsee) 0010 1.4 1.6 10 3.6 301w 44

DTL to 70 mA. This allows a 30% lower cmittance in these
structures aud smaller growth, Icading to a significantly
smaller beam size, 2) With this reduction in beam size, and
taking account of the lower current, it should be possible
reiluce CCL apertures from those used in the very conscrvative
A"l lesipn, without compromising the beam-loss criterinn.
The higher CCL slumt impedance will give improved RE
power eflicicucy. PFunncling permits lowering ihe
cliargedunchiin the CCLL by a factor of two compired with
Al'I" (all buckets filled), which wii? be benefi-ial in wenns nlf
liado pencation akd heam loss. Beinn simulations and cavity
tlesipgn minst be carried out to examine hiow far this path can Iw
pushed. “The cost of RF power (bath capital and operating)
dominates the ATW facility cost to sueh a degree that there is
it sipnificant preminm on -lesigniog o higher efMiciency CC.,
The adiitional complexity of funneling is outweighed by this
factar, i initial experinients ot 1.os Alamos have
temonstrinel] fuuncling viobility,

Funnel

330 iy, g

CCL (700 MMy, 140 mA)
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Fag s Theb etGeieney ATW; ew futiielod linae coneeqs

A tratiten sccelenator Tor binaing delense wastes would ilen
ook s epessented o Figa b Eoattunee values nid uysenine
will e Tower i in ‘Table 1, Beam cirvent will e 20w w
the RED jod DT dustead o] BID, Tu the CCYL stinetine RY
powet beeowtd e 80 MW, piving a ol R power

BN MV



rcquircment of 158 MW and an RF cfficiency of 0.67. An
awldivog! 10 MV is vequired for the beam lauucher,
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