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Abstract

The principles of the spallator reactor are reviewed. Advances in
linear accelerator technology allcws the design and construction of high
current (hundreds of md) continuous wave high energy {thousands of MeV)
proton machines in the near term. Spzllaticn peutronic calculations
building on existing experimental results, indicate substantial neutron
yields on uranium targets. Spallator target assembly designs based on
water cooled reactor technology indicate operable afficlent systems. Fuel
cycles are presented which supply fissile material te thermal power
reactors and reduce fission product waste. Prelimirary comparative analy-~
sis indicates an economically competitive system In which a sinpgle TUrpose
self-sufficient spallator supplies fuel to a number of LWRs. The spalla-

tor assures a long~term LWR power reactor economy. International interest

MASTER

in advancing the technology is indicated.
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THE SPALLATC . - A NEW OPTION FOR NUCLEAR FOWER

1. intrc-uation

The three ma or problems faecling the long-term acceptance »f nuelear
power by the ip.uctry and the public include (1) the safe operatlon of
nuclear power reactors (2) the lonp=term oupply of fiosnlle fuel and {3)
the managerent and disposal eof radicactive waste material. The approach
to the s.fety problem invelves Improved deslgn, constructlon and operation
of ligat water reactors {LWRs) being pursued by the industry and monitored
by f.he Nuclear Regulatory Commission (NRC). Present U.S. policy concern—
ing the second problem Is being advanced through the demonstration of the
fast breeder reactor, and the current solution to the third problem Invol-
ves geolcgical age storape of long-lived radivactive flssion product

waste.

The liquid metal fast breeder (LMFBR) has had a long development his-
tory and has experienced much delay due to technical and economilc diffi-
culties in the U.S. An alternative to breeding fissile fuel In fizszion
reactors is the concept of a fusion-figsion hybrid system.Ilj Neutrons
from the fusion of deuterium and tritium in a plasma are absorbed in a
sur rounding fertile blanket materlal containing either uranium {(U-238) or
thorium {Th-232) for conversion to fissile material, (Pu-239 or U-233).
The problem with this concept 1s that fusion will take many years {>30
yrs) to be proven a viable technology.Izl An energy produclng fusion
plasma demonstration is yet to be demonstrated. Ancother optlon which was
initially employved at the dawn of the nuclear ageI3] is to use spalla-
tion neutrons produced by accelerator driven protons or deuterons Imping~
ing on a2 heavy metal target. The spallator neutrons are then absorbed in
naturally occurring fertile material in the target to preduce the fissile
fuel needed for power reactors. Advances in limear accelerator technolopy
and new data on neutron yields makes this a new near-term technology
option. The proton accelerator with the fertile target assembly is terrwed
the Spallator. The linear accelerator {linac) is the zeccelerator of

choice for producing the high energy protons. Linac technolegy has



advanced through 1its extensive use in high energy physics research over
the past 40 vears to the point where it is believed that an efficient con-
tinuous wave high current production machine can pe reliably constructed
and operated. Heat development due to the spallation and filssion reac—
tions taking place in the tarpget assembly is used to generate electrical
power to drive the linac. The Spallator then becomes an independent zelf=-
sufficient plant producing nuclear fuel for thermal power reactors pre-
sently ugsed by the utility industry, particularly the light water reactors
(LWRs). The Spallator thus breeds fissile fuel from abundant fertile
material and the long term supply of fissile fuel is then assured. To
complete the nuclear fuel cycle, it 1s necessary to reprocess the spent
fuel for purposes of extracting the fission products, recycling the un-
burned fissile material and adding fresh makeup fertile material. Figure

1, gives a schematic of the overall fuel cycle for the Spallator/power

reactor system.

II. Accelerator Technology

From the time, in the early 50's, when accelerators were proposed for
the production of fissile mac.crial, accelerator technology has come a long
way. The growth of the technology can be attributed wholly to government
funding for basic research in nuclear and elementary particle physics.
Among the many types of accelerators developed, one in particular offers
the potential to accelerate large beam currents (many mA), continuously,

to very high energies (thousands of MeV's), that 1s, the linear accelera-

tor or linac.

The basic capability of the linear accelerators has been demonstrated
by the operating performance of the linac injectors for high energy nro-
tron synchrotrons, such as those at Brookhaven, Fermilab, CERN, Argonne,
and elsewhere. Peak heams intensitiles in excess of 100 mA have become
routine, and good reliability has been demonstrated. Although these syn-
chrotron injectors have not been required to run at a 1007 duty factor,
there is no fundamental reason that such operation cannot be achieved if

sufficient rf power and cooling are provided. The Los Alamos Meson



Physics Facility (LAMPF) operates at a duty factor of 107. In fact, a 7.3
MeV, 30-mA deuteron linac was successfully operated at 1007% duty facror
almost thirty years ago as part of the Material Testing Accelerator (MTA)
project;{3] and moreover, a 35-MeV, 100-mA deuteron linac at 100% duty
factor is being bullt now at the Hanford Laberatory for the TFusilon
Materials Irradiation Testing Facility (FMIT).[%:5] Table 1 licts these

accelerators with their relevant parameters.

The accelerator design for the Spallator would not be very different
from those mentioned above and would use the collective experience galned
in the design, construction, and operation of these existing accelerators
and on new accelerator technelogy developed during the past ten years.

The design specifications lie well within the state-of-the-art. No funda-
mental problems are anticipated. Experience with operating linacs indi-
cates that such machines can be operated without appreciable beam loss
during acceleration so that residual radiation will not handicap main-
tenance of the machine. The main characteristics of the Spallator linac

are given in Table 2.

(a) The Injection System

In the past, all linear accelerators have relied on the use of 500 to
800 keV (Crockroft-Walton) pre-—accelerators containing dwoplasmatron Ion
sources. The requirement for high voltage was dictated by limitations of
drift-tube linacs concerning physical design and beam acceptance into the
machine. The dc ion beam extracted from the source was accelerated to
this 500 to 800 keV, then chopped, bunched, and matched to the desired
conditions before injection into the accelerator. Typical bean capture

efficiencies were abocut 707.

New developments in the technology, promise substantial iIimprovements
in the cost and performance of new facilities. 1n partlcular, the lnven-
tion of the Radiec Frequency Quadrupole {RFQ) pre-—acclerator eliminates the
need for high voltage Cockeroft-Waltons and increases the linac acceptance
because of the higher injection energy {(~2 MeV). Typical beam capture

efficiancies can reach 957%.



The RFQ accelerating structure, invente. by Kapchinskii,
being developed in this country at Los Alamos Scientific
Laboratory.[9'10] Prototypical experiments have demonstrated the capa-
bility of the device to meet expected performance requirements. The use
of the RFQ in any new 1linac injection system will greatly simplify the
entire buaching and wmatching section. In addiricn, the lon cource will

deiiver the beam to the RFQ at ~200 keV ingtead of the ~750 keV previously

required.

