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

G. P. Lawrence
MS 1811, Los Alamos National Laboratory, Los Alamos NM 87544

Abstract
High power proton linacs arc being considered at Los Alamos
as drivers for high-flux spallation ncutron sources that can be
used (o transmute the troublesome long-lived fission products
in detense nuclear waste. The ransmutation scheme being
studicd provides a high flux (> 10'%m2-s) of thermal
ncutrons, which efficiently converts fission products to stable
or short-lived isotopes. A medium-encrgy proton linac with
an average beam power of about 110 MW can bumn the
accumulated Te99 and 1129 inventory at the DOE's Hanford
site within 30 years. Preliminary concepts for this machine
are described.

Background
High power proton linacs driving intense neutron spallation
sources have been studied for four decades for various nuclear
process applications including nuclear waste burning
(ransmutation), Present plans for disposal of defense (and
commereial) high-level nuclear waste, namely vitrification and
long term storage (1074 o 10° years) in deep geelogic
repositories are meeting with public skepticism and
appasition. A principal concern is that projected migration
rates Tor tong-lived fission products in these wastes (Tc99 and
1129) will notsatisly the standards for long-term confincment
within the geochemical environment of the planned high-level
waste repository (Yucca Mountain, NV). Ongoing studices at
Lox Alamos supgest that an inense thermal neutron source
driven by a high-power proton linae would be able o
transmute all the Te9Y and 1129 inveatory accumulated at the
DOE Hantord site Gbout 2000 kg) to stable products within
about 30 years, climinating them froen the repository feed, amd
overcoming a critical objection to repository plans, Higher
actinides, such as Np237 and Am242, can also be rapidly
burned in such a system if desired.

In the Los Alamos defense-waste tansmuter sche:ne,
summarized in Fig. 1, a stopping Pb target is used 1o generate

1 6 GV 250 A Accolorator

a high flux of spalli...on neutrons with an incident medium
cncrgy high-current proton bcam. The primary ncutron
spectrum is moderated 1o produce an intense thermal flux (1019
1o 10'6 n/cm2-s) in a D50 blanket cylindrically suriounding the
lead target. The material 1o be transmuted would be
iransported through this neutron ficld by a continuous flow of
agueous or molten-fluoride-salt carricr loops. Precision
chemical partitioning methods would remove transmuted
material from the camrier flow while the remainder is returned
10 the blanket for continued neutron irradiation.

Previous accelerator-basced ransmutation schemes have been
based on i fast ncutron spectrum in the corversion region.
With thermal neutron flux levels in the 1016 n/ecm2-s range
(100 times greater than in typical thermai reactors), significant
technical advances are possible. The hgher actinides (c.g.
Np237) can be converted by ncutron capture 1o daughter
products that are fissioncd rapidly by a sccond neutron
interaction before they can decay to non-fissile isotopes. High
thermal fluxes of ncutrons (where cross scetions are large) also
penmit rapid and cfficient conversion of fission products (TcYY
and 1129) 1o stable or ~haut-lived specics. Because of the high
thermal Tux and high cross sections, the blanket concentration
of materials to be transmuted is very dilute in the Los Alamos
scheme (< 0.1%), providing a systcm with an extremely small
working inventory of dangerous materials. This provides
significant safety and environmental advantages.
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should be approximately 2x10'9 n/s, Fig, 2 plots the ncutron
yield (calculated with HETC)! versus energy for medium
cnergy protons axially incident on a 50-cm diameter, 200-cm-
long I'b cylinder. Also shown are the energy dependence of
the proton current and beam power required to produce this
ncutron source strength, The required beam power is nearly
constant it around 100 MW above 1000 MV, so that beam
current can be traded linearly apainst output beam energy.
Below this energy additional beam power is needed, reaching
nearly 60% more at SO MeV. Within the constraints of peak
power depaosition in the target, the transmuter accelerator
parameters can be selected o provide the system with lowest
litetime facility cosis.

