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V., HE#HF—208H

SR EALEEY LTS, HRAEON S LR TFHOLH
P ECEH-TWALERS D, 22T, HHABHRCAAIhZHEEOS Y
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V-3. HHAEONK L RFGF P O BRGHER
SHEBOEFEG®FP, *°Kr, °°Sr, *°Zr, *°Tec, '°7Pd. '*°1I,
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¥ OB ERKE Data No,  fBIARITEIAY ™ OE H I EHES (XH)
"MK r 0.27 % 11 4 1 1.66 £ 0.20 b “SKr2HISHIAAL Al HB% C.E. Benis, et al,,
mLaFFiAcEM, BB N.S.B. .47, 3T1("72)
ST Re/ ke R0,
2 1.66 b Lyt JHDC, JAER) §320(°90)
%035 5.9 29 3 0.,810.5b HYBRARYLME G.Zeisel,  Acta Phys
Austr 23, 223('66)
4 14.0 1 2,4 mb Hli{Lik, HreBRGE L. 4, .HcVey, J.Radioanal
Chem 78, 131("83)
5 15.3 1 1.3 ob Meff{bik, “"“Sr& gL E(m, 182, hfEE oib
TeeSre S v viiE BF—-20aTiEY
lesgng {'91)
6 0.9 b IELGNE JNDG, JAERI 1320(' 80)
sz g 6.39 1,56 7 2,25 b AR LETL JNDC, JABRIL 1320(" 60)
8 (LSS A= RO W) R L. Hacklin, H.S.KE.,92,
525(" 85)
ver e 6.1 2. 1155 4] 2014 b Py -Bo BRERE vz B B. B. Ovechkin ot al
Hitik IN1S5~af-1543,
it 3012 b LRSS AT 111/ R U0 ¥ 15 N.J. PaLtenden, P/11 UK
ZhAA-2-TWE
11 i8.9 -y aiid 178 JEDC, JAERI 1320(° 80)
i2 20 1 186r KFAcoliifkik M. Lucas, 1ABA-TC-119/14
13 (85 A - 2 D IHE) R. L. Hackiin, N.S,E. &1
520(’ 82)
arpg 0.14 6,516 i QS A -2 o jidiE) U, N. Singh, K.S.E 67
54(°78)
15 (ms5 A—-ZDiE) R. L. Macklin, H.8.E. 89
78('85) :
16 20 b F r g JNDC, JAERI 1320(' 80)
V2o g 0.71 .67 17 3%t4 b ORBL fasty chopper TOPF R.C. Block et al.,
_ N.5.E 8, 112('80)
18 {KBIT A= 2 OIE) R. L. Macklin, N.S.E. 85
85, 350('83)
19 27 b Fyange JNDC, JAERI 1320(' 80)
'*_Cs 4.5 2,316 20 4.5 14 b Hehdqbis, g, 10dnAR i, Sugaruman, Phys Rev 75
1473(" 49)
21 8.7T165 b MBHEEE. '*"Cs/' (s A, P, Baerg, Can J Phys
FThtsrbiE ' *°Cs/ 2 s 36, 863('58)
BRI S
22 a-o= 16 b HH{kLik, '*°Cs/'3 s Bin, W, s ot
Hslilb &Rz, ait HyEdk
V3605 /0 Cs T HEIL
23 6.5 b FHGE _ JNDC, JAERI 1320( 80}
o 8.27 30, 24 0.1 £ 0.03 b Heifbik, REgE &b D.C. Stupegia, J.Nuel,
L350 2 02 e Energy, 12, 16{'60)
25 0,250 D, 0135113(5“533. MHEE ﬂJﬂUK Il Harada, T. Sekine,
oLtk o RIng s T.Katoh et al,,
J. Hucl. Sci. Tech, 27,
577(" 90}
26 0.11 b Edfgid JHDC, JAERT 1320( 80)
F A RS " JHDC: JAERI 1320('90)" e a1
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BY A REACTOR-ACCELERATOR SYSTEH
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1. IHTRODUCTION

Spent fuels [rom fission reactors contain
long-lived nuclides, Small neutron capture cross
section of such [ission products as 998r and
13705 largely contained in puclear waste makes
it difficult to incinerale by reactors only. &
syslewm combining reacior and accelerator has
recently been developed to transmule these
nuclides to short-lived or stable nuclides.