Ion sources have also seen large improvements over the lazt decade.
Existing linacs depend on duoplasmatronr ion sources. These scurces have
been operated at up to 600 mA in a pulsed mede and up to 200 md dc. Now,
sources developed for neutral beam heating of fusicn reactor plasmas have
delivered multiampere dc beams of high quality {(low emittance, low
noise). These new sources are now being adapted for linear accelerators.
They promise beam characteristics far superior tc duoplasmatrons allowlng

optimum matching to the accelerator which sheuld help minimize bean

losses.

{(b) Linear Accelerator

Beam dynamics theory of linear accelerators is now well understood.
Preliminary calculations have been carried out for 2 Spallator linac with
a 300 mA veam current. These conservative calculations Indicate that the
radio frequency should be ~150 MHz for the drift-tube linac sectilon. This

frequency could be as high as 200 MHz.

The accelerator would consist of a two stage rf litac. First, an
Alvarez or drift tube section would accelerate the beam to about 150 MeV,

then a socalled /2 structure would drive the beam to its final energy

(2.0 GeV).

The first stage drift-tube structure, is well developed.[11-13] 71t
is being used for all modern proton linacs. Post-coupler compensation

similar to that used in the LASL and FNAL linacs, or multistem compensa-



tion used at BNL are close to optimum for beam loading efflciency. Due to
the 100% duty factor, heat digsipation and temperature control beconme

ma jor factors In the cavity design. However, conventilonal mechanical
fabrication techniques using copper clad steel to act 235 a conmblned radio
frequency cavity and vacuum envelope appear to be acceptable. Power would
be coupled to the structure via water-cceled coupliing loops. A water
cooling jacket designed to maximize the surface area In contaet wlth the
cooling fluid and wminimize temperature gradients would be welded to the
tank's outer surface. Figure 2 shows the existing Brookhaven National
Laboratory (BNL) 200 MeV Alvarez linac. At the 150 MeV energy, the
Alvarez-type accelerator structure beccmes inefficient. 1t has to be

replaced by what is known as a 7/2 coupled cavity structure whose effi-

clency Increases with beam energy.

The 7/2 coupled cavity structure chosen for thils applicatlon 1s
called the disc-and-washer (DAW) structure. It appears to be the best
choice for a high current linac above 150 MeV. This structure=--first
developad in Russiall4l--has also been under development elzewhere for a
nunber of years-lls] Besides 1ts higher shunt impedance (higher effi-
clency), this structure has large bandwidth and is better able to cope
with high power lewvels and high beam loading.

Because of the higher particle velocity and lengitudinal-phase damp-
ing produced 1a the Alvarez section, one can operate the DAW structure at
an rf frequency several times higher than that of the drift-tube section,
thereby, obtaining a higher acceleration rate and higher beam-loading
efficlency. Preliminary investigation indicates that a frequency of 450

MHz, an acceleration rate of ~1.5 MeV/m, and a beam leoadiug of more than

70% can be attained.

(c) Radio~Frequency Systems

High-power rf systems using both klystron and gridded tubes have been
used for pulsed accelerateor applications with good success. At low fre-

quencies, gridded tubes are preferred; at frequencies of »200 MHz, the



klystron is preferable. High-power gridded tubes amd klystrons are avail~
able commercially. These tubes give cutput pewers of >1.0MW average at
450 MHz with more than 20,000-hour lifetimes. However, tecause of the
amount of rf power required and the incentive for high conversion effi-~
ciency, tubes expressly developed for this applicatilon would be highly
desirable. The developmenr effort would be focused on obtaoining tubes
with high ac-to-rf power conversion effilclency and high cutputr power.
Conversion efficiencies of 70% can be easgily achileved. The capltal cost
of rf systems decreases with increasing cutput power per amplifler unit;
therefore, output power of up to 2 MW/power tube would be highly desir-

able. These power lewels appear feasible.

Compared with presently operating pulsed systems, continuous wave
operation brings tremendous simplification to parts of the rf systenm.
Energy storage requirements are eliminated, and feedback control of cawvity
amplitude and phase is greatly simplified. Howewver, fast crowbar and
other protection features are more difficult. Provislons nust alse be

made for possible cavity sparking and subsequent systen recovery.

Redundancy in the rf system 1s egsentlal for relizble opzaration.
Each cavity may be fed directly from individual rf supplles, or 1t may be
fed from a manifold which is--in turn--fed by the supplies. The latter
arrangement has the advantage that the excitation pattern of the cavity 1s
not affected by the failure of a redundant supply unit. Both the rf feed
mode and the optimal degree of redundancy need to be studied iIn relatlon
to the overall control system for the machine. Computer control systems
for accelerators are welil developed on existing machines. Distributed
intellipgence systems, where periphefal minicomputers or microprocessors
carry out control functions at the locarion on the device, and contrecl is
distributed bv a central processor, appears to be the most promising of
many possible configurations. Fast control, for protection agalnst beam
loss and for the coatrol of cavity phase and amplitude levels, must be
accomplished locally with analog systems. Adequate designs for these

systems have been demonstrated on existing accelerators with microsecond

response time.



(d) Facilities, Maintenance, and Reliablity

The linear accelarator described above would be housed in an earth-
shielded tunnel, the rf power equipment énd auxlliarles being In an adja-
cent, light, conveantlonal structure. The radlatien shielding around the
accelerator tunnel would be designed for catastrophic beam spill as well
as an acceptable continuous beam loss. Figure 3 chows 2 erocs section of

the accelerator tunnel and adjacent equipment gallery.

Properties of linear accelerators preclude operation without some
beam loss. The ablity to control beanm losses in cw, high current machines
1s essential to allow hands—-on repair and maintenance. Beam loss control
can bz achieved by combining two approaches to the linac deslgn: Zfirstly,
the design parameters should be very conservative, especially with regard
to tolerances and allowances that may affect beam leoss; the rf freguency,
is chosen to allow for larpge beam aperture in drift tubes, the freguency
transition energy, synchronous phasge angles, transverse and longltudinal
magnetic and electric gradilents, and all other pertilnent parameters should
be chosen to maintain the beam bunches durinpg acreleratlon in cnly a small
fraction of the stable phase reglon. These steps would nmalke allowance for
any errors and tolerances required for comstruction. Secondly, the proton
beam should undergo scraping a2nd cleaning at sewveral stages during the
acceleration process. This would be accomplished by leaving gaps in the
accelerator, which would contain scrapers ia heavily shlelded areas. The
intent is to lose, in a controlled manner, that portilion of the beam which
has fallen outside given tolerances in the phase space reglon in localized

areas where remote handling would be used for serwvicing.

