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Los Alamos National Laboratory
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ABSTRACT

Rapid advances in accelerator technology
in recent years promise average proton beam
currents as high as 250 mA with energies greater
thsn one GeV. Such an accelerator could produce
very high (intensities of neutrons and other
nuclear particles thus opening up new areas of
science and technology. An example 1is the
efficient burning of tranasuranic and €£ission
product waste., With such a spallation-burner it
appears that high-level waste wmight be converted
to low-level waste on a time scale comparable to
the human lifespan at a reasonable additicnal
cost for electric power gsneration. The
euphasis of this paper is on the design of a
high powver proton target for neutron production,
on the nuclear data needed to operate thias
target safely and effectively, and on data
requirements for transmutation. It is suggested
that a pilot facility consisting of a 1.6 GeV
accelerator and target operating at 25 ma is the
next major step in developing this technology.
Bursts of protons near the terawatt level might
also be genersted using such an accelerator with
a proton accumulator ring. Research prospects
based onn such proton bursts are briefly
described. The status of established nuclear
data needs and of accelerator-based sources for
nuclear data measurements is reviewed.

I. INTRODUCTION

Among the advances in accelarator
technology in recent years, perhaps the most
impressive is the tschnical base for r.f.-driven
proton linscs with beam power far beyond
demonst.ated technology. The Los Alanmos
National Laboratory in collaboration with the
Brookhaven National Laboratory have been
evaluating a 25C-ma 1.6-GeV 400-MW
accelerator/target for the production of tritium
as & backup to a new production reactor
facility. The concept represents an advance in

accelerator and target beam powver of a factor of
400 beyond the one milliamp average current of
the Los Alamos Meson Physics Facility (LAMPF).
This facility, «#hich is shown in Fig. 1, 1is
presently unde: review by the U.S. Departmsent of
Energy. The target proposed by the LANL/BNL
collaboration is an array of rods of nautron
production and conversion matarial with tlowing
coolant similar to that found in reactors.

REFERENCE APT SYSTEM
FOR GOAL TRITIUM PRODUCTION

I

Fig. 1 Layout of the 400-MJW beam powver
accelerator considered for tritium
production,

While the reactor-like array appears
practical for the proposed application,

elternative concepts might make even better use
of the special features associated with neutron
generation by spallation. These include e much
lover heat generation of 30 MeV per neutron for
s lead or bismuth target comparad with 200 MeV
per useful neutron for fission, and the
capability of wusing a flowing liquid target



which allows heat transfer outside of the
neutron flux rather than inside as with the
reactor. The direct result of hoth of theae
advantages is the posaibilicy for a
substantially higher neutron flux than 1is
practical in moat reacto.s. In addition the
flexibility in reactor core design is severely
restricted by criticality and the need for a
flst energy density profile. The spallacion
source ias not bound by these constraints. The
spallation source alsc generates subatantially
less radioactive waste product than s reactor of
comparable capability and with the flowing
target much less of the radicactive inventory is
in the source region. This lowsr inventory, the
abgence of a criticality condition, and the
ability to quickly adjust the power level in the
target by controlling the proton beam current
are very attractive safety features.

In ordsr to bring the many aspects of high
power spallation target design 1into better
focus, a representative target design 1is
deacribed. Dats needs, technology applications,
and safety are evaluated with reepect to this
design. The target offers extraordinsry new
prospects for transmutation-bssed technology
such as the burn-up of reactor waste and the
production of tritiua for development snd
deployment of fusion power reactors. A waste
stream from the target might be avoided by
taking advantage of neutron capture in the
target to burn spallation products back toward
their Pb-Bi parents.

Since the handling of reactor waste is so
important to the future of commercial nuclear
pover, the role of the thermal/epithermal
spallation neutron source for waste
transoutation is considered here in some detail.
The nuclear data requirements for implementstion
are also reviewsd. A protocol is outlined in
which commercial reactor waste is chemically
partitioned into six categories: (1) uranium
isotopes, (2) pluctonium isotopes, (3) higher
actinide., (4) etable figsion products), (5)
fiasion products with halflives less than 30
years, and (6) fission products grester than 30
years. The uranium isotopes are saved for
reuse, the stable fission products are stored as
lov level waste, the higher actinides and > 30-
year flssion products are burned promptly to
high conversion and recycled, snd the < 30-year
flasion products sre stored for s period of
about 60 ysars and then partitioned and burned
to high conversion with recycls. The
spallation/burner might wmake possible the
conversion of commercial reactor vaste to stable
low level fission product waste on a time scale
comparable to the human 1lifespan with s
reasonable cost addition to nuclear electric
power generation.

A pilo’ scale accelerator-based faclility
at the 250-ma, 1.6.GeV, 108 duty factor, 4O-MW
level ig described for demonstrating the new

technologiss and rouarfgl lude2 possible by a
neutron flux at the 10 n/cm“-s level. The
iist of research topics possible with such a
facility is quite lengthy and reaches across a
broad range of nuclear, condensed matter and
fundamental physica. The usefulness of such an
accelerator for driving a atorage ring capable
of storing s substantial portion of the beam and
compressing the beam into pulses in the sub-
microsecond range is described.