Cost/Performance Qptimization

Our approach to a rational desipn for a transmuter linac is (0
start from the concept developed in the reeent APT (Acceelerator
for Production of Tritium) study.? Paramete.s for this
machine were 250 mA (ew) at 1600 MeV. From Fig. 2 it is
apparent that 60 mA (avg.) would satisfy the transmuter
requirement at 1600 McV. However, in comparison with
AT, a 60-mA linac would be very inefTicient, because of the
relatively low beam loading. “Two options can be considered
for a more efficient configuration: 1) a cw linae design with
lower beam energy and higher current, and 2) a pulsed linac
with hizh peak current. In order K obtain a quantitative
assessment of the optimum paramerer hoices for these two
approaches and 1o compare them, a sieple cost madel for the
linae hias een constructed. It assumes a machine architecture
sinlar 1o the APT Linae, with dual REFQ/DTL 3S0-M Uz beam
inputs funneled into a 700 Milz CCL. Since funneling akes
place ata low energy (20 MeV), for the reasons given in the
APT design,? most of the cost of the aceelerator lics in the
CCL.. Qur cost model therefore represents the ATW linw
front end as a lump sum and concenwrates primarily on

paan reterizing the CCL,
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only the accelerator itsclf; no costs are included for the
transmuter target/blanket cr chemical scparations facilitics.
Table 1 lists nominal valucs for the kcy parametcrs entering
the model for cach kind of linac. For the cw linac, the averaye
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 factor), these costs optimize at i
higher average gradient, close to 1.5 MV/m. An f capital cosl
of $2/wait was assumed for a cw systein (based on about 100
1-MW power modules). For a pulsed system with the high
duty factor required (25%, 120 pps, 2 ms pulses at 1600 MeV)
(o keep peak current at or below ATW levels, the capital costs
per averige witt were taken as $4/watt,

Table 1
ATW Linac Cost Model Parumeters

CCL real estate gradient (MV/m) 1.0 1.5
Duty factor 1.0 0.25
RF unit capital cost ($/avg watt) 2.0 4.0
CCL. structure cost (M$/m) 0.100 0.100
CC'L shunt impedance, avg. (Mohm/m) 32.5 23).8
Cost of clectric power ($/kWh) 0.08 0.08
Avp. RF power per klystron (MW) 1.0 1.0
Avy. klystron lifetime (1000 hrs) 50 50
Time-on fraction 0.75 0.75
Number of operating staff 200 200
Power conversion efficviency (rf/ac) 0.60 0.60

Figure 3 shows that construction costs for a cw linac
minimize near a proton energy of 700 Me v, whereas annual
costs oplimize near 1000 McV. Annual costs are dominated
by clectric power ($ 0.05/watt), which contributes 60% of the
total. We sclect 800 McV as the nominal optimum opcrating
cnerpy, a value that has the advantage of allowing relevant
measurements to be made at LAMPFE withoug extrapolation
and pemiits use of a well-established accelerator database. ‘The
corresponding proton current is 140 mA. The position of the
annual cost minimum is remarkably inscnsitive o moderate
variation of the principal model parameters. Filly pereent
changes in aceelerating grxlient, average CCL shunt
impedanee, CCL swucture cost, il unit cost, ele. shift the
minimum less thin 50 McV,

For a 25% duty pulsed linae Fip. 3 shows construction costs
move down as the final enerpy is lowered, However, the
enerpy cannol be decreased much below 1100 MeV without
icurring prohibitively high peak cunent levels in the CCL (-
100 mA) or duty factors greader than 30%, At this encrgy the
constiuction cost of a pulsed linae appears to be at least 305
higther than Tor a cw machine while anoual cost is essentially
the samie as that for a cw approach, within the plausibility ol
the model Given these results the selection can be mide on
the basis of eehnology preference, A ow approach would
stmplily control aspects, elimimite modulatons from the 1l
system, and would atlow substantially lower peak cunents i
the awcelentor, o the remainder ol this paper we assume o
cw aippeoach, weth the enerpyv/cutrent parameters selected as
ROO Me V10 mA,



Accelerator Design

A firstapproach to a cw ATW linac design could start from the
design of the AT accelerator deseribed in reference 2. This
concept contins a beam-launcher (front end) consisting of two
dv injectors, two 350-MHz RIFQgz, and two 350-Mliz DTLs
funneling proton heams at 20 MceV into a 700-Mliz CCL.
EFuch leg of the beam Twncher carried a 125 mA beam, ard
could be powered by existing 1-MW cw klystrons. The CCL.
was a 2-km-long 1600-MeV coupled cavity linac, carrying
250-mA cw current with an RIF efficiency of 0.78. ‘The AT
CCL. was divided into 7 sections, cach made up of modules
consisting of n (side-coupled) accelerating cells, a quadrupole
and a diagnos.ic station. The number (n) of coupled cells per
module inerez s +d from 2 to 10 as proton encrgy increased from
20 MeV o 1600 MeV. Averge iweeelerating gradient was 1
MV/m o minimize RF structure losses, and the aperture in
the CCI was chosen very Large (3 cm to 7 cm) o maintain a
very high aperture/beam-size ratio (9 10 22). Such a large ratio
assurcs the extremely small beam losses required to permit
conta 1 maintenance of the aceelerator. Given the very large
beam power, the low average structure shunt impedance (23.8
Mohms/m) resulting from this decision imposed an aceeptable
structure-loss penalt=. Beam power was 400 MW and
structuee loss about 0 MW,

Injecior ] LU
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Lo TATW ew linae concept without funneling.