The design and execution of the accelerator would be directed to
achieving the same degree of reliability found in existing facilities
(e.g., >907 at BNL, >B5%7 at LAMPF, and >907 at SLAC). BNL operation dur-
ing a 10 year history of the 200-MeV LINAC indicated that 1t averaged >90%
of scheduled time. The Spallator would be designed to achieve 807 plant
factor at a conservative power input to beam power output efflciency of at
least 507. Based on performance of the existing facllities mentioned

above, this goal should be achievable.
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IIT. Spallation Heutroniles

The collision of a high energy nucleon {proton oTr neutron) or plon
with an atomic nucleus induces a varilety of reactlons. When a sufficient
amount of momeutum is Imparted to am Indlvidunl nucleon or plon, It can be
driven (Spalled) out of the nueleus. The nueleus 15 then left In an
excited state. 1In ceither event, the exclted nueleus willl deeay wila
various pocsible channels: evapotative emiloclen of partinles (l.e.,
nucleons, pions, light atomlc nuclel), vy-rays, and filsslon {for heavy
nuclel with sufficient excitation energy). If the secondary particles
emitted during tle intranuclear-cascade process have enough energy, they
can excite or cause sgpallation in other nuclel, producing an Inter-nuclear

cascade.

A number of experiments have been carried out to investigate the
reactions induced by high energy particles. Of partilcular interest 15 how
th. yield of nevtroans (which can be captured to produce fisalle fuel)
varies with the type and energy of the tombdarding partilele, and the tyrpe
of target. Figure 4 shows neatrnn yield for protons asz a functlon of
energy and type of target, a2s measured by Traser, et a1.118] 1ow z
materials {e.g., Be) have low neutron yleids, since the prinecipal neutron
production channel for light nuclel is direct spallatien, which has a low
probability. High Z m_~erials {e.z., Pb) have much pgreater neutron
yields. The principal neutron productilon channel for heavy nuclel is
evaporation, which has a high probabllity. Typically, several neutrons

boil off from each excited compound nucleus.

In these experiments, the neutron yield from uranlum targets i1s
approximately a factor of twov higher than from lead. Thils occurs because
additional neutrons are generated by neutron Induced fest fission of
uranium. The average energy of the evaporated neutrens 1s high (about 5
MeV) and thev cause substantis? fast fission, even in normally non-
fissionable 238U. A neutron yield of ~40 neutrons per GeV of particle
energy was measured for protons incident on uranium at 1 GeV. 3y way of

compcrison, the net neutron yield in fissionm 1s only ~5 per GeV of energy

release.



Neutron yield can be increased by using larger targets and/or targets
with some fissile content {i.e., 233y or 239Pu), or by wusing other types
of particles (e.g., deuterons or tritens). The last optlon 4ppedrs un-—
d2sirable, even though neutron yleld can be lnereased by 20 to 30%.
fAccelerators for deutereons and tritons are more dlfficult to eonzcrurct,

and aetivation i3 wmore of a problenm.

Larger targets gubstantially inctreace neutron yigld. In ¥Frazer, ot
al’s experiments,llﬁl target rod diameters were kept soall {e.g., 10 cm)
so that the generated neutrons could readily escape fronm the target into a
surrounding water tank. The experiment was almed at a high flux by
neutron source, not a fissile fuel producer. Neutron zultilplication by
fast fission and (n,”n) reactions was substantially lower than 1t would

have been In a2 aeutronically thick target.

Neutron vield measurements for protons in large bloeks of uranlum (60
x 60 % 54 em) were carried out by Vasil'kov.{17] The Dbloelks were
reflected with lead. Analysls of measurements were made ar two proton
energies, 400 and 660 MeV, and are surmmarilzed in Table 3. ZTuperilzental
neutren ylelds (L.e., capture ir 238y) are much higher than those of
Frazer. An energy cof 660 MeV, for example, yield is ~70 neutrons per GeV
of particle energy, considerably greater than the ~40 nmeasured by Frazer

at a higher energy, 1 GeV.

The yield is quite non—-linear with proton energy, Increasing by over
a factor of two when the energy increases from 400 MeV to 660 MeV. At
lower energies, 1.e., ~200 MeV, vyield drops tn a very small value, tecause
most of the proton energy is lost to non-productive coulomb cellisions.
Neutron yield per Ge7 cof particle energy will Increase above 660 MeV,
since a larger fractiom of the proton energy goes into productlve oxcita-
tion of the nucleus. rfor particle energles >l GeV, neutron yield per GeV
becomes essentially constant, however. Although absolute yield per Incl-
dent particle continues to increase, the efficlency (neutrons per unit

energy) becomes constant. Experimental data 1s limited and generally



taken on idealized targets. These are not llke the cnes that would be used
in a production spallator, where the effects of structure, coolant, and

leakage must be taken into account.

Analytical calculations of neutron yleld can bz made by the Monte
Carlo method, uging nuclear meson transport codes developed at Oak Ridge
and Brookhaven (U.S.)[18,19] and Dubna (¥.5.5.R.}.[20) The codes
directly model the nuclear interaction and trace the fate of all partleles
frox the point of origin to capture by a nueleus, decay {(for mesons), or
leakage from the target. Although the total number of all elastic and in-
elastic collisions of the shower of particles with nuecleil 1s very large and
rises rapidly with the primary particle enrergy, modern computers permit
reasonaply accurate cailculatioms, within a few percent statistilcal error,

with a practical amocunt of computer time.

In our calculations of neutron yield, the NMTC/BFISIZIB Monte Carlo
cede is used to calculate zll high energy reactilons with exciltatlon energy
above 15 MeV. This version includes the effects of high energy fission,
which is not taken into account in the original NMIC code, using Fong's
modell22] based on statistical equilibrium at the seilsslonm polnt. In the
energy range under 15 MeV, only the reactions incuced by neutrons are cal-
culated, using neutron transport codes such as an1snl23] {1-direnslional)
and TWO-TRAN[Z4] (2-dimensional) or the Monte Carlo code MorRsSE[Z23] {1
to 3 dimensions). The cross sectilon set 1s tallen from -ae DLC-37

library[26] which is based on the ENFB/D-IV file.[27]

Analytical predictioas of neutrrn yleld for Vasil'kov's conditions
are compared with the experimental data inm Table 3. They generally under—
estimate neutron yield. Garvey's calculations{28] substantilally under-
estimate yleld, principally because high energy fission 1s not included.
In our old calculation for the 660 MeV case for example, which did not
include high energy fission, a neutron yileld of 28 was obtalned, quite

close to Garvey's wvalue.
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At higher proton energles, neutron vield should increase substan-
tially. Our analyses predict that the neutron yleld in large natural
uranium blocks would be 110 neutrens per GeV of particle energy for

protons incident at 1 GeV. aAbove 1 GeV, neutron yleld per unit amount of

energy 19 esgentially constant.