He reporl here the incineration melhod using
the system of reactors and accelerators for
transmutation,

2. CRITERIA FOR TRANSMUTATION DISPOSAL METIOD

& number of devices have been proposed for
the transmuiation of nuclear wastes; fission
reactors(1-3), Fusion reactors(4,b), accsleralors
{(}-8) und so on. The important question is
whothor the transmutation concepls meal Lhe
following critoerin: o

(1) Risk_reduction_critecion : The overall risk
of disposal method by trapsmutation should be
reduced by comparison with Lhe relersnce
managemenl scheme.

(2) Trapsmutation rpate criterion : The
transsutation rate ol the nuclear wastes should
be several Limes faster than the matural decay
rate.

(3} Eugrgx_bglaugg_gtjigzigu : The transmutation
method should not consume more ensrgy Lhan that
is originally obtained when Lhe wasles are

produced,

The criteria (1) and (2) are fundamentel
requirements [or the waste management sirategy
based on nuclear transmutation, The estimate for
criterion {1) is not easy because of ‘lhe lack of
analysis method, The criterion (3) is valid so
long as fission power reactors coniribute
significantly to the energy ecouomy. 1f fission
power reaciors were no longer necessary, Lhis
criterion would be the one for practlical
management rather Lhan [Tor [leasibility siudy.

There are two available devices in Lhe
present technology, i.e. [ission reactors and
accelerators, The -transmutaions by Lhese Lwo
devices are characterized as follows; lLarge
quantities of radiocactive nuciides can be
transmuted in one [ission reactor. The
Lransmutation process also can generate enorgies
and can easily meel Lhe criterion {3). llowovor,
its transmulation rate is slow bocauso of low
neultron Flux. As For Lhe Lennsmutation by
accelerator, ils advantage is that high
transmutalion rale can bs abtained by focusing of
accelerator beam, llowever, the operation uf
accelerator needs much energy in Ltransmuting the
large quantities of the nuclear wastes, which
leads to the difficully in satisfying Lho
criterion (3).

3. CONCEPT OF COMBIHED TRANBMUTATION SYSTEH

As a practical way, we propose a combinad
system of reactors and accelerators. As seen in
Fig.l, Lhe combined system lhas Lwo steps of



PNC TN8410 92—083

transmulation process in order Lo meet both
criloria (2) and (3). 1In the first stap, large
quantilies of nuclear wasles are transmuted with
slow transmutation rate in fission reactors.
When the Lransmutation by fission reactors is
finished, small quantitjes ol nuclear wasles are
remained. In the second step, the remained
nuclear wastes are Lransmuted by accelerators
with fast trausmutationlrate. In this combined
system, the overall Lransmutation rale is between
these of iwo sleps.

Fig. 2 shows an example of the transmutation
of 137Cs by the combined system. Ia the first
stage, nuclear wastes are accumulated by the
operation of power reactors. Ho transmutation
device is operated in Lhis stage. In ths second
stage, the fission reactors which we call
trensmutation reactors are operated Lo transmute
the nuclear wastes [rom the power reactors, In
this stage, quantities of nuclear wastes reach
the constant value, which is determined by the
eqtii librium between Lhe transmutation and the
genaration of radionuclides. In the third stags,
the power reactors are stopped and total
quantities of the nuclear wasles decrease by the
transmutation. The transmutation reactors are
stopped one by one as the nuclear wastaes

decrease. At the end of the third stage, all
transmutalion reaclors are stopped and the
quantities of nuclear wastes reach the minimum
value which can be transmuted by the fission
reactor. In the last stage, the remained nuclear
wastes are transmuted by accelerators with fast
transmutation rate. In this example, Lhe overall
transnutation rate corresponds to thet of single
step transmutation with the half-life of B years.
The energy balance of tolal step is positive,

llereaftar, we describe outlines of the
reactor and the sccelerator for Lransmutation
succassively,

4. TRANSHUTATION REACTOR

We have studied the transmutation of 137Qsg
into stable nuclide in fission reactors. The
transmutation reactor we consider is a high-flux
fast reactor which is composed of cesium region
inside and fusl and reflector regicn outside as
schematically shown in Fig. 3. In the cesium
region 187Cs is loaded in the chemical form of
the deuteroxide 137Cs0D, since the demsity of
137650D is higher than that of metallic form. The

deuterium D is considered as moderalor,

In the fuel region solid fuel iz loaded.
Taube studied a transmutation reactor for Lhe
transeutation of 908r and 137¢g before(d). Iu his
sludy le proposed a liguid fual Lo oblain a high
powar density which leads to a high neutron fiux.
However, we use the solid fuel which is more
realistic Lhan the liquid fuel.