II1. TARGET DESCRIPTION

In order to obtain the highest neutron
flux level it is desirable and perhaps necesssry
to use s flowing liquid heavy metal target. Such
a target geometry is shown in Fig. 2. A lead-
bismuth eutectic is selected for this although
the neutron output per proton is s factor of
about two lower than for uranium. A liquid
uranium target would greatly complicate the
technology. The flowing target allows the use
of a small diameter proton beam but results in
such a high proton beam areal denuity that a
window between the target snd the sccelerator
vacuun seems impractical. The requirement for a
window- less target requires that the beam froa
the accelerator impinge from above on a
vertically flowing target(l). The flowing matal
is pumped upward in a concentric cylinder around
the target and 1is turned into the downwvard
directior after which 1t falls by gravicy
forming a meniscus below the turnover point.
The dianater of the maetal target for a 400-NW
proton beam at 1.6 GeV is 100 cm; the proton
bean is expsnded to a 60-cm diameter before it
striked the target. The expansion of the proton
beam to this diameter after bending the boam
into the vertical direction requires a path
length of at least ten meters. The 1.6-GeV beam
has a range of about one meter in the metal.
Neutrons are produced throughout thia 1langth
with the production being highest at the top and
decreasirg approximstely linearly through the
one-meter effective target langth. The lead
flows downwsrd to a puap snd then through a
water noled heat axchanger before returning to
be bombsrded agsin. About one fourth of the
lead is in the vertical target column. Neutrons
from the target are mnderated first by inelastic
scsttering in the lead and then by other
moderator in the working volume. D,0 is chosan
as the moderstor since D,0 is an effsctive
coolsnt and allows peaking of the neuiron flux
farther from the 1lead than would an !,0
moderator. It also is more favorabls to the
neutron economy than is an H,0 moderator. The
working volume contains encspsulated rods of the
materisl to be trsnsmuted.

The height of the beam expander might be a
disadvantage in that it could require
underground siting of the major portion of the
target facility. ilowever it has the advintage
thst the water-cooled length becomes an



Fig. 2 Elevatior: view of the flowing Pb-Bi
eutetic target for spallation

neutron production.

effective collector for volatile spallation and
fission products, the largest of which will be
mercury. It is expected that these will collect
and flow downward meering the cooled lead st the
outside of ths top of the tsrget and returning
to the lead streanm. The pumps on the bo!n
transport system should therefore see only °“H
and the radioactive wclides of Kr and Xe. The
sctivity of these materisls probably is too high
to exhaust into the stmosphere snd should be
collected cryogenicslly tor elimination either

by natural rsdicactive decay or by later
burning .

It is expected that the lead target can be
operated with a minimel wsste stream. The bean
will generate spallation product nuclei with
mussos close to that of lead. 1so about 108 of
the nesutrons will be generated from fission of
the lead implying a fission product production
rste which is sbout 38 of that of s reactor
generating the same number of useful neutrons.
As described above, nesrly sll of these will
remain in the leed which is necessarily located
in a very high flux region of the tsrget. Over
time a quasi-equilibrium will be established
betwean the production of these isotopes and
their succeasive neutron capture back toward
lead. Eventually the primsry change in the
target with irvadiation will be the reduction of
the nuclear mass of lead-hismuth from about 208

to 207 and so on. The reduction of nuclear mass
by one unit will require 50 years at a beam
power of ?82 MJU. The lowest stable 1isotope of
lead is Ph. Therefore it appears that a
single lead loading might be used over hundreds
of years in successive generations of
spallation-burners without a waste stream. If it
is found that the build-up of product nuclei in
the lead is bothersome, one could extract the
stable elements such as gold continuouely by
diverting s portion of the flowing lead through
chemicsl eparation facilities.

The generation of a high neutrcn flux is
essential for efficient transmutation. An
estimate of the flux from a Pb-Bi spallation
target has been made wusing theoretical and
experimental results obtained from a flowing
lead-bisputh tsrget study conducted for the SIN
fscility(2). In that study isoflux profiles in
a D,0 moderator for thermal neutrons produced
from a 590-MeV proton beam were obtained. A 15-
ca diameter Pb-Bi carget was locsted inside a
20-cm diameter moderator surface. Approximately
four times as many neutrons would be produced
per proton for a 1.6 GeV target and the range of
the proton beam would incresse from 20 cm to 100
ca. Assuning a strsight-line dependence of
neutron production from maximum to zero over the
100 cm and using superposition, the flux can be
oestimated for a 1.6 GeV beam on a target of the
same configurstion. The result is shown in Fig.
3 for a beam current of 25 ma. The pumpkin-
shaped curves sre displaced slightly upward from
the target center as expected and are stretched
avay from circulsr in the verticsl direction.
Note that the flux at the highest point reaches
almost 5 X 10°° n/cm2-s. This high flux region
appesrs at a rsdius of 20 cm where there is also
an epithermal neutron flux lower by about a
factor of five. At a radius of 80 cm the thermal
flux is lower by about an order of !n;nitud..
The highest flux region (above 4 X 101°) extends
over a volume of sbout 100 liters.