Fraser has made additional experiments using protons at 4580 MeV on
uranium targets[zg] of varying effective diameters. Analyses of these
experiments are described In more detall elgewhere.l30] 1n peneral, the
analytical predictions of neutron yield were smaller than the experimental
values, except for the single red case. Neutron yield iIncreased wilth
effective diameter of the assembly. DNeutron yield 1s measured in Fraser's
experiments as thermal captures in a water tank surrounding the assembly,
while in Vasil'kov's experiments it 1s measwred as productlve captures iIn
238y, as targets became larger, a larger fzacticn of the generated
neutrons will be canptured in 238y, Thig effeet, plus the larger target
size in Vasil'kov's experiments, help to .<ccount for the difference In
yields. Vasil'kov's results are more directly relevant to fisolle predue-

tion rate in spallators.

Russel1(31] has recently measured neutron yleld on a zmall uranlum
target, using the 800 MeV proton beam at LAMPF. We have analyzed this
experiment and find that the experimental walues are slightly smaller

(~19%) than the predicted values. Alemiller's[32] analyses show simillar

results.

In real Spallator reactors, the effects of structure, coolant, and
leakage (which tend to decrease neurron yield) nmust be analyzed togetter
with the effects of fissile content in the target {which tends to Increase
neutron yield). In addition, the energy released in the target per unit
beam energy is lmportant. TFor a 507 energy efflicient accelerator and
LWR-type power cycles, encigh energy will be released In the target to
generate the electrical power needed to provide the power to operate the

accelerator.
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Table 4 compares the fissiie production rate and the energy release
rate for various target materials anrd cooclant. The target 1s similar to
that described in the follewing sectilon, with Zircaloy pressure tubtes
(CANDU type) and cladding. UNet fissile production rate 1s shown, {that
ig, total production minus consumption). Calculatilons are made for a
proton energy of 1.5 GeV, but yields are normalilzed per GeV of lneildent

particle energy.

Uranium metal has the highest figsile productlen of the three fuels.
Dilution by oxygen in U0y reduces the yleld, while Th has a much lower
fission cross section than 238y, The fissile fuel produced from Th
targets (233U) is neutronically superior to 233y 1q reactors, however, =1
less of it is needed for makeup. Thus, essentially Th target Spallatocrs
are comparable to uranium targets in their ability to sustaln a givan

nurber of power reactors.

In the calculation of nuclear reacticns above 15 MeV with the NMTC
code, the nuclear model i3 not suitable for light nuclel other than
ordinary hydrogen. Consequently, D70 1s assumed to act like H9D for
teactlon energies above 15 MeV. It appears llkely that a more accurate
calculation would raise fissile production rates from the D20 moderated

cases in Table 4 by 5 to 10%.

Practical Spallators will have substantial fissile content, on the
order of 2 to 3%, since they use spent fuel from the LWR reactors and
essentially reenrich the fuel for recycle to the power producling reactors.
Flssile production rates 1n Table &4 are calculated for targets with
depleted uranium (0.3% 235U). Qur recent calculations indicate that
increased fissile content in the target will not change the neutron yield
and net fissile production rate. The Ilncreased fisslle centent will

produce increased energy released in the target sufficlent to sapply power

to the accelerator.

Additlonal experimental data are needed to more fully defin: the
neutronics of 3pallator reactions; however, the analytlcal predfctions

appear reasonably accurate, and give results that are very encouraglng.
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IV. Spallator Targets

In some ways, Spallator targets will be simlilar to conventlonal
nuclear reactors, and i1 sine ways quite differemt. When the high
current, high energy particle beam interacts with the target, copious
quantities of neutronc and heat are gencrated. Target desipn is shaped by
the objectivey of maximizing the yield and wtilility of neutrons {which are
captured to gencrate fisoile fuel), while keeping heat remeoval require-

ments and radiation damage effects with~In practical limilts.

Like nuclear reactors, Spallator targets for the production of fis-
sile fuel contain wranium, and will inevitably have a substantial inven~
tory of fission products. Cooling and safety systems are thus reguired to

ensure adequate heat removal at all times, including after shutdown.

Spallators with non-uranlum primary targets are possible, such as the
lead target design developed by BNL,[331 in confunctior with the Nuclear
Alternative Systems Assessmeant Program NASAP effort.! 4] sSuceh dealpns
do not have an after heat removal problem in the primary target; however,
it is not posgible to eliminate all flsgilon In the secondary fertile
uranium reglion where the neutrons are captured. Thus adegquate cooling and

safety systenms are still needed, though theilr regquirements are conslder-

ably less.

Spallators are alsc of great interest for high flum neulrom research.
In these devices, it 1s not necessary to use uranlum, so that there 1s no
fission product hazard, and no concern zbout aftercocoling. For exzmple,
the propesed SNQ spallation facilityr35] in the Federal Republic of
Germany would generate neutron fluxes comparable to these In high flux

research reactors, using a non-uranium rarget.

The fissile production rate in Spallators with non~uranlum primary
targets is only about half ynat with uranium primary targets, and thelr
fissile fuel unit production cost 1s correspondingly greater. For this
Teason, produciion Spallators will probably wuse primary uranium targets.
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In contrast to cenventlional reactors, however, Spallator targets are
strongly subcritical. They cannot have criticality accidents ard do not
require safety or control rod systems. Flux and power distributiomns are
primarily determined by proton slowing down characterlstics, rather than
by neutron transport in the lattice. 1In additiom, neutron production i
not strongly dependent on the thermal cross section propertles of the
lattice, therefore, the designer has moTe freedom in selecting materials

than is the case with conventional reactors.

Figure 5 shows the proposed design for a Spallator target. The tri-
angular shaped cavity forms a hohlraum for the neutrons generated by the
particle beam, and minimizes leakage. The proton beam enters through a
relatively small opening at the left of the cavity, and impinges on a

lattice of pressure tubes containing target assemblies.

Prior to entering the target cavity, the proton beam is defocused by
a quadrupcle magnet. B, the time the beam hits the pressure tube lattice,
the beam envelope has expanded into a wertically-elengated narrow ellipse,
with the long axis running Iin the same direction as the pressure tubes.
The elliptical beam is swurnyz horizontally back and forth across the target
lattice by a second magnet, at relacively high frequency (e.g., 1 kHz).
The temperature variation in the rarget assemblies and coolant 1s wvery
small during the beam swing, less than a tenth of a degree Relvin. The
thermal-hydraulic response of the target lattice willl be steady state, for

all practical purposes.