Fast nsutrons gensrated in the fuel region
are thermalized due to mainly deuterium in Lhe
cesium region. The ithermalized neutrons are used
to transmute 13705. since the capture cross
section of 137Cs is approximately one order of
maghitude larger for thermal neutron than for
fast neutron., MNevertheless, the therwal neutron
capture cross section of 137Cs s very smail
{~0.11b) and Lherefore high neutron fiux is
necessary to transmute 137Cs effeclively. He aim
at the thermal neuiron flux level of 1616n/cnl. 5
in Lhe cesium region of the Lransmutation
reactor, The distributions of Lhe fast and the
thermal neutron fluxes are also depicted in Fig,
3.

6. TRANSHUTATION ACCELERATOR
6.1 Mathod of Transmutation by aw Accelerater

Instead of (n, v) reaction in transmutation
reactors, othsr nuclear reaclions have been
proposed ;

1. spallation reaction by using proton
accelsrator(f, 1),

2. {n,2n) reaction by using fusion reactor{4,§),
3. photonuclear reaction, (v ,n) by using
slectron accelerator(g).

In this section, the transmutabtion by
pliotonuclear reaction iz discussed. It ig well
kunown that so called giant resonance is observed
in the range of nuclear excitation energy from 10
to 20 HeV. The transmutation of 137¢s is
exprassed by

137¢s( v ,n)1360s ——— 138pa (stable),

8

Two kinds of photon source are discussed,
i.e, the bremsstralilung method and the inverse
compton method, Since continuous energy spsctrum
is obtained by bremsstrahlung, the portion of Lhe
generated photons can be used for transmutation.
On the other hand, the iunverse complton mothod
produces tunable quagi-monoenergelic photon(g),
The probabjlities of (7 ,n) reaclion were
calculated by EGS4 code for both plioton sources.
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The photonuclear cross section of 133¢s was used
in the calculations, since there is no
experimenial data for 137¢s, 1n the case of
bremsslralilung method the probability is 0.026
under Lhe condition when an electron with the
energy of 100MeV bLombards in Cs target. In other
words, the incident electron energy of 4GeY is
necessary for the transmutation of one 131¢s,
The probability is alse calcuiated for the quasi-
wonoenergelic photous which are generated by the
colliision of lGeV electrons with 1,188V laser
photons. The incident photon eaergy of 850NeV is
required for the Lransmulation of one 137¢s,

5.2 Dovelopment of a CH Acceierator

It is important Lo gel stable hLigh intensity
beam and sufficient energy-saving. In Lhis
proposal, new development is needed because there
is no accelerator having such a specificalion in
the world. It is necessary to construct a iest
linac which accelerates high intensity beam for
this purpose. the beam energy and the beam powar
which ars requested to a industrial tesi lacility
pilot-plant are near 100MeV-1004Y and lGeV-10GH.
80 we have a plan of constructing a CH{continuous
Wave) linac to asccelerate 10MeV-100mA electrons
with duty factor 20% for preparatory research and
development. In this cese, an electron is
suitable to beam particle as Lhe cost is iow.

Fig. 4 presenls the mapping of electron
power of accelerators in the world, where the
mark for this proposed linac is also addressed.
The basic specification of our accelsrator is
sumnacized in Table ). Results from this
dovelopmest will be [ruitful for design of not
only the advanced accelerator but ailso new Lype
of light source amd positron generalor.

