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II IGII-POWER PROTON LINAC FOR TRANSMUTING
Tll17 I. ON(:-I. lVI?ll FISSION PROI)[JCTS IN NIJCI.EAR WASTE*

G. P. I.nwrcnce
MS 11S1I, I.(M AINIIK)S N:ltion;d l.;~lxmtory, LoS Aliilll~s NM 87544

Ahstrnct
I I igh p(hvtir pr(mm Iinacs iuc hcing consirlcrd al Los Ahrmos
as drivers Ior high-flux Spdlii[ion ncumn sources (hat can kc
usd (o uansmu[c [hc [roublcsomc Irmg-lived fission producwi
ill dc[k’nsunuu Ic:w w;l:;[c. I’hc I.ransnlul:lliorr schcmc being
sludilxl provi(l~’s ;1 high llux (> I016/un12-s) of Ihcrm;d
Ilc’u[r(ms, whkh C[hcicnlly rxmvcrL\ fission prOdI.KIS 10 slfibk
or shorl-lived isolopcs. A medium-energy proton Iimrc will)
tin avcrtigc km power of abou[ 1IO M W can bum lhc
KCImNJl:IICd TNJ and 1129 invcnlrrry at ltrc DOE’S I lanford
sim w’i[hill .30 yc:us. Prclimimwy uoncrpts for lhis machine
arc dc.scrilyd,

IlilCli~~olll)[l

I Iigll ptllvtv prolwl Iimws driving inlcnsc mwlron spulhion
sourc~’sIuvc Iwcn sludicd for four dcrmlcs for wrrimrs nuclcw
procrss ;qll~liu:llions including nuclcw w~s[c burning
(LrmlsmIIl:It ion). Prcscm plans for dispr}sal of dcfcn.sc (ml
commcrci:d) high-level nuclcor waslc, n:uncly vit.rificalion :md
hmg .Icrm s[or:lgc (I(F 10 1(}$ycirrs) in rlccp geologic
rcposi[ori~’s ;Irc mcctin~ with public sticpticism and
opposilioll, .,1principal concern is 111:11projcclu.1 rnigrirtirm
RI[(’S 1“(N !(NILJ. ]iVt’l! k!iil)tl pNX!ULYS ill [hCW W’iLSICS (TC9!! Old

: I 29) will II()[ s:llis[y [k stumhrds for Iong-lcrm conlinuncIIl
i~,ithill [hr ~~.(wh(.nlic:~l unvironlncljl d LIICpl:umcd high- lcvc]
mI:Is[cr~lposi[~lry(Yucuu hl(mn[oin, NV), Ongoing s[udics a[
I A)s/\ldn Nls sIIggL’Sl Ikll illl ink:nw II]crmnl nculron sourcw
dlivcll Ily :1lli$h-lx~wcr lmmm Iilm. N’(NIM lx Alc h)

lrdllslllulr :111Ilk: ‘1’L49:Iml I 129 illvcnl(~ry :K-uINIIulolcd ;11[hi’
[)()[! ] l;llll~ml silt (LIIXNII 2(X)() k}:) [o s[dbk pruducLs wi[hin
;ll~(~(l[.~(~y~’;lrs, t’lilllill:llillg 1111’111Irol’1 lhc r~qx)sil(wy Ictxl, :111(1
(lv~m.tmlill~: d urilil’:11~d~j(’c.[itmU) rqxmilory pl;lns. 1ligh(.:
:Ii”lillid(ss,SUL’11M Np2.17 id AI I1242. c:in ;Ilso lx’ mpi(lly
lwrilid in su(’11il Syslcm if dc’sir~xl.

In Ihc I .1)st\l;llllos (11’rt”llsl’-\v:lslt’ rrwwumvr SL’h(!:llC,

sllllllll:lri/,~’(1 in I:ig. I, ir s[(q)j)illg 1% [:lrgct is used 10 gcm~rok
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o high flux of spalk.ion ncuucrrrs witi an incidcnl medium
energy high-cumcnl prol.on beam. The primary ncuu’on
spc.arum is modcritcd LOproduce an intcn.se thermal flux (10’ S
m 1()’6 n/cm2-s) in a D20 blrrnkcl cylindrically surrounding[IIL.
IL*xI l;ugcl, llc malcriid 10bc mrrrsmulcdwould bc
Ifitnsporlcd through lhis nculr-on liclJ by i.Icontinuous flow ol’

irqucous or nmltcn-fluoride-snh ciuricr loops. Precision
chcmicirl piitilimring mclhcxls would remove rransmumd
m:mxiul fmru Lhccarrier flow while tic remainder is rchrmcd
10 Ihc M::nkcl for crmlinucd nculmn irmdiirtion.