The isoflux curves for a 250 aa target
hsve not yet beer determined. In this case the
diameter of the lead target will hsve to be
incressed to at least 60 cm to maintain a
practical lead flow rate. Although the total
neutron production must increase by a factor of
ten, the lsrger radius will not allow a
proportionate increase 1in the nou& on flux.
However s flux of st lesst 1 X 10 n/cm2-s
sppesrs likely. This estimate can be raadily
verified using the 800-MeV LAMPF proton beam for
sn isoflux measurement on & 60-ca diameter
target surrounded by D,0 and wusing source
auperposition es described above to extrspolste
to a 1.6 GeV bean energy.

ITT. BURN-UP OF NUCLEAR WASTE
The 400-MW accelerator produces about 7.9

x 1019 n/s. If leakage and parasitic capture sre
kept to 1low levels, the transmutation rate iIn
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Fig. 3 The time sverage thermal neutron
isoflux profiles for a Pb-Bi eutetic
flowing target for a beam energy of
1.6 GeV and a proton current of 25
aa. The shaded column in the center
is the metal target wi.: dimensions
along the vertical irn o with zero
marking the top uf the liquid metal.
The dimension 1in the horizontal
direction is in cm.
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nuclei per second is the same regardless of how
low the absorption cross section might be.
However the fraction of the nuclei in a sample
burned in a given time depends not on the
neutron production rate but on the product of
neutron flux snd absorption cross section.
Therein lies the advantage of a spallation-
burner over a reactor. A power resctor is
optimized for power production over a lsrge
volume with a uniform ponL distribution. The
flux typically is about 6'lO ca-s. With s
peak flux of around 10! n/c.2“-s the rate of
material conversion for a spallation source can
be higher by a factor of 100 for the same cross
section. For the burn-up of fission products,
this rate sdvantage is all important since the
halflife for the material in the neutron flux
must be much less than its nstursl hslflife.
For a significsnt impact the halflife in the
burner neutron flux should be less than a few
years for all of the nuclei to be burned.

These points sre 1illustrsted in Fig. 4
which shows the reletionship between the
halflife {nside a neutron flux T’ given on
the ordinate and the natural h.lfi{io T on
the abscisss. Theq _curves_are calculated ‘fuor s
flux of 5 X 10 5 n/cn2-| end for several
differsant crose sections using the relationship

T'1/2 = T1/2/(1 + éoT ;5/0.693) (1)

where ¢ 1 the neutron flux and o 1is the

absorption cross section. Eq. 1 follows
directly from the relationship
A'N = AN + ¢oN 2)

where A’ and A are the induced and natural decay
constants and N is the target nuclear density.

®

Q3 6 =0.1 barn

[

-] 90

z Sr c=1

2 .......... s

= / :

5® : ”

£ - : o=10 Tc

N

2 o100 |

w i i
N B e TNp
W 10 it I i

Half Life (Years)
Fig. 4 A comparison of the uffoctlYg

halflife of a nucleus in a 5 X 10
n/cm“-s flux given on the ordinate
with the natural halflife given on
the abscissa for several diffsrent
cross sections. The curves may be
used for different fluxes as
described in the text.

As an exsmple of the importance of the
high f"-.uggroqulronont for burn-up, consider thg
isotope Tc with a natural halflife of 2 X 10
yeﬁl undza cross section of ten bsrns. In a
10" n/ca‘-s f\\? the 9-1:’11& is about 20 ysars
while in a 10 n/ca“-s flux the halflife is
about 10 weeks. For this nucleus the reactor
neutron flux changes the lifetime by a 1large
%ount but not enough to be useful. For 30-year

Sr the corresponiing lifetimes are 29.9 years
and 3 years. The lower flux offers no advantage
over natural decay whereas the higher flux
offers s significant advsntage for a rearonable
irrsdiation time.

The case of 137C| with a halflife of 30
yesrs is somewhst special in that the thermal
cspture cross section has been thought to be
quite small at 0.11 bsrns, although a higher
cross section of 0.25 barns has been reported
recently(3). In order to schieve sn effective
halflife of no more than two years., one nutg
nchi,vo a thermsl flux in the target of 2 X 10
n/cm“-s snd must get &s much conversion from tha
epithermal region ss from the thermal region.
Flux estimstes for the full 250 ma of bean



current indicate that fluxes above the required
level can be achieved. Estimates of the flux
and cross section in the epithermal range
support the requfffd level of epithermal
converaion for Cs. However isotope
separation before irradiation vbbl be req‘ﬁsed
to make the burning of both Sr and Cs
prscticsl.