The block diagram of the lesi linac is shown

in Fig, 6. The bird ayes view of Lhe Lest linac
is depicted in Fig. 8. IL is supposed Lhat Lhe
conceptual figure of the lest linac is like one
shown in Fig. 6, where two klystrons and eight
accelerating tubes are seen, This accelerator
facility will be settled in Lhe site of PNC Tokai
works,

In the case of the test linac, there are
many subjects for Lhe development. In Lhis paper,
we will mention aboul the design of CW
scceleraling tube and high power klystron which
are developed in this year.

1. CH accelerating tube

Good energy transformation of RF to beam is
of vital importance for our Lest linac. For this
purpose, RF power supply system by not only
standing wave bui also traveling wave wilh
rasgnant ring is investigated for good enargy-
saving(10). The result of the difference of above
two methods is compared. And beam break-up(LBU)
associated with the periodic slructure of
accelerating cavily is also important in the case
of high curreni beam acceloration. So it is
necassary Lo study the problem of induced higher
alectric modes caused by heam-RF interaction. Tio

‘beam Lest of BBY is imporlani becauss Llie

prediction of a simulation is difficull. RF lest

is in progress using Lesl cavity designed for Lhe
buncher.

2. Bigh Power CH KlysLron

Thers is no CH kiystron Lhat output is over
1HY ia L band width. So new development for
electron gun, collecter and R¥F out-pul window is
needed for stable drive of Lhe kiystron. ligh
cohversion afficiency into RF is also importaat,
At preseunl, our goal is Lo get 65% efficlency.

3. Analysis of Thermal Stress of Acceleraling
Tube

‘the thermal stress by micro-wave ilat power
amounts to 300k¥ per tube is serious for
deformation of cavity structure. For Lhis
problem, some simulation calcuiatien and model
experiment must be carried out in order to search
and examine enough cooling structure.

6. SUNMARY AllD FUTURE PROSPECT

He have discussed about the Lransmulation
of long-lived [ission produects by reacior and
accelerator. IL is imposrtant to Lake some
criteria mentioned in section 2 inlo
consideration in transmulation disposal. To
satis{y the criteria, a cosbined system of the
reactor and the accelerator was proposed for the
transmutation,

Outlines of Lhe transmutation reaclor and
the accelerator were described. The Lransmutalion
reaclor lias ability to transmute a large quantity
of the Iission products, llowever, it is
desireable to have a high transmutation rate as
well as the large quantity of disposal. Besides
the transmutation property, it is necessary to
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investigale the physics of (he transmutalion
reactor such as nuclear characteristic and burnup
property in order to obtain the most suituble
high performance core concept. He have
investigated those properties and would like to
improve tha transmutation reactor so as to
oplimaza core parameters,

A high power accsleralor is reguired for the
transmutation. So test linac is developed to
accelerate high intemsity beam. Electron linac
is suitable to such a test linac because of the
cheap cost and the lots of knowledge by many
experience, We are going to check the calculation
for tle accelerator design by cavity test for
next step. This accelerator study is available

also to accelerate heavier particles by high 8

finac.
7 REHARKS

Considering the secondary process after
irradiation, only ono element, Ba is generated
through the transmutation process. The chemical
processing of target during and after irradiation
would be easy compared with that of spallation
targst, In the case ol photonuclear reaction,
electron accelerators are used to gensrate
photons. The eleciron accelerators have farge
expsriences of industrial use compared with other
dovices. llowaver, the compete processes, which
are palr production and compton scattering, heve
lerge cross sections, In the point of view of
energy economy, the tramsmutation of photonuclear
reaction las a disadvantage compared with other
methods. It is importanl to search for more
sophisticated nuclear reaction,
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Development Proposal of an Accelerator for Nuclear Transmutaion
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Abstract

There are long-lived radioactive nuclides in the spent fuels from nuclear reactors. Recently the
incineration dispoSai has proposed in order to transmute these nuclides into shoit-lived or stable
ones by means of a reactor or an accelerator. F.P.'s , especially St and ' Cs, which are difficult
to transmute only by reactor because of their smallness of cross section for thermal neutrons. There
are some methods to transmute those radioactivities by using acceleralors, i.e. the use of
photo-nuclear reaction, high energetic proton spallation, neutron knockout reaction and so on. It is
jmportant for the characteristics of an accelerator for nuclear transmutation 1o get stable high
intensity beam and good efficiency for energy-saving. The beam current is two order higher than
that of existing machines. It is necessary to construct a test linac which accelerates high current
beams. An electron linac is better than others because of its cheap cost. So we are now having a
plan of constructing a CW linac which accelerating 10MeV-100mA. electrons with duty factor 20 %
for basic technical research and development.