Prcviuus iwcclcm[or-k.d karr.smuw[ion .whcmcs h~vc txcn
[VISLXI011:1f:Is[ mulrnn spectrum in Ihc cmwcrsion region.
\Vilh [hL’llllill nculn)n flux Icvcls ill lIIC 1016 rdcmz-s rimgc
(I ()(1 limes grculcr lllirn in Iypicid d}crmo; nacluw), Signilicillll
ktlmic:d irdvimccs urc possible. IIIC hghcr aclinidcs (c.g,
Np237) LWnIx convcrtd by ncu(.ron Ciip[urc to dirughux
producLs (Ilil[ irrc fissiorrcd rapidly by ~ SCCOIUJnculrmr
illlcrilcliOll trckwc Lhcy can decay 10 non-fissilc isolopc... I ligh
[I:crnlul Ilrrxcs 0[ nculrons (where cross salions arc Iwgc) irlso
pcnni[ r~pid and cfficicnt conversion of fission products (%99
ilnd1129)[o smhlc or ~111ut-lived spccirx. Dccauscof tic high
[hcrm:d IIUKand high crl~ssscc[ions, (IICblimkct concrmtruli(m
of Imllcri:ds IIJ hc triitlsn)utdk very dilu[c in IIIC 1.OS Alium)s
schcnw (< (). I %), providing n sys[cm wilh un cxlrcmcly smell
working invcn[ory d dangcrmrs rnilkritils. This provichx
signilicnn[ .xnfcly :lnd cnvirrrnmcnlal mlvmrulges.
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SIUJII1[1Iw approximaluly 2X I 019 n/s. Fig. 2 plots lhc ncmron
yictd (calcul;ucd with }IETC)l versusenergy for medium
cnrrgy promnsaxially incidcnl on a .50-cmdiameter, 2(M-cm-
hmg l% ~-ylimk.r. Also shownm! the energydclnmdmrccof
t.h promn curmmand bcwn pnwcr required 10pmducc this
ncuwonsourcesrrcrrgth,The rcquimd tram ~wcr is rxwly
cnnw:uual around 100 MW ul~.wc 100) McV, so that bcnn’
LIIITL’11[ (’;]11 k. ~~](k(l liI’IINrl)’ :lfi:liIISt (rUiplll bCWI’4 CI’K’r~y.

Di’ltnv [his cnrrgy uddilinnal Ihwm poww is IW2LS41NI, nxxhing
nd y N)qi, mort al S(W NlcV. W ilhin the constraintsof peak
pmtr Llup)siliml in the lnrgcl, lhc triinsmutcroccclcratnr
p:lrilllh’lL’rS L’N k .~mh’c[d [() pro\’kk ~lc s~~kln Wilh h)wtms[

[i[L9[illlL’ [A-lli[y ~L)slN.

C[)st/IBerrt)rnt:il]cc Optinliz:tlinn

(hr Hi’] WYIL’h h) ~1IlltiOIKl] dL’Si~ll for ~ lrdllSIIIUIW ]i~C iS [()
Sl:lrl [rrml [hL’ LI)I14’CII1dCVCkl~ll in the rccunl APT (Accclccmw
fur I ‘nxluc[ion of ‘Ikitium) Sludy,z Parwnclc.s for this

● 250 mA (CW) ir[ 16(X)McV. horn Fig. 2 it ism:wilinc wm
:qqxlr~vi[Ihm 60 mA (uvg.) would saiisfy [lx Lram+mulcr
rULIUirL’lllCll[ ill ! 600” Mcv. ] hVCVCr, ill ConlfIWi.SOn Wi[h
t\lrl”. a 60-IIIA Iin;lc would Iw very incrlcicnl, hccamrc of h’
rrlmivrty low Ikwm Iowling, Twu opliuns umr bc considered
lor:1 morL. L4fic im configurmi(m: I) n cw Iiww design with
hk~r bL’:11]1L911L’r~Y :111(1 higher cm-rent, and 2) :1pllkd linac
\villl Ili::h Iw,lk currcnlmIn ord~’rli)oblnin :1qu:mlilntivc
:LSU’SSIIIL’I![ or 111(! optimum lXl~.1ln(’[L’1 ‘hoict’s for thcw IWO
~1[1111I\:l~’llLVi ~:ll(! [1) L’ollllxU’L” [hL’n], :1 sin’pk ~(~t ni(rnk”l for tk’