For the actinides several successive
neutron absorptions might be required before
destruction of the nucleus by fission. For an
absorption cross section of 100 barns the time
between successive neutron absorptions on the
same nucleus is about 10 days for the spallation
flux compared with about 3 years for the reactor
flux. g

The burn-up of nuclear waste probably must
meet seversl criteria to be of finterest. (1)
Both fission product and higher actinide waste
must be burned effectively. (2) Conversion of
high level wsste to low level wsste must be
accomplished in a tipe comparsble to the human

lifespan. (37 The cost of waste burn-up must be
a modest increment on the cost of nuclear
electric pover generation.

The effectiveness and cost of spallation-
burn-up of power reactor waste may be estimated
for the protocol illustrated in Fig. 5. A power
reﬁtor oBerating at the relatively low flux of
10" n/cm“-s burns actinide fuel producing heat
and also slowly transmuting the actinides to
higher mass. In addition it burns the high
cross section fission products to low cross
section nuclei gome of which will be unstable.
For this reason virtually none of the abundant
fission product nuclei have high thermal cross
sections. Hence, the need for a high thermal
flux for effective burning rates. After a 10-
year cool down period the nuclel are chemically
separated into five classes; (1) the U and Pu
which can be further used as nuclear fusl, (2)
the higher actinides, (3) fission products with
TI/Z > 30 years, (4) the fission products with

Tl/ < 30 years, and (5) the stable fission
products.

PO'!S IIIQCTOR
10 n/cm - 8) U and Pu F---4 Spaliation Burner
' 2
! 0 ' h/em- o)
- - -
1. Burns Actinid
e Fuel Higher actinides 1. Rapidly Converts
2. Slowly Converts actinides higher uctinides.
3. Burns high cross section 2. Bumns low cross-
fission products. section fission
Low crusa-section fisaion products.
products L.
t172> 30 yr.
10-yr cool down
and Low cross-section fission
Chemistry products 69-yr decay
t1/2< 30 yr. i
—
Low level. long term fission Chemistry
product storage
- b_‘— 1. Stable fission
products to storage.
2. Recycle actinides
and unstable fisslon
products
Fig. § Protocol for implementation of a spallation burner driven by s

400-MW proton beam for burn-up of all high level power reactor
wasts on a time scale comparable to the human 1ifespan.



In Table 1 the annusl production of Plutonium is included since it may be used to
fission products from a 3-GWT PWR with T, ,, > 30 boost the neutron rate available for burn-up.
years are listed for fuel burned to " 33,000 The number 3; higher sctinide nuclei is found to
megawatt-days per metric ton of wuranium be 8.7 X 10°?, These figures for the production
(MWd/MTU) after 60 year of decay. The of higher actinides and fission product nuclel
important nuclei 90sr and 137C| with Ty, = 30 when compared with the neutron production raE’
years are included. The total number g nuclei of a 400-MJ gpallation-burner of 2.3 X 10
to be burned is found to be 45.7 X 102 . Table neutrons/year suggest the practicality of a
2 shows the higher actinide and plutonium spallation-burner. This suggestion may be made
production unde: the same condition as Table 1 more concrete with the more quantitative
along with the total nuclides in each category. estimates which follow.

Table 1. PWR FISSION PRODUCTS* WITH Tl/Z > 30 YEARS.
Nuclide Kesyx Halflife Cross section  Atoms
(yrs) (barns) (x 1029)
79se 0.19 6.5 x 10% 0.13
90 13.5 29 0.9 8.97%
zc 23.3 1.5 x 108 2.5 15.0
991 25.1 2.1 x 10% 20 15.2
107p4 7.4 6.5 x 108 .8 4.1
116, 0.91 1 x 10° 0.14 0.46
129, 5.87 1.6 x 107 27 2.73
135¢4 9.47 3.0 x 108 62 4.22
137¢4 30.9 30 0.11 13.5%
151gy 0.38 90 15200 0.16
39y 2.0 7.5 x 10% 93 2.11
63y 0.38 100 2 0.36
zr 1.85 1.5 x 108 2.5 1.19
N 0.09 2 x 10% 15 0.07
Total 45.7 x 1023

* These amounts are annual production for a PWR running at 3
GW thermal with fuel bhurned to 33,000 wegswatt-days per
ton requiring the removal of 33 MTU spent fuel per

year.

® Not included in the sum; halflives under 30 years.