Major R&D items for the accelerator are listed as follow:

CW accelerating tube, Good energy transformation of from RF to beam is of vital importance for
our linac. RF power supply system by not only standing wave but also traveling wave with

resonant ring is investigated for good energy-saving. The thermal stress of an accelerating tube by
RFE up to 250 kW is serious because of deformation of cavity structure. For this problem, some
simulation calculation and model experiments is carried out to study cooling system with enough
power.

High power CW klystron. In order to obiain the output power of 1 MW, developments for
electron gun, collector and output window are needed for stable operation of the accelerator. Iligh

conversion efficiency from electricity to RF is also important.
Analysis of beam dynamics. Beam break up (BBU) problem is expected in the operation of the
accelerator. It is necessary to study the problem of induced higher electric field modes caused by

beam-RE interaction in periodic structure of the cavities and study injector section which has good
emitlance.
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TRANSMUTATION OF '¥7Cs USING MUON CATALYZED FUSION
REACTION

T. KASE, K. KONASHI and N. SASAQ
Power Reactor and Nuclear Fuel Development Corporation, Tokai-mura,
Ibaraki-ken 319-11, Japan

H. TAKAHASHI
Brookhaven National Laboratory, Upton, New York 11973, USA

Y. HIRAO
National Institute of Radiological Sciences, Anakawa, Chiba-shi, Chiba-ken 260,
Japan

The feasibility of the ransmutation of long-lived nuclides in high-level radioactive
waste, which was generated in nuclear power reactors, is discussed. In the case of using
the high intensity DT uCF neutron source, calculations of the transmutation of **'Cs
were performed. The energy for the transmutation of one ¥'Cs was calculated to be
about 200-140 MeV, when the effcctive half-life of ®’Cs was 2.0-4.0 years.

1. Introduction

The management of the high-level radioactive wastes (HLW) which are generated
in spent nuclear fuel reprocessing plants is one of the important problems in nuclear
industry. The prominent method for HLW disposal is emplacement in geologic formalions.
The transmutation of long-lived nuclides in HLW to stable or short-lived nuclides
is a desirable approach. Several transmutation methods have been studied; however,
none is established at the present time [1].

In this paper, use of the (n, 2n) reaction is considered as the transmutation
process, since the cross section of the reaction is of the order of a barn. Previously,
the DT pCF reactor was proposed as a high intensity neutron source with an energy
of 14 MeV [1-3). This 14 MeV neutron source has a high energy efficiency in
neutron production. The possibility of the application of the 14 MeV neutron source

for the transmutation is discussed.
Two important factors for the transmutation are the transmutation rate (eflective

half-life) and the transmulation encrgy. The effeclive half-life is written as

log 2 (1)

Teff - A'nal"l" Alr ’

where A, is the decay constant and A, is the transmutation rate. The transmutation
energy E, is defined as the primary beam energy used for transmutation per one

© J.C. Baltzer AG, Scicnlific Publishing Company
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nuclidcl. ';"hcsc two faclors are calculated for the present transmulalion sysiem in the
case of 1*7Cs. The resuits of the calculation are compared with those for the transmutation

by prolon spallalion.

2. Caiculation

The MCNP code was used in the calculation of neutron transport and nuclear
reaction [4]. The cross section data of *¥7Cs were prepared from ENDF/B-1V, using
the NJOY87 code [5]. The (n, 2n) cross section of *'Cs, which was calculated using
a Wilmore and Hodgson potential [6], was added lo the above data.

The systerm configuration of the transmutation target is shown in fig. 1.
Calculations of reaction probabilities for an incident 14 MeV neutron have been
conducied with variations of the *’Cs target volume.
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The calculated ratio was converted 1o the transmulation rate for the initial
4 GeV=25 mA deuteron beam. It is assumed that the energy input to produce one
J™ is 4.5 GeV, the number of fusions per one 1~ is 175 and loss of the p~ beam

at the windqw is 20% [2].
Transmutation using 1.0 GeV protons was also calculated in a cylinder geomelry.