IIII;IL-lids lwLw clmslrucld. h :LssumusUndinc irrchilcchm
siln~l;:r Ill Ih~SI\lr~ Iinnco wilh tlII:Il 1{1”~/1)’l”L 350-hl Ilz Iw:ml
ilq]ll[s lullllrl~td inm a 7(N) Nll Iz (WL, Sinuc funnclin~ Inkcs
I1[;IL’L’ d[:1 [l)W t’lIL’r~y (20 hfi’\’), for ~h~ ~llSon\ ~hl) h h’

/f]rl. dL’Si~ll,: Illost of dl~ Cost of Ihc ~~~L?h?rflk)r]ic~ in Ihc
(’Lql., Our Lwslnl(xlcl dlLTCfhLm rcmwcnl:;[lx!AIW Iinor
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only Ihc accclcrilor itsclfi rm costsarc inclwkd for the
transmulcr targc@hkct cr chcmirxrlscparzuhnsfaciliticsm
Tahlc 1 lists nominal vthcs for hc kcy parwnctcrsentering
Ihc mdcl for cdl kind of Iirmc. For llrc cw linac, lhc WX:I1!L’

accclcmtin~ gradient wm chosenal 1.() MV/m. A scorchof
frmamctcrspace indicates that ibis is close to minimizing
constructioncost and somewhat above minimum annual COS[,
For n pul.scdIinac (25% duty fitctnr), thww costsop[imizc w;)
higher :Ivcr:lgc gr%rdicnl,chw m 1.5 h~V/m. An rf Glpild L-m

of $T4vw was irssumcdfor a cw sysicm (bowl on about 1(M
I -hl\V power modules). For a pulsed systcm wilh the high
dIIIy fil~[or required (25%, 120 pps, 2 INS pul.scs a[ 16(M hf~)V )
10 kw’p pwrkcurrcnl at or hclow A~W Icvcls, the capilal COSIS
pw irvcragcwtill were ticn 0s$4/waU.

‘hble 1
AT\V Linuc Cost Model l%rumelers

CCL rwdcsuucgradicnl (MV/m)
Duly fwlor
RF unil crq}ild C051(S/~Vg W@
LX% suuclurc cosI (MWm)
WI. dmnl impdmcc, nvgmfMohm/nl)
GMI of rlm [ric pwcr (SAWh)
Avg. Itl: pwcr pm klystron (MW)
Avg. klyslrou Ii[c[imo (ltMO hrs)
‘I”inw.on flw-lmn
Nmnlwr IIf opw:l[i~g snlrr
I+lwrr L onvursion cffii wrrcy (r f/ic)

I .0 1,5

0,25
;:: 4,0
0,100 0.100
32.5 Z.lmx
0,05 0,05
I .0
50 ::
0,75 0.75
200 200
O.tw 0.60

l:i~:urc.1showsthtil conslrucliun cosls for u cw Iinoc
minimizu m.wrn Immm energy of 7(N) Ml: 4, whcrcm tinnunl

rosIs op[imizc near I(NO McV. Annuul costsarc domin;uml
by electric pnwcr @ 0.05/watl), which contributes (0% nf tlw
IOMI. Wc select 8(X) McV as the nmnimrl oplimurn opcraling
cncr~y, n v:lluc llwrth.w%the odvimtngcof allowing rclcwmt
IIILYLWIR’IIWIIIS1(1bc IIIWIC iIt LAM] ’h’ Whhollg CX~J@tilhl

:IIId pv_nliLs u.xcof a Well.cstnhlishd ncw!lcmtor&tlahc. ‘IIILI

corrtspundilq: pro[on cumcnl is 14(1mA. Ilc posilion of III(’
wmunl cosI minimum is rcmurk:lldy in,smuiitivcto mndcriuc

v:lri:uitm of Ihc principul m(xlcl PammclcrsmI:ifty pcrccnl

dl:ul]:(’s ill WTctmrling griKiiCllt, avcragl! CCL shllnl
imlrcd:mcc,(’(”l, slrucmrc cwsl, r[ unit cost. etc. shill lhc
minimum Ii*ssih:m 50 hlcV,
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Accclt?r:]tor 13csign