Table 2. PWR TRANSURANIUM WASTE NUCLEL
Nuclide kg/year Halflife Atons
(yrs) (x 1023)
237xp 14.5 2.1 x 10° 3.66
21,y 16.6 432 4.13
22m,, 0.022 141
23,y 2.99 7.4 x 103 0.73
23¢cq 0.011 28.5
Wby 0.58 18.1 0.13
Total 8.65 x 1023
233?\1 4.52 88 1.13
239p, 166 2.4 x 10* 41.6
240p,, 76.7 6.6 x 103 19.2
21p, 25.4 14.4 6.4
242p,, 15.54 3.8 x 103 3.9
Total 72.2 x 1023

* These amounts are annual production for a PWR running at 3 GW thermal
with fuel burned to 33,000 megawatt-days per metric ton requiring the
removal of 33 MTU spent fuel per year,.

The burning of the actinides 1is somevhat
complicated by the fact that for thermally
fissils nuclei fission always competes with
capture, that about half of the nuclei have
negligible fission compared to capture, and that
the dominance of fission and capture alternate
in an isotopic series. Neutrona are generated
in ths fission process and absorbed in the
capture process. Since the objective is to
destroy ths nucleus by fission, siaple terms
must be daveloped vhich give the average number
of neutrons required to destroy by fission the
plutonium 1isotopic mixture and the higher
actinide group, The following terms based on
ths alternating isotopic sequence give the
average number n; of neutrons required for
fission for four claeses of initial target
nuclei:

Fissile target (239.241p, 242, (243,245,2470.)
ng = -(v -1-2a) (3)
Non-fissile target class 1 (233'2“°Pu. 2M‘A-)
n = -(v-2-2a) (%)
Non-fissile target class 2 (237Np. 243&!)
Ny = -(v-3-2a) (5)

Non-fismils target class 3 (2"21’\1)

Ny = -(v-4-2a) (6)

The quantity » is the average number of neutrons
emitted per fission, which varies slovly for the
transuranic nuclei and is taken to be 2.9213 -a
vnlu’laidvny between that for the nuclei %pu
and Pu. The quantity a is the capture to
fission ratio for the fissile nuclei, It varies
more for the fissile nuc than v, but it
is nearly tb> same for JﬁtI’\.l nnddo’hl‘u and we
take it to be 0.36 Note that n; does not depend
on cross sections -only on the ratio of the
cross sections a and on ~, These parameters
substituted in Eqns. 3-6 then give for the
average number of neutrons required to cause
eventual fission of the initial nucleus the
values ng - -1.2, n - -0.2, ny = +0.8,
and ny = +1.8, (A negative number means that
there is a net generation of neutrons rather
than a net absorption.)

Using the above estimates the average
number of neutrons rsquired to induce fission
can be calculated for the isotopic compesition
of the higher actinides and the plutonium given
in Table 2, Ths plutonium mixture gsnerates
0.82 neutrons per nucleus burned, the higher
actinide group generates -0.31 neutrons per
nucleus burned. For the fission products -1.0
neutrons are generatsd per nucleus burned.
These figures, which are averages over the
isotopic wmixture, should allow ths higher



actinide burn-up rates to be calculated to an
eccuracy of about 10%.

It is worth pointing out that these burn-
up calculatloqg are gppllcable to fluxes below
about 5 X 10 n/ca“-s. At higher fluxes the
burn-up rate of the higher actinides can be much
higher perhaps even approaching an uncontrolled
runavay. The runaway condition comes about
becausezgg the 2100-barn fission crosas section
of the Np VQEH a hslflife of 2.15 days. In a
high flux the Np canzgi produced at a higher
rataaahan it decays to Pu. When the fraction
of Np exceeds a few percent, the loading of
higher actinides might bscome supercritical.
Careful studies 35. required to take full
advantage of the 2 Np in enhancing the burn-up
efficiency while maintaining safe control of the
reaction rate,.

V. BURN-UP RATES AND COSTS

First the burn-up rate for the higher
sctinides is shown to be very high. With an
annual nfytron production rate by spallation of
2.3 X 10°/ nuclei, an annual PWR h&ghor actinide
production rate of 8.6 X 10 and the
requlrement of 0.31 neutrona to destroy one
nucleus, the spallation source could
theoretically destroy the higher actinide output
of 84 PWR’s! This rate would require scaling
back the accelerator currant since the thermal
power from generstion of fission at this rate
corresponds to 7.75 GW.

For the longer lived fission prodycts, the
annusl production rste of 6.8 X 10 nuclei
implies a burn-up rste of 3.4 PWR's per year.
68 order to ove this rate we transfer the

Sr and the Cs to the Tl/ < 30 year group
and allow this group to decay ?or a perlod of 60
years, After that time cthese two 1isotopes
domi{nate the shorter-lived group and the
remaining amount in the .hort-}éved group has
been reduced by four to 5.6 X 10°” nuclei. When
this 1is added to the 1longer 1lived group
of 4357 X 10 nuclei, the burn-up rate for 50.3
X 10°” nuclei becomes 4.6 PWR's.