For ATW, with a current specification of 140 mA ew and an
output encrgey of 8K MeV, the funneling requirement could be
eliminated, simplifying the front end, and producing an
wchiecture as sketched in Figd, ‘The njector and the 350-
MHZz REQ and DTL would provide a 140 mA beam at 20
MeV, and would have essentially the same performance and
desipn s projected for AIPEL Table 2 lists important design
paramcter s One relinement that might be made to this
nuachine iwchitectue would be to continue the DL w a higher
enctyey, sy 0 60 MeV. However, beciuse of the desirbility
ol heepinp aceeplinee e ons it low enerpy, o minimize
the nnpact ol halo tormatwong there may be anincentive ton
retam the ansibon 1o the fnpeher iequeney CCLL at the
tosweet paactical coerpy, Anaverape CCLpoarbient of 1 MV
would be mguntoned, oo AP, leading o total aceeleaton
lenpth ob about 1050w, Stractuee apertures snd shunt
mpedan e salues e the same as for APT. Emittance values
Aand beanme e e essertally the same as i AP E ecane
vharge (o bonels almost the same, Only every other R
h”l het o, |I“\‘||.

P atweee comeept proncdesca useline ATTW desapen that b

the virtue of beam-launcher simplicity (no funnel). However,
we belicve a more optimum performance could be oblained
with the following design modifications: 1) Employ funneling
to reduce the current requirement in the injector, RFQ, and

Table 2
ATW Linac Parameters (No funnel)
REO DTl CCl

Frequency (Ml12) 150 350 700
Encrgy (MeV) 011w2S 25102 20 to Y00
Synchr. phase (deg)  -90 to -37 -0 -60 10 40
Radial aperture (cm) 0.4 to 0.3 0.8 141035
Beam current (mA) 130w 120 120 120
Length (m) 34 11.3 1150
Accel. grad. (MV/m) 1.1 10 3.1 1.0 (avg)
Copper power (MW) 04 13 717
Ream power (MW) 03 22 106
Total power (MW) 0.7 3.5 183
Ream loading 0.43 0.56 0.58
Nu. of klysttons 1 5 190
Accel. structure 4-vanc P11y Side-coupled
T emilt, (k mm-mrad) 0.20 10 0.23 0.27 10 0.58 0.61 to 1).68
L emitt. (106 cV-sec) 001014 161036 3.010 4.4

DTL to 70 mA. This allows a 30% lower emittance in these
structurcs and smaller growth, lcading to a significantly
smaller beam size. 2) With this reduction in beam size, and
taking account of the lower current, it should be possible 1o
reduce CCL apertures from those usced in the very conscrvative
Al'T design, without compromising the beam-loss criterion.
The higher CCLL shunt impedance will give improved RF
power efficiency. Funncling permits lowering ihe
chargedunch in the CCL. by a factor of two compuired with
Al'I" (all buckets filled), which wiil be benefisial in terms of
halo peneaation amd beam loss. Beam simulations and cavity
desipn must be carried out to cxamine how far this path can e
pushed. ‘The cost of RF power (both capital and operating)
dominates the ATW facility cost to such a degree that there is
a sipnificant premium on J2signing a higher efMiciency CCLL,
‘The additional complexity of funncling is outweighed by this
factor, and initial experiments at 1.os Alamos have
demonstrated funneling vinbility,
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Fig. 5 High elliciency ATW; ew funnelod linae coneep

A tanmuter aceelerator for burning defena wastes wonkd then
look avoepresented in Figl b, Enattance villues and ageentune
will be lower than in Table 1, Beam cuoent will e 70 mA n
the KEQ and DT instead of 140, In the CCL stuctuie RE
power o wall e 82 MW, giving a ol RE power



recquirement of 158 MW and an RF efficiency of 0.67. An
additional 10 MW is required for the beam launcher.
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