A llrsl ;Ippnxluh lu a cw AIW Iimrc design could Marl from lhc

d{.si}:n t)~ II IL. Al ‘r :tccclwaltu dL?scrilnxl in rdcrcncc 2. Illis

LmOnLql ~-[ml:linsa beam-lmuwhcr (frcru cm!) ccmsislirrg 0( Iwo

dc injc(kws. IWO .350-MI lZ RIQ, and two 350-hfl Iz DTLs

funnclin.x prokm Imms al 20 hlcV into a 700-hf112CCL.
Koch1,.gllf [Iw Iwum liiun~hcrcarrid a 125 MA km, ard
COUIJl}< ]hmv~.r~xlby cxis[ing 1-hl W cw klystrons. The CCI.
W:N a ?-kiu-kulg lN)O-hlcN coupled ctivily Iin:w, cnrrying

250-lllt\ L-N’ L’UrrLWl w’ilh ml ]{1: Cf[icirncy Of ().7~. ‘1’tlc Al”l’

CU. W;ISdivided inln 7 scclkms, cxh made up of mdulc!?

wnsisling Of n (sidc+ouplcd) accclrxrling ccl!s, ir qudrupdc

and:1 di:lgmls,icslmion, IIIC number (n) of couplcLJCCIISpcr
1111)(IIIIL’ ih”rL’:l: ‘1]th)nl ~ h) ]() ~$ p~)k)[l c[~~y i~rt’~d ffl)ni

20 hl~tV [l) 1600 hlcV. Avcmgc :wc~’lcr:llirrggra(licnl wiusI
hl\’/lu [Onlillilnizc RF swucmrc Iosscs,:md [hc irfwrlurc in
[hk’(‘(’[ }~~1~L“hl)sL’n vL’ry klr~~ (~ L-in [() 7 ~nl) 10 nl~lin[~lin :1

very hi!:h ;l]x’r[(lrc~t~.;ll]l-size ra[il~ (1) [n 22), Such a Iargc rwiu
:Lwuws111/cxlrcmk’! y sm:ill bc:ml Ios.ws rtquircd In prxrnil

cnm:l:l nl:linlcn:mcc of lhc accclcl:uor. Given lhc vc~yIargc
bcum ptl~vk’r,[Iw k}w avw:l!w sII utvurcshunt impcdnncc (2.l,N

hlolunshl) rcsullillt: from Ibis dL’L”iSiOll imposed an acccplahlc
s[rUlm[LlrL’‘11)ss l~L”d [}’. llL~:m] Ili)\vL*r ~:r.. 4(X) hlW und
sml([mr li~ss:IIWII1 !00 hlW.

I I:’ I ,\’l”\\’ m’ Iill.m- ctwcrpl wilhtwl fullllrlin~.

Ij)r ,\”I”\V, \vi[ll u currrll[ spucillt-;llitm of 140 nlA cw old UN
Llll[[lll[ ,’IIL’If:y LIr NH) hlt’V, [Ill”I’ulmcling rcquimmcnl r{mld Iw

~’lilllill:h’tl, silllpli[yin~: llw fronl mull nnd pnrnlucin~ ml

m~’hllm”luru :1sslwlchcd iu I:ik.. t, “Ilw hljcclor and lIIC .150-
hll IZ 1{1:(~timl I )’1’1.w{mld prtwillt- :1140 tIIA Ircwn a[ 20
!$lrV, :Ifhl wtwld h;wc mwwli:llly III(’ s:lmc pcrhrrmwwc :md

tll’+i]’11 :11:IMllj(’clwl Iiw /\I’I’. ‘1’:IML’2 Iisls imp~r[.ml tlcsiflll
l)lll;llll([~l J. ( hll’ rL’hilt’!ll.’ll[ Ih:l[ Illi[:hl IN- 111~1(1[”[[) lh;S

Ilm”llilh’ :llL.llilt’clulc \vIIIll,l IN* 10 ctnllimw 111{.1)”1’1.K):1 hil:ht’1

{.111.I~:y, siIy .1[) (t(l iltI\’. 1 ll~wrvur, Ik’c;m.sror 1111’dcsirahilily

Ill L! ’1’lwly, :lt’i.l’lllmi’(~ 11,1~, “1111~:11hnv rlwri:y, It} Inininlizr
lllt’ 111111:11.I III II;IIII 1111111,1111111,IINII(* Ill:ly IIL’ :m inclvllivt’ I[)t

It”l.llllllll! 1111’ Il,lllslll(lll 11) 1111’:IIJ:III’I [11’qlll’llry (“(’l. :11 111(’

lll’1!! ’,.1 111.11IIJ ,11t’11(’l}:v. /\II ;IWII:I}:tt (.( ‘1 . j: IWlILiIII {)1 I hlV/111
\\lllll,l Ilk’ 111,11111,11111’(1, :1,, Ill /\l’ l., 1(’;llllll~: II) ;1 11)1;11:1(’t’cl{’l;lll}l