The rste could be enhanced still further
by adding the plutonium isotopic mixture to the
spallation target to boost the neutron
production. Setting an upper limit of 3 GWT to
the spallation tsige powar allows the
generation of 8.1 X 10 % fissions per second
each of which produces on average 0.82 neutrons.
The annual production rate ?f neutrons by
fission then becqmes 2.1 X 102 vkich compares
vith the 2.3 X 10" produced by spsllstion. The
fission product burn-up rate then becomes 8.8
PWR's. However now the target 1{itself is
generating fission products at the rsrte of about
0.87 PWR's so that the rate must be reduced by
0.87 and becomes 7.9 PWR's. Note however that
1f the 3-GWT power were converted to sccelerstor
beam power uaing efficiencles of 408 and 45% for

heat to electrical and electricsl to beam power
conversions respectively, the accelerator-
produced neutron rate would increase by 35%.
This would result in a net burn-up rate of more
than 10 3-GWT power reactors, At this rate the
incremental cost from burning up all of the
nuclear waste might well be modest and
acceptable to the consumer.

The impact of two burn-up scenarios 1is
shown in Fig. 6 where the activity of fuel
removed from a 3-GWT reactor is shown as a
function of time(4). Spent fuel assemblies will
decay down to the r1$10act1v1ty level of uranium
ore after about 10~ years. The aituation {is
lictle changed by plutonium recycle. Prompt
burning of the actinides, which appears
practical with very high efficiency using the
accelerator, leaves only the fission products
which will reach the sctivity of the ore in
about 1000 years. By burning the fission
product.la’ well allowing a 60-year decay period
for the Cs and ““Sr followed by ten two-year
cycles of 508 burn-up, the ore level can be
reached in only 100 years. Note that the
chemical processing selectivity does not have to
exceed 1 in 1000 to achieve this objective.

Burning after

60-yoar decay LWR-U/Py recycle

Once-through LWR

- uranium
ore
19}
10° J e L 1 1
1° 10! 10t 10 10t 10
Time. years
Fig. 6 The decay of wiste from a 3-GWT

power reactor. The once-through LWR
and Pu-recycle do not involve the
burning of waste. The other two
curves show radioactivity levels for
burn-up of higher actinider only
(flssion products remaining) and the
burn-up of all radioactive wastes.

In summsry the spallation-burner appears
to be cspable of the tollowing:

1. Burn-up of sll high level fission product
and actinide waste to low level fission product




waste with residual activity below cthat of
uranium ore.

2. Accompllshing the burn-up at a reasonable
incremental cost te the consumer.

3. Completing the burn-up of the waste on a
time scale comparable to the human lifespan.

V. DATA NEEDS FOR THE SPALLATION-BURNER

The data requirements for the spallation-
burner are substantially different from those
for a reactor. In a reactor criticality,
breeding ratio, and fuel efficiency have
required cross section measurements often with
requests for accuracy in the 18 range. However
the principal requirements for the spallation-
burner regard the neutron spectral shape
requirement, the 1{irradigtion time, and the
position distribution of the various waste
nuclei in the neutron flux. The cross sections
are therefore not required at high accuracy.
However most of the nuclei will be unstable and
this will be a serious complication to the
measurements. Most of the neutrons from the
spallation proceas are born st energies in the
1- to 5-MeV range from the boil-off nuclear
process. This spectrum is softened into the keV
range by inelastic scattering in the Pb-ZI
before reaching the D,0. The D,0 moderates the
neutrons into the thermal range. Near the lead-
D,0 interface the moderation is incomplete sc
that the spectrun extends from thermal to around
100 keV. By the time the neutrons have traveled
sbout S0 cm from the Pb into the Dzo. the
spectrun is fairly well thermalized. Beyond
thia distance little transmutation will take
place outside of the thermal range. Capture
croas sections differential iIn energy are
therefore needed from thermal to about 100 keV.
Information that can be obtained from theory
about these cross sections is limited since for
most of the nuclides the cross section 1is
dominated at thermal by a few resonances with

unpredictable parameters. At keV energies,
standard theoreticsl models may be more
appropriate for capture cross section

eatimation. The nuclear data fsll into five
groups which are discussed separately below in
order of priority.

Spallation Neutron Production Rate

The accuracy of neutron production by
spallation may be uncertain by as much as 20% st
1.6 GeV. Calculations of target performance now
rely on the intranuclear cascsde evaporation
code HETC for spallation neutron production, on
Monte Csrlo (eg. MCNP) for traasport through the
lead, and on diacrete ordinste (SN) for neutron
moderation and transport in the D,0. A careful
benchmark experiment measuring the thermal and
epithermal flux distribution and absolute
intensity in the D,0 is highly desirable at an
energy am close to 1.6 GeV aa possible.

Similarly more sccurate measurements of neutron
production from other Pb-Bi target geometries
would also be desirable.

Fission Products

Capture cross section are required for the
fission products of Table 1 along with that of
some of the nuclel J& the capture chain. For
some nuclei such as ““Sr, burn-up is complicated
bga the presence of 1lighter stable isotopes
(°°Sr) which can be burned along a nuclide chain
into the unstable nucleus. As many as 30
nuclides must be measured for complete
information on target arrangement and detailed
burn-up rates.