The target lattice is similar to that in CANDU reactors, [36] except
that the pressure tubes are closely spaced and there is no D0 moderator
between them. Pressure tube orientation can be horizontal, as 1n most
CANDU reactors, or vertical, as in the Gentilly reactor.[37] Typical
Spallator target assemblies, shown in Figure 6, are very similar to CANDU
assemblies. The rod bundles can be lnaded and unloaded while the Spalla-
tor is operating, as in the CANDU reactors. The fueling machlne 1s simlar
to the CANDU machine, except that the attachi-g head 1s redesigned because

of the closer pressure tube spacing.
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The proton beam first strikes the face of the maln lattice at the
rear of the target cavity. The lattice is thick enough t(e.g., 2 meters)
to stop v.rtually all of the protons. Shielding behind the lattice re-
duces residual radiation to an acceptable level for personnel. Collislons
cause the protons to deflecu somewhat from thelr original trajectory as
they traverse the lattice, but back-scattering frem the target face iIs

neglicrible, because of thelr very high momentum.

Neutrons pgencrated near the target face can leak out, however. The
effect of this leakage is minimized by placing addilitlonal rows of pressure
tubes along the sidegs of the target cavity. Neutrons leaking from the
primary target lattice interanrt with the fuel assenbiies in thils secondary
region, producing fissile fuel. The upper and lower surfaces of the

target cavity arz iined with neutron reflecting graphite.

Three~dimensional Monte Carlc neutronie calculations of a Spallator
target cavity have been carried cut. The neutron yield for the zctual
target/cavity configuration is slightly less, ~5%, than the yleld
calculated for an idealized cone-~dimensional conflguration with no neutron
leakage. This indicates that the cavity hohlraum does effectively

conserve neutrons and minimizes leakage.

There is a wide range of cooclant options for the Spallator, including
pressurized water or boiling water (Hz0 or D0}, organic, gas {e.g., He or
CO2) and liquid metal (e.g., Na). The low-pressure coolants (organic or
liquid metal) are attractive, since tube wall thickness and stress can be
reduced. In our design, however, we have concentrated on existing
technelogy, pressurized and bolling water systems, uslng light water
(d40). The slightly higher neutron yield with heavy water {Dp0) ccolant
probably is not economically justified. The pressurized water coolant
system would be virtually identical to the present CANDU system, while the
boiling water system would be similar to present BWR systems. Vertlcal
pressure tubes would be used with bolling water coolant, a2s in the

Gentilly reactor.[37]
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There is also a wide range of material options for the pressure tubes
and fuel cladding, since neutron yield is not determined by criticality.
For example, analyses show that stainless steel, which severely degrades
breeding ratio in conventional LWR's, can be used in Spallators without
significantly affecting fissile producticn rate. However, cur deslgns
have used Zircaloy for the pressure tubes and cladding, because of the

large amount of technical data avallable on it.

Target and power cycle parameters for the Spallator are summarlzed in
Table 5. As presently configured, the target is strongly based on CANDU
technology, using similar types of pressure tubes and fuel assemblies,
similar materials and coolant (except that H30 is used instead of the more
costly D50), and similar fuel handling equipment and management proce-
dures. The high plant factors achieved in CANDU reactors {over 907 in
some cases) as a result of on-line fuel reloading and shuffling should

alsc be practical in Spallators. A conservative 757 plant factor has teen

assumed 1in our study.

In effect, the Spallator target has a vacuum calandrla instead of the

D90 moderator calandria used in CANDU reactors. This appears practical,
with the tube/calandria seals acting to prevent vacuum leaks rather than
D90 leaks. Some mianer in-leakage to the target vacuum chamber will pro-
bably occur through seals as well as small cracks in pressure tubes.
Vacuum quality in the cavity does not have to be high; a vacuum of 1073
Torr, for example, is quite acceptable. High vacuum is regquired in the
accelerator structure; however, there 1s a long (~100 meter) transition
section between the accelerator and the target building, so that dilffer-
ential pumping c¢can easily reduce pressure to the 1073 to 10-6 Torr level

reaquired in the accelerator.

Safety considerations for the accelerator will be similar to those in
coaventional nuclear teactors, (in particular CANDU's) with the exception
that criticality accidents are not of concern. Emergency cooling systems
will be required to ensure that adequate cooling is maintained if the main
coclant pumps or pressure tubes fail. High-and low-pressure injection

systems {(both in duplicate) will be needed, with independent punps.
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The target containment building (Figure 7) will be similar to stand-
ard reactor contalnment structures, with 1solaticn valves for the bean
line, residual heat removal systems, sprays, etc. OConstructlon and llcen-
sing procedures will be sirllar to those for conventlonal reactors, as
will unit costs for heat exchangers, steanw generators, turbilne generateors,
etc. Overall unit power generation costs in $/kW(e) for the Spallator
will probably be similar te those for conventioral reactors, il.e.,

~$1000/kW(e) (1980 dollars).

Fuel and cladding residence times are short, compared wilith the time
necessary for serious materials damage by neutrcns and protons in the
target to occur. Neutron damage effects on Zircaloy have been extensively
investigated, and the pressure tubes should be suitable for service over
the 30-year life of the Spallator. Proton damage effects are less
certain. High energy proton fluence is approxzimately sn order of magnl -
tude smaller than energetic neutron fluence (>0.1 MeV), and displacement
damage effects from protons should be small compared with those froa
neutrons. Because of the large frontal area of the target the proton

current per urnit area is very small, cn the order of 2 microamps/cmz.

Interstitial H and He generation in pressure tubes by {p,2p) and
(p,a)-type reactions are a potential problem. riowever, preliminary esti-
wates indicate service 1life of at least 10 years before embrittlement
effects could become troublesome for tubes in the front part of the
target. It could be feasible to periodically replace pressure tubes, I1f
reduired. Large numbers of pressure tubes with hydrogen cracking problems
were replaced In some CANDU reactors, for example. Alternatiwvely, the
target frontal area could easily be increased, which would reduce neutron
and proton damage rates. The target size, iIndicated In Table 3, was
chosen to have a maximum pcwer density similar to that in present conven—

tional reactors. Target slize could easily be made larger, however.

Material irradiatiocn tests at representative proton/neutron flusnce
conditions are needed before a detailed engineering design of a Spallator

can be made. Fortunately, these data can be obtalned in a few years using
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presently avallable accelerators such as LAMPF. The 800-MeV, 2 mA beanm
has sufficient energy and intensity to test reasonable size sanmples {l.s.,
~100 em3) at the integrated fluence conditionms characteristle of 1D to 20

years Spallater operation.

Overall, the target system in the Spallatoer appears relatilvely
stralghforward. It is based for the wmost part on exlotlag CANDU techno-
logy. Matertals performance Iin the proton beam 15 probably thke principal
uncertainty, and this could be resoived in a short time by Ilrraditlon

tests in existing accelerators.