11.11)’.111Ill ;11,111111031) Ill, Sllll(”lllll’ ;Ilwlllll(’s ;:lld Shulll

Imp’(lmll .’ $:1111(’s;tl($111(-sntmi :Is I(N Alrl., I!llli[t;mi.1’ V:dII~J~
.11111 Iu..llll ‘.1. ,“. ;111’ I.’,..l.ll,lllyly111(’‘..IIII(’ ;I’. Ill Al”l’ Ihl’;lllw”
l“1l; 11}’,,’ 1’,’1 III IIIL’111’:;Illllll’.l 1111” S:llll(’, ( )111)’ (’\l’ly {)1111’1 1{1:
1111,1.,.1 I I 1111,.,1.

111, .Il,ll’i,’ , 1,11, (“[11 IIIIN 1111.,.;1 IL I. I’11111’ /\”l \v 11{,.,1):11111,1111,1,,

k viriuc of beam-liumchcr simplicity (no fund). However.

wc hclicvc a more optimum pcrhrnnncc could b UMaincd
witi lhc following rksign modificalirm~ 1) Employ funnclin~
IL)ruducc[hcuurrcm nxluircmcnl in hc injrxlnr, RFQ, :urd

Table 2
ATW Llnac Puramclers (No funnel)

~lu~
I%qucncy (hll I I.)
Energy (McV) 6:1 102.5 2:5 [O 20 20 ILLw)
Synchr. plwsc (rlcg) -9010-37 -40 -6014140
Ilndial qwmrc (cm) 0.41440.3 0.8 1.4103.5
13carn urrwrl (MA) 130 m 120 120 120
Lcrrglh (m) 3.4 11,3 11s0
AIXL’I. grid. (M V/m) I.1 103.1 1.0 (#vg)
Coplwr prlwcr (M W) 0.4 I .3 77
llLwmpnwcr (MW) 0.3 2.2 106
‘rd pnwcr (hlW) 0.7 3.s !U3
Ilr:ml lmuling 0.43 0,56 0.5U
NLI. d’ hlySl1011!4 I 5 190
ALXTI. slrudurc d.vane -l-P siLlc-cL-LuplL”d
T cmill. (n mm.mrcul) 0.20 w 0.23 0.27 I(} 0.5R 0.6 I m U.6tl

L crniu. (1(Y6 CV-WC) 0.0 b 1.4 1,6 In 3,G 3.010 4A

DTL 1070 mA. This allows a 30% Iowcr cmiltarrcc in these
slruclurm ml wmdlcr gmwltr, Icmling 10a significantly
smnllcr hcarn stizc. 2) Wilh Ibis rrxlucliun in beam sire, ml
Iaking dccounl of lhc Iowcr currcm, it should bc possible UJ
rcduccCCL apcrlurcsfrom Um.scu.scdin tic wry cmmcrvativu
Al”l’ dusi[:n,wilhrw ccrmprnmising[hc hcarn-losscritcri[m.
Ilk’ higher (!(’1. shunl inqxdiuwc will give imfrruvml W
pmm’r cllicicncy. I%mnclingpcrmil%h]wcring ihc
cll:w@umch in ihc CC[. by a fncuwof IWOcnmpnmd with
Alrl- (:dl huckcLs Ilk-d), which wii! IN l%mcf~:ialin lcrrns do

hull) ~cmu;llioll mrd km Ims. l’hm SilllUlil\iOllS and cuvily

dtwil:n musl hc curried oul Iu cxiuninc how fur Ibis pwh can Iv
pushed, The cosl of IW power (troll) cupital and oprmling)
dolllhl:lk’S lhc AIW f:Kilily cow In SIICI1o dcgrcc lkll lIK W. is

:1sipificnnl premium on .Ysignill~: :1 higher cfiicicncy (’(’1,,

‘Illc :lddiliOnd complexity .~i funnrling is oulwciglhxl by Ibis

fwwlr, :mil inilinl rxlK!rinll’llLstil I J)%Al:mm hwc
tl~.lll(lll~lr:lll.tlfunneling vi:lhilily,
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rcquircmcn[ of 158 LW and nn RF cfllcicncy of 0.67.
:l,ldi [ii)ll:ll I() M W is r~quircd for (hc beam kmnchcr.
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