Structural Materials

The structural materials of concern are
the walls separating the Pb-Bi from the D,0 and
the cladding for the waste. The very high
neutron flux will necessarily transaute a
substantial frsction of the structural material
in a relatively short time. Therefore it 1is
desirable to use materials which can handle
seversl successivs neutron captures on the same
satarisl without substantisl chemical change or
activation, Any material with a substantisl
(n,p) or (n,a) cross section, such as nickel,
should be avoided in order to keep hydrogen and
helium build-up tv a minimum. There might be as
many as ten nuclides in this clsss requiring
meaeurement.

Spallstion Products

It is highly desirable to avoid a waste
strean from the lead target. An equilibrium
condition is discussed earlier in which the high
neutron flux transwutes spallation product
nuclei to higher mass at about the same rat at
which fresh spsllation nuclel are being
produced. The target design keeps all but the
gaseous products in the Pb-Bi liquid so that
such transmutation can take plsce c>ntinuously.
It is also useful to calculate the decay hest
curve for the spallation tsrget in case of Pb-Bi
circulator pump fallure. The spallstion
products generslly have s nuclear mass above
160. In addition fission products, which are
moatly 1lighter than spallation products, are
produced at sbout 3% of the rate of a PWR
running at 3-GWT. The time scale for approach
to the equilibrium condition is not known. This
time-scale information could be calculated from
the cross sections since the spallation product
distribution is fsirly well known. About 20
nuclides in this class should be measured.

Unstsble Bi snd Po Isotopes

The high neutron flux will give rise to
succegsive neutron capt on the same stsrting
nucleus of 5‘6"81,!) and \51-0.951 resulting in the
generation of several unatable nuclides of Bi



and Po which then cycle back to Pb and stable Bi
by alpha decay or beta-decay-like processes. It
appears that an equilibrium around this cycle
will be established in about one year. The
equilibrium distribution would be of interest
for calculating the decay heat in case of the
Pb-Bi circulator pump failure.

Actinides

Cross sections for all of the actinides
have been measured with more than sdequate
accuracy owving to the long existing need for
accurate data i{n calculation of ecriticality,
breeding ratio, etc. for all classes of
reactors.

Measurement Facilities

The measurenent facilities available
presently coraist of intense variable energy
monoenergetic neutron generators for uee in the
mid-keV to 20-MeV rsnge, pulsed electron linscs
for neutron measurements from the higher eV to
the lower MeV range, and, more recently, pulsed
spallation sources which have their greatest
superiority in the thermal to lower keV range
and in the 1- to 400-MeV range. The demand for
nuclear data appears not to be as strong as it
was in the prime years of fiseicn reactor

development. Several facilities have been under
pressure to reduce thelir activicy and
unfortunately a couple have been closed. The
data needs outlined above appear to justify a
continued effort in nuclear data measurements
and the maintenance of skills necessary to
respond to a demand for data such as that which
would be associated with a serious spallation-
burner program.

VII. A SPALLATION-BASED TECHNOLOGY DEMONSTRATION
CENTER

Although LAMPF at Los Alamos was built 20
years ago, it is still the world's highest power
proton linac. The 1linac for the proposed
tritium production facility operates at twice
the energy and 250 times the LAMPF average
current. Because of thia 1large step in
accelerstor and target size, it seems prudent to
make an intermediate step in accelerator power
before constructing the proposed 400-MJ version.
A more modest accelerator also would make
possible the demonstration of nuclear waste
burn-up at the pilot-model 1level and would
provide the base for the wide spectrum of other
sclence and technology reviewed briefly above.
Fig. 7 shows a lsyout for a demonstration center
for spallation-based technology.

Neutron
Scatisring

5. 10 mA

Switchyard

Fig. 7 Layout for a demonstration center for spallatlon-based technology.



The accelerator operates at 1.6 GeV with a
peak beam current of 25 ma, a repetition rate of
120 Hz, and a duty factor of 10% for an average
beam power of 40 MW. At this performance level
it should be posnlb{g to aghieve a steady-state
neutron flux of 10 n/ca“-s outside the lead
target a:t the straight-ahead target facility.
This facility could be used to demonstrate the
spallation target integrity and practicalityfor
trictim production. The second target, located
in the figure above the first, would be devoted
to demonstration of higher actinide and fisasion
product waste burn-up. The thermal powsy of this
facility would be in the 300-MW range since the
higher actinides would be burned by fission.

The figure slso shows a beam line which
should make possible a major step in capahilicy
for nuclear physics research.