V. Spallator-Power Reactor Fuel Cycle

There are a numbar of alternative fuel c¢ycles that can te advanta-
geously used in applying the Spallator for productlon of fuel for LWR
power reactors. One example, compatible with present day practice, I1s
described here. Zircaloy clad U metal target elements cooled by light
water in Zircaloy pressure tubes are assumed for the target assenbly.
Referring to Figure 1 and assuming an equilibrium fuel cyele, speat fuel
from the LWRs containing approxzimately 2.57 fissile material (Pu-239,
Pu-241 and U-235) is sent for refabrication into a target element.
Depending on the design of the Spallator target, the spent U0 fuel could
be inserted directly into the Spallator target or reprocessed for purposes
of recycling and increasing the Pu concentration in the target, thus
erhancing the Pu yileld. 1In the present example, the spent UDo fuel is tot
reprocessed prior to being placed 1nto the target. In the target there i1s
a net production of Pu which increase the content from 2.5% to
approximately 3.5% fissile material. The enriched material frem the
target 1s then sent for reprocessing to eliminate the fission product
waste. Conventional Purex reprocessing of spent fuel uses acid
dissolution of the fuel elements and tributyl phosphate (TBP) for
separation and concentration of the U and Pu.038] The separated U and
Pu with the addition of makeup nmatural U0p are fabricated into fresh LWR
fuel elements. The fisslon product waste 15 stored In tanks for several

years and 1s eventually disposed cf by long-~term storage 1n geological-age

formations.
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Ar alternative fuel cycle named AYEX which recyeles the long-lived
fission product waste so as to avold geclogical-age storage of fission
product waste 1is shown in Figure 8.0391 1In this fuel cyele which 1s
unigquely sulted to the utilization of the Spallator conly the short-lived
(£2 yr half-1life) and non-radiocactive flssilon products {SLFP and NRFP) are
extracted from the spent LWR fuel and the long-lived flssilon preducts
(LLFP, mailnly Cs and Sr) and the transuranies {TRY, wmainly Pu, An an’ Cm)
are recycled without separacion, to the Spallator, to bz reenrlched with
fissile Pu for makeup into fuel elements for the LWR power reactors. The
short-1lived and non-radioactive fissien products are stored 1in tanks for
pericds of 10 to 20 half-lives (~20 to 40 yrs) for decay to background
levels where they can be returnec to the U ore mines or disposed of in a
more conventional manner. Because of their lew neutron cross sectioms [€1
barn), the long-lived fisslon products will reach equilibrium concentra-
tions mainly through the process of decay. Tke transuranics on recycling
reach equilibrium concentration through the process of flsslon. 3Bacause
of their high thermal neutron cross sections (100's of barns) the tran-
suranics reach equilibrium concentration wvalues In a relatively short
peried of time due te transmutation of the even mass-nunbered 1spotopes and
by fissioning of the cdd mass—numbered isotopes.[39] Since only the
non-radioactive stable fission products are extracted froan the fuel cycle,
long~term storage of waste in geclogical-age fornation could therefore te
avoided. The concentratlon of fissile fuel will be increased by produc-—
tion of Pu-239 from U-238 in the Spallator and the Pu~239 is fissioned

(burned) in the LWR reactors to produce power.

The APEX flowsheet alsoc indicates the use of an 2lternative to the
Purex process for reprocessing of fuel. A B-diketonate chelating agent
could potentially separate the short-lived and non-radioactive fission
products in a non—aqueous system.IAo] The Pu and transuranics would

remain in the U0 without separation.

Because of the small neutron cross sections of Cs-137 (0.1 barn) and
Sr—90 (1.0 barn) which have half-lives of approximately 30 yrs, the
inventory of these long-lived fission products will buildup In the fuel
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cycle. 1In order to reduce the inventory and essentlally reduce thelr
effective half-lives it is possible tc transmute the long-lived lsotopes
in a specially designed high flux Spallator target assembly. The rate of
transmutation of the radicactive 1sotope 1s presented by,

dn

I s n {(oc¢ + 1)

where n ig the number of figsion products atems remalning, o 1g the
neutron cross section (cmz), % 4o the neutvron flux (neutrons/cm2~sec) anid
A is the isotope decay constant (sec™l). 1In order to transmute the Co-137
and Sr-90 at a2 rate 10 times faster than the decay rate, a neutron flux of
1017 a/cm?-sec is required. A Spallation target havipg this flux oagnil-
tude has been designed, consists of a liquid Pb or sclild U0 primary
target surrounded by Cs20C and Sr0 containing blanket, a graphite rteflector

and cooled with heavy water (DZO).IQIE

Based on the specific target design given 1n Table 5, Table 6 giwves
the production capacity and characteristies of 2 Spallator enmploying a 2
GeV proton at a beam current at 300 mA. The beam power 4- thus 600 M.
At a reasonable accelerator efficlency of 50% (power input to beam power
output), 1206 MW(e) is needed to drive the aceelerator. A U metal/Zr clad
target element inside of a pressurized Ztr water ccoled tubke with a fuel to
moderator ratio «f 2.37, wields a net production of 94 flssile atome/GeV
incident proten. This tramslates to 3300 kg/yr of Pu~239 or enough Pu
capacity to supply 9~1000 MW(e) conventional power LWRs at a 737 plant
capacity factor and 0.6 reactor conversion ratio. The target i1s also
designed with a power producing zone so that 3600 MW{t) heat 15 generated
in the target which is used to produce 1200 MW(e) of electricity by means
of a steam power cycle. This ampunt of power is enough to drilve the linac
thus making the installaticn self-sufficient. Wo exnternal power source is
required except for startup. The fissile fuel content in the spert fuel
from the LWR i1s in the order of 2.5% and the concentration in the fuel fed

to the LWR is eariched to 3.5%. An LWR power reactor requires a Pu-239
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makeup of approximately 360 kg/yr. TFuel shuffling In the target will be

required to maintain a level power demsity distribution.