A hadron Monte Carlo code, NMTC/JAERI {7], was used to calculate the spallation
and evaporation reactions above 15 MeV.

3. Resulls

The calculation results are shown in fig. 2. The E, decrease in both transmutations
with increasing target volume. The E, for the 4CF method is about 500 MeV smaller
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than that for the proton spallalion method. The energy released per one [ission event
is 200 MeV and the fission yield of '¥'Cs is 6%. An encrgy of 3300 MeV is obtained
by fissions of uranium or plutonium, when one '¥'Cs is generated. It is assumed that
the efficiency for thermal to electrical conversion is 33% and that the efficiency for
deutcron beam acceleration is 50%. The upper limil of the deuteron beam ¢nergy,
which can be used for the transmutation, is calculaled to be 550 MeV. E, should
be below 550 MeV to realize encrgy balance, The calculated values of E, are summarized
in table 1 for a T, of 2 years. In the case of the uCF method, E| is 195 MeV and

the balance is positive.

Table |
Energy for transmutation of Cs
Incident particle T.p E, Target volume
{y] [MeV] [cm?)
Neutron by mCF 2.00 195 43700
Proton 2.00 790 42900

T, elfective half-life; E,: energy for ransmutation of *7Cs.

As shown in fig. 2, T, increases wilh increasing target volume in both
transmutation methods. In the case of the gCF method, this is caused by neutrons
slowing down with an increase of target volume. The reason for the increase of Ty
in the proton spallation method is explained as follows. Nuclear reactions of the
primary prolon beam are located along the path of the proton becam. However,
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nuclear reactions by secondary particles, mainly by neutrons, are scattered from the
path of the proton beam. In order (o oblain a high transmulation rate, the contribution
of secondary particles to the transmutation is small.

The ransmutation system is divided into two devices (sce fig. 1). One device
is the accelerator and the other is the target system. The accelerator can be developed
using current technology. The expericnce in the development of FMIT can be
applied (o this case [8].

In order to establish the transmutation method using the DT gCF neutron source,
the following R&D are also necessary.

+ study of reduction of phase space of the pt~ beam 1o inject into a small synthesizer
region; :

« study of application of spallation neutrons from a Be target and fusion neutrons
through the '¥'Cs region;

+ development of synthesizer wall malerial in an inlense neutron field;
» siudy of tritium handling in synthesizer and cooling systein;

. study of heat removal from the Be target bombarded by an intense deuteron
beam.

4. Conclusions

We proposed a method of transmulation of 137Cs using a high intensity DT
{CF neutron source. 1L was shown that this transmutation method has the possibility
to meet both requirements of the transmuiation, that is, the transmutation rate and
the encrgy balance.
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The nuclide *’Cs is one of the most im-
portant fission products in the field of radio-
active waste management. Because of its large
fission yield (6% per fission) and relatively iong
half-life (T,,,=30yr), a huge amount of its
radioactivity remains for a long period. To
reduce such radipactivity, a nuclear transmuta-
tion method has been actively investigated¢~
®_ by which a **Cs nucleus can be transmuted
to a short-lived one. As a matter of course,
this method requires that the transmutation
rate is much higher than the intrinsic decay
rate.

The transmutation rate of a nuclide is
determined by ¢-¢, where ¢ is the reaction
cross section for transmutation and ¢ the flux
of beam to induce the reaction. The value of
¢ is dependent on the performance of the
device to be used. In the designing of the
device to achieve a necessary transmutation
rate, one needs to.know the vaiue of a.