The proton accumulator ring (PAR) shown in
the lower half of the figurs would provide bean
for rthree world-leading research facilities.
Suzh a ring greatly increases the power of a
GeV-rsnge high power proton linac for resasarch
and technology. While the peak proton current
in r. £f. linacs har not exceeded 30 ma, proton
storage rings allow multiplicaticns in proton
current by about three orders of magnitude. The
most intense pulsed proton current to date 1is
that achieved at Los Alamos for LANSCE. The
present performance level is an average current
of 60 microamps, at a repetition rate of 20 Hz
for spproximately triangular pulses with a 0.25
microsecond width st the base. This translates
to a pea current of 24 amperee in the ejected
proton pulse. The construction of storage rings
making possible proton currents at this level
has been driven by the need for intense pulsed
neutron bursts for neutron scattering studies in
material science. These intense neutron bursts
slso have been shown to be valuable for nuclear
data measurementy, for focefront studies in
fundamental neutron physice and for materials
science studies wusing pulsed muons. Other
exciting prospects include the production of
ultrscold neutrons, the development of polarized
neutron fields with fluxes many orders of
magnitude higher in :he neutron field than is
possible in s polarized neutron besm, snd the
prospect for a practical neutron-neutron
scattering experiment. The next generation of
storsge rings should be powerful sources for
neutrino physics assuming ressonable
extrspolstions from demonstrated technology.

However the forefront least explored and
developed 1is thst requiring intense single
burste of protons. The peak powver of the
present PSR bursts driving LANSCE is almost 20
glgavwstes. If the performance of the next
generstion of rings were improved by a fsctor of
3O using higher energy. larger aperture, and
improved injection, the power would gpproach a
terawatt with s total stored energy nearing 100
kilojoules. Such power snd energy opens up the

prospect for driving new lasers possibly pushing
to x-ray and gamma-ray wavelengths. The
possibility of laboratory fusion based on the
confinement of an intense proton burst for
plasma heating using pulsed megagauss magnetic
fields should be investigated. More details
about these and other prospects sre provided
elsewhere(S).

The satudy of materials dynamics wusing
neutrons s an exciting forefront opened
recently by measurements at Los Alamos. The
LANSCE intensity is already high enough to allow
the study of neutron resonances and powder
diffraction using single LANSCE pulses. Fig. 8
shows Bragg diffraction edges for an iron sample
measured(6) with a single pulse from LANSCE.
The pattern of the edges gives the crystal
structure, the spacing gives the lattice
constant, the height of the edges gives the
temperature, the distribution in edge heights
gives the texture (non-random orientation of
microcrystals) and the slope of the edges
measures strain at the microcrystal level. The
technlq!r pronl,ol dynamic materials studies in
the 10°° to 10° second range. With optimized
geometry and the present LANSCE performance the
technique probably could ba pushed into tha few
microsecond range.

In sumsary the addition of a atorage ring
to a GeV- range protocn linac broadens the
spectrum of science and technology studies
several times beyond that possible with the
linac alone.

The accelerator should be designed with
the expectation that it will reach its beam
current objective soon after completion of
construction and that 1t will operate with
greater than 90% reliability. The facility
should stabilize into an operation mode
satisfactory for the spectrum of facilities
suggested. The sudstantial investment in the
accelerator can be written off over a much
longer time period than s expected for
demonstration of the tritium production and
waste burn-up technologies becsuse of ths broad
range of other long term rsasesrch included. It
is worth noting that the pumbsr of proposed bLeanm
lines and facilities is essentially the same as

that presently being served effectively by
LAMPF .

1X. CONCLUSION

Recent sdvsnces in ¢. f. linsc technology
sppesr to make ©practical acriylerators with
average bean intensities up to 250 ma for
energies in the lower GeV range snd beam powvers
of hundreds of megswstts. Perhaps the most
important spplication of such an accelerstor is
in the burning of high level fission product snd
actinide waste from commercisl pq er regctors
using thermal neutron fluxes of 10 n/ca“-8 or
higher. Consideration of this prospect
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Fig. 8 The figure shows ths Bragg edges measured in transmission using s

single LANSCE pulse for a sample of polycrystalline iron. The Miller
indices shown at ths breaks indicate the lattice planes for the iron

cubic lattice.

upper is
detector,

The lower abscissa is the neutron wavelength; the
the time at which the transmitted neutrons reached the
The neutrons were measured in a detector converting

neutron intensity to negative current. Thersfore gzsro at the top of

the figur- corresponds

te low intensity or low transmission. The

transmission increases toward the bottom of the figure.

indicates that burn-up could ke accrmplished on
a time scale comparable to the human life span
and probably at an acceptable incremental cost
to nuclear power generation. The optimization of
this process requires a large amount of nuclear
data on fission and spallation products.

A center for spallation-based technology
1s proposed with the high power accelerator
operating at an averags beam puwer of 40 MV as
the driver and pilot-level programs for tritiua
production and high level waste burn-up being
the primary technology development programs. The
great snhancement in research prospects when a
proton storage ring 1is coupled to the high
current proton linac 1is described. The
facility carries in parallel a broadly based
research program including materials science,
nuclear physics, and new prospects such as the
explorstion of new laser and fusion concepts.
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