Based on the above capacity characteristics, a prellmlnary compara-
tive economic evaluation of the Spallater with respect to other systens
can he made. An estimate of the Spallator constructien cost ig glven In
Table 7. The linrear accelerator estimote 1s based on construction costs
for existing regearch nachines[?®] and has been escalated to 1980
dollars. The target 15 essentially a gubecritical assembly resembling a
power Teactor without control rods and therefore 1ts cost estimate is
comparable to a2 power reactor assembly. Table B shows a comparative
lifetime capital investment estimate for four cases each generating an
equalized total amount of power of 9000 MW(e) as follows: 1) A Spallator
providing fuel for 9-1000 MW(e) LWRs, 2) 9 conventilonal 1000 MW{e) LWR
reactors supplied with enriched U-235 fuel, 3) 9$-1000 MW{e) LWRs with Pu
recycle and 4) an LMFBR breeder/LWR cycle which requires 6-~1000 MW{e)
breeders providing enough fuel for 3-1000 MW(e) LWRs based on a 20 year
breeder Pu doubling time, the combination producing a total power output
of 9000 MW(e). Based on these reasonable cest assunptions, the
Spallator/LWR economy indicates a 14% lower total lifetime capital invest-
ment than the fast breeder/LWR economy. This mainly results from the
ussumption that the present projected cost of a breeder 1s 7D greater
than an LWR.[#2] The investment in the Spallator is less than the total
incremental investment in the 5 breeders supplying 3 LWRs. Even at a 307
breeder incremental cost projected for the long-term, the Spallator 1s
still competitive with the breeder system. Although the inventory of
fissile materizl is higher for the breeder than for the LWR, the lnventory
required for the Spallator in addition to the LWRs will be about the same
as for the breeder systems. Reprocessing and fuel fabrication will also
be about the same for these two cases. One can argue that the breeder is

much more techniczlly advanced than the Spallator and that a development

cost must be added.
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A development estimate of 50.1 = 109 added to the Spellator would not
change the conclusion that the Spallator/LWR systenm 1s competitive with

the LMFBR/LWR systen.

It also appears from Table 8 that the Spallator 15 highly competltive
even with the present U-235 fuel enrilched LWRs with no recycle and also
competitive with Pu recycle. Furthermeore, the Spallator breeds fissille
fuel, while the U~-235 enrichment escentially depletes the natural flasille

material and thus eventually must be replaced with a breeding system.

Y1. International Interest

In addition to the studiass that have teen performed In the U.S.
several studies of Spallators have taken place in other countries. There
has been a coatinuing Interest in Canada to develop a Spallator for breed-
ing fuel for the CANDU reactcrs especially for the U~-233 thorium fuel
cycle.Iaa] A long-range program exists tc prove out the accelerator
design and construction iIn several stages. Thes first stage 1s to prove
out a full current cw pachine at 300 mA and low energy 10 McV3 the second
stage is to ralse the energy to 200-MeV and the flnal stage I3 to ralsze

the energy to 1000 MeV where production deslign conditlons can tz proven.

In Germany, at Julich a Spallator is to be constructed as a research
machine to produce an intense source of nsutrons (5NQ).I£3] The design,
a low culrent time average 5 mA beam with full energy of 1.1 GeV i1s de-
signed to impinge on a rotating lead target for better heat and radiatilon
dissipation. Time average fluxes of 7 x 1014 n/cn? sec and peak fluxes in
the order of 1.3 x 1016 n/cm? sec are expected. This research neutron

source could act as a forerumner of larger production Spallaters.

In Japan, studies have been conducted on a fluid molten salt targer
containing fertile material to obtain better heat transfer in the target
and produce maximum yields of fissile material by contlnually proces 1ng

the molten salt strean[43]



Tn the Soviet Union, there has been Interest in measurenent of the
neutron yields in large targetsiﬁﬁ] whilch can serve as a basls for

Spallator designs.

VII. Summary

The advantages of the Spallator/LWR nuelear power cconomy In comjunc=

tion with the APEX fuel ecycle are as follpwo:

1. The Spallator is a gsingie purpoce machine which egsentlally
enriches spent LWR fuel and assures a long-ter: supply of flsgsile fuel for
the presently acceptable LWR power reactor econcay. One 600 MW(e)

Spallator can supply fuel for at least 9 other 1000 MW(e) LWRs.

2. With the Spallator, the utilities need rnot replace thelr present
LYR power reactor cechnology with a new power reactor technolopy, 2.3.,
the LMFBR, which 1s still a long way from beilng acrcepted by a regulatory

agency in the U.S.

3. The Spallator is based on a near term technology of Jinour aceel-
erators and target assemblles as compared to a fuslon plasca coobined with
a fissile fuel producing blanket concent (fuslen-fizsion hybrild) which 1

yet to be demonstrated in a sclentific feasibility experiment.

4. The Spallator fissile fuel producer 1s an Independent self-
sufficient machine which does not require power frcm the utility grid, as
compared to enrichment plants which consume power or to the liguld retal

fast breeder which preduces power for the grid.

5. The projected econcmics of the Spallator is coopetitive with the

fast treeder.

6. The Spallator target i1s a suberitical assembly which shuts itself
down when the proton beam is lest. 3By supplvying a2 nunter of LWRs, the

incremental risk due to operation of the Spallator 1s minimized.



7. The APEX fuel cycle in conjunction with the Spallator extracts
only the stable fission product waste and recycles the transuranics and
long-lived fission p.oducts which reduces the need for long-term geologil-
cal age storage of nuclear waste material. A high flux Spallator can

transpute and further reduce fuel cycling inventory of the long~lived

fission products.

Although a considerable developnent effort and probably more than a
decade would be nceded to bring the Spallator inte productlon, 1t 13 a
highly worthwhile effort considering that this technolopgy could be nore
acceptable to both the public and Iindustry in projecting a long~tern

nuclear power economy.
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TABLE 1

PARAMETERS OF RELEVANT ACCELERATCRS

Duty
Accelerator Ion Epax Inax Factor
Laboratory Type Type MeV Amp. % Status
LASL=LAMPF 1linac proton 800 0.020 12 0P
LLL-A48 linac deut . 7.5 30 100 GPs
BNL-AGS linac proton 200 0.2 0.5 op-
FNAL linac proton 200 0.3 0.2 Op-.
BEDL-FMIT 1inac deut. 35 0.1 100 under

CONSTT.
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TABLE 2

BASIC LINAC DESIGN PARAMETERS FOR THE SPALLATOR REFERENCE CONCEPT

Final energy
Beam Current
Duty factor
Efficiency Energy Output/Input

Injection System:
Energy
Ion source, protons
Buncher, preaccelerator

Drift-tube linac:
Energy
Frequency
Accelerator gradient

Disc— and wagher—linac:
Energy
Frequency
Accelerator gradient

Total accelerator leangth

2000 MeV
300 mA
100%

507
2 MeV

bucket type
RFQ

2 to 150 MeV
150 MH=z
1.25 MeV/m

100 to 2000 MeV
450 ¥Hz
1.5 MeV/n

1500 o
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TABLE 3

ANALYSIS OF VASIL'ROV's EXPERIMENT FOR HIGH ENERGY PFROTONS
INCIDENT ON LARGE URANIUM BLOCK

Proton BNL Garvey's #(28)
Energy MeV Experiment Calculatilon Caleculatlon
Capture 238y 660 46.0 £ 4.0  42.6 * 4.8 29.9 £ 1.6
Fission 238y 14.6 £ 1.3 11.3 £ 1.2 5.2 £ 0.3
235y 3.9 £ 0.4 2.46 £ 0.2 1.6 £ 0.1
Total fission 18.5 £ 1.7 13.74 £ 1.4 6.8 £ 0.4
Total Yield 64.5 56. 3 36.7
Capture 238y 400 22.1 + 2.4 16.2 % 2.0 10.9 £ 0.6
Fission 238y 7.0 £ 0.8 4.5 % 0.6 2.1 £ 0.6
235y 1.9 £ 0.2 0.96 £ 0.1 0.7 £ 0.1
Total fission 8.9 £ 1.1 5.46 £ 0.7 2.8 20,2
Total Yield 31.0 21.6 13 v/