There has been no measurement of the
thermal neutron cross section of the *'Cs
(n, r)"**Cs reaction since Stupegia‘*’ measured
it first in 1960; he obtained the value of 0.110
+0.033 barn with a Nal(Tl) spectrometer by
an activation method. The present note de-
scribes the experimental results of this cross
section measured by taking advantage of a
Ge detector having much better resolving
power. Further, a chemical separation process
ts introduced to enhance the sensitivity of
activity measurement,

1. Experiments

About 0.1MBq of '**Cs was used as a
target, and 3 p/ of the CsCl solution con-
taining the radicactivity was put into a small
polyethylene bottle and evaporated to dryness.
The polyethylene bottle was heat-sealed and
housed in a polyethylene capsule together with
a flux-monitor wire of 0.475 % Co/Al-alloy
(0.76 mm in diameter). The target was irradi-
ated during a 10min period in the T-pipe
of the swimming-pool-type JRR-4 reactor at
Japan Atomic Energy Research Institute
(JAERI}. The irradiation position is character-
ized with a thermal neotron flux of 4x 10"
n/ecm?-s and an epithermal index in the
Westcott convention®®, r~/7/T,, of 0.02¢9,

About ]5min after irradiation, 2m! of
water containing 2mg of zeolite (natural
mordenite”) was poured into a polyethylene
bottle, The zeolite absorbing Cs was sepa-
rated from the solution by filtration and
washed with water and then with a small
amount of acetone; most of the *Na and
%Cl activity was eliminated. After being
dried, the "Cs sample was measured with
a HPGe (high purity Ge) detector of 90%
efficiency relative to a 3xX37 Nal(TD
detector and 2.3keV energy resolution at
1.3 MeV. ‘

2. Analysis and Results

Figure 1 shows a y-ray spectrum obtained

" from the irradiated and purified **"Cs sample.

In the spectrum, the r-rays of '*®*Cs can be
seen at 1,010, 1,436 and 2,218 keV besides the
662 keV y-ray of "Cs.

* ** Tokaj-murae, Ibaraki-ken 319-11,
¥ Furo-cho, Chikuse-ku, Negoya 464-01,
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Fig, 1 Gamma-ray spectrum obtained from neutron-irradiated and
chemically purified Cs sample in 1¢-min measurement

Figure 2 shows the decay curves of the
#8Cg 7 lines. Table 1 shows half-life values
of (s determined from those y lines in
each of four runs, The weighted mean is
33.1:£0.6 min. This value is in good agree-
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Fig. 2 Decay curves of *Cs y-rays
obtained in Run 4

ment with the experimental one reported by ‘
Ehrenberg & Amiel*®, This result indicates
that the 'Cs 7 lines are free from contami-
nation of other radioactivities.

Table 1 Experimental half.life of '*Cs
Haif-life (min)

Run i o
No.  ; 0l0keV  1,436keV  2,218keV
1 34.4+5.2 329413  34.2+3.4
2 33.145.3  33.422.1  30.1+9.3
3 37.1+4.6  33.7+1.1  26.5+2.5
1 32.5+3.9  33.8+1.1  32.1%3.4

34.1+2.4  33.5+0.6  30.0+L17

Weighted mean=33.11£0.6 (min)}

The cross section was deduced from the
intensity ratio between each of the ***Cs y-rays
mentioned above and the 662keV y-ray of ®"Cs.
The relation between the intensity ratio and
the capture cross section can be expressed by

L ASNibie
¢Nlb252 :
where F= do(te=ls) L

g-dats__g=dgty 1 —p-2eTIR

Symbols are defined as follows:
¢: Thermal neutron flux
N:. Peak counts of y-ray in period
between f; and {, ’
b: y-ray emission probability per decay
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e: Detection efficiency of y-ray

f: Correction factor of sum coincidence
loss for 1¥¥Cs r.rays

A: Decay constant

t: Time from end of neutron irradiation.

The subscripts 1 and 2 refer to **'Cs and "**Cs,
respectively; T;r is the period of neutron
irradiation, and f, and !, are times at the
start and the end of measurement, respective-
ly. It is not necessary to make a correction
for dead time because this effect canceles out
by taking the ratio of N, to N,.

The nuclear data®~49% used for obtaining
b and A are summarized in Table 2. The
second column in Table 3 shows the thermal
neutron fluxs ¢ determined from “Co radio-
activities produced in the flux monitors; a
value of 37.18 barnt?®
8#Co(n, 7)*°Co reaction. The counting efficien-
cies & of the Ge detector were measured with

a calibrated multi-y source containing ten ra-
dioisotopes, supplied by Laboratoire de Metro-
logie des Rayonnements lonisants (Saclay), and
with a *Co source. The correction factors f
of sum coincidence loss were obtained in the
manner described in Ref. 1% for y-rays of the
standard source as well as for those of “*Cs.
The uncertainties in the counting efficiencies
were estimated as 5% with 9595 confidence
level in addition to the statistical uncertainties.

Table 2 Nuclear data®® used
in present work

was taken for the

Nuclide T E, (MeV) r-intensity
“Co 5.271yr 1,173 1.00
1.332 1.00
WCs 30,17 yr 0.662 0.85
138 33.4 min‘® 1.010 0.284
1.436 0.750
2.218 0.161

Table 3 Experimental results of thermal neutron flux and cross section

Cross section (barn}

Run Nelgtron ﬁzux .

No. (108 n/cm?-s) 1,010 keV 1,436 keV 2, 218 keV

1 3,740.2 0.286+0.023 0,251 +0. 014 0.2710.019

2 3.8+0.2 0.282:+0. 026 0.258+£0.016 0. 235 0. 033

3 3.9+0.1 0. 26440, 020 0.248+0.014 0.2050. 015

4 3.8+0.1 0. 2770, 021 0.250+0. 014 0.223+0.016
0. 276 +0. 017 0.250:£0.013 0.230+0.014

Weighted mean=0.250+0.013 (barn)

Table 3 shows the measured cross section
for each '**Cs y-ray obtained from four runs.
The error of the cross section does not include
the errors in b, b, 4, and 2. A weighted
mean of 0.250+0.013 barn has been obtained
as the thermal neutron cross section of the
¥1Cs(n, 1)**¥Cs reaction.

3. Conclusion .

The thermal neutron cross section of the
B¥iCs(n, 7)'**Cs reaction was measured in order
to supply a basic data for the nuclear trans-
mutation research of radioactive waste, Irra-
diated '*"Cs samples were chemically purified
and their y-ray spectra were measured with a
HPGe detector. From the intensity ratio - be-
tween the '*®Cs 7-rays and the "*'Cs 7-ray,

the capture cross section was deduced to be
0.250+0.013 barn, which is 2.3 times larger
than the one measured by Stupegia‘.

The transmutation of **Cs by thermal
neutrons has been considered to be difficult
because of its small capture cross section. It
is necessary to reinvestigate the possibility of
transmuting *’Cs on the basis of this data.

The authors would like to express their
sincere thanks to Mr, N. Sasac and Dr. I
Konashi of Power Reactor and Nuclear Fuel
Development Corp. and Dr. H. Umezawa of
Japan Atomic Energy Research Institute for
their interest and continuous encouragement
in this work. The cooperation of the JRR-4
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ABSTRACT

The transmutation of fission producis by resonance
capture is shown te be possible by using a moving
concept largel. Instead of coatrolling the ncutron
energy to irradiate 1he nuclei, the wnuclei o be
transmuicd are accelerated loward a neutron thermal
field, The transmutation rate of 99Tc is then reduced
from 2.1 10° years 1o 14 hours. Possible
cxperimental devices to realize this moving targel
and the required confinement time are described and
studicd briefly. They include a device using
microparticles of fission products, as well as a
concept derived from magnetic fusion. Both are
compared with a different concept issued from
inertial [usion,

1. INTRODUCTION

Contents in high-level radicaclive wastes
generated. after reprocessing spent nuclear [uels
from nuclear reactors are -various kinds of long-lived
nuclides, which include [ission products (FP) and
transuranic actinides (TRU). The currently available
method for [inal dispesal of such high-level
radioactive wasies is viirified them under rigid
control, lo store them in inonitored spots, until the
radiation level decays lo allowable levels and lo
dispose them underground. The safety of high
radioaclive wastes containing long-lived
radionuclides, however, must be ensured for a long
period, and it entails difficult problems of selection

and mainlenance of storage sites as the voiume of
wasles increases.

If it is possible Lo tlransmute the long-lived
radioactive nuclides inte those with shorter life or
stable ones, lhe perivd ovver which the radioactive
wasles are stored can be reduced and so also the need
for [linding storage site, offering significant
advantages in lerms of safely and cconomy involved
in the waste disposal process. Since TRU has a
potential of fission, TRU can be used in nuclear
reactor as a fuel.}»2 In this paper, the transmulation
of long-lived fission producis is discussed.