*High energy fission is not included in the calculation.
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TABLE 4

FISSILE MATERIAL (Pu OR 233y) PRODUCTION MODE
TotalC

Net fissile element® Total fis-b
sion energy Energy
GeV/GeV-p

Neutron yield production rate
Fuel Moderator 15 MeV reaction atoms/GeV-p GeV/GeV-p
H90 60.94 £ 4.46 2.85 GeV 3.65
vo,d 51.25 & 3.75€
Da0 59.48 ¥ 4.35 2.20 3.0
H0 93.58 £ 4.68 .74 4.54
ud 71.79 £ 3.59¢
D20 97.38 £ 4.87 3.81 4.61
Th H90 59.06 + 3.13 1.08 1.88
57.10 £ 3.03
D70 59.61 & 3.16 1.04 1.84
incident proton encegy of 1.5 GeV; the above values are normalized

Calculated for
per GeV proton energy.
Aproduction of fissile element (e.g., 23%4) minus consumption of fissile element

(2350,

b200 MeV fiasion energy 1g asgumed 1in target.
CTotal Fission and beam enerpy In tarpet (includes endothermic energy requirenenis
for beam-induced neutron rvelease from target nuclei).

Depleted wranium (0.37 2380).
®In NMTC (BNLF) calculation, deuteron aton 1g treated as hydrogen atou, stripping

d
veaction will fucrease neutvon yleld (probably 5 ro 10%).
fuel (0.64), noderator, (0.27), and tube/clad (0.09)

NOTE: Volume fractiong are:



TABLE 5

SPALLATOR TARGET PARAMETERS

Beam Energy 2 GeV

Beam Current 300 mA

Target Power 3600 MW{eh)

Electric Generation 1200 Mi{e)

Primary Target

Height (Along Tubes) 3 meters

Width 5 meters

Depth (1007 d.f.) 1 peter
Driven Subcritical Zone

width 6 meters

Depth 1 neter
Moderator/Fuel Ratio

Primary Target D.571

Driven Subcritical 271
Peak/Average Power Ratio 1.5/1

Average Power Density 110 kW/liter

Fuel Rod Diameter {Both Zones) 0.42 in.
Pressure Tube Diameter, o.d. 6 in,
Pressure Tube Wall Thickness 0.18 in.
No. of Rods in Fuel Assembly 124

20 in.

Fuel Assembly Length
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TABLE 6
THE SPALLATOR
Accelerator Spallation Reactor
Production Capaclity and Deslgn Characteristics

- 2 GeV

Proton Energy

94 rissile Atons/GeV-Proton

Net Fissile Atom Yleld for

U/Zr clad-H0 cooled
Current CW - 300 mA
Beam Power - 600 MW

Accelerator Efficiency - 50%

Power to Accelerator = 1200 MW(e)

Power Generated in Target = 3600 MW(t) (Self-Sufficient)
= 75%

-

Plant Factor
3300 kg/Yr

?u23? Figatile Fuel Productfon Rate
360 kg/Yr

Fissile Fuel Needed for 1-1000 MW(e) LWR -
75% P.F. and 0.6 C.R.
No. of 1000 MW(e) LWRs Supported = 9




TABLE 7
THE SPALLATOR
Accelerator Spallation Reactor

Capitzl Investment
1980 Dollars

Linear Accelerator = S1000/KW(e)* x 600 MW =  $600 x 109

¥}

Target = 1200 MW(e) x S1000/K¥(e)* 1,200 2 109

Total Cost 51,800 = 10P

* Basgsed on ref. [2] and [6]. Earller estimates Indlcated
a unit cost for the accelerator of $560/KW(e) of bean
power. For this comparative estimate we practically
doubled the cost to S1000/XW(e) to account for
escalation and contingencies.

**% Target cost 1s assumed to be equal to an LWR power
reactor in terms of unit power generation.
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TABLE 8

NUCLEAR ENERGY ALTERNATIVE SYSTEMS COMPARISON

Lifetime Capltal Investment 1980 Dollars

Spallator LWR LWR Breeder (LMFBR)
1 S/9 LWRs No Recycle With Recycle 6 Breeder/3 LUR
No. of Reactors (1000 MW(e)) 9 9 9 9
Capital Cost LiRs $9.0 x 109 $9.0 x 10° $9.0 x 107 $3.0 x 109
(51000/Ku(e)) .
Breeders — - — §10.2 x 109%
Capital Cost of Spallator $1.8 x 109 - e
Nat. U Feed (30 Yrs) Negligible 54,000 MT 18,000 MT Negligible
Hariched Fuel = MT U-235 263 MT (3.0%) 81 MT (33%)
Total Cost of Nat. U Feed $4.3 x 109 51.4 x 10° S
at $40/1b
Cost of Enriclment, $100/8WU §2.4 x 109 $1.6 & 109
Fisslle Material Inventory¥ks 61 MT 47 MY 47 MT 59 M1
Piseile Inventory Gost 52.4 % 109 $1.9 x 109 $1.9 x 09 $2.3 x 107
at $40/gn ) _
Cost of Reprocessing Plant®# $0.3 x 10° $0.1 & 10° $0.3 ® 109
Cost of Fuel Fabrication Plant**  $0.3 x 109 Negligible Negligible 50.3 % 10
Cost of Waste Storage Negligible $1.4 % 109 Neglipible

Total Cost

$13.8 ¢ 109

319.5 x 109 $14.2 ¢ 109

* There 15 a projected 707 cost differential between a 1000 Mw(e) LWR ($1 = 109) and a

(1000 MW({e) LMFBR (1.7 x 109).

** figtiuated total cost of reprocessing plant to $1.5 % 109 for reprocessing fuel
Hot Fuel Fabrication Eotimated to be Equal to Reproceseiag.

#%2Figgile Materta) Inventory for 1 5/9 LWRs = 61 MT (23.4 1u/out of LUR; 6.5 in/out Spal) for 5
59 MT (29.4 in-core and 29.4 out-of-core) - (! LUR core contalng 2.6 HT; 1 LMUB cove containg

frofy 60 LURy.

Bre
3.6

eder/3 LiRs
MT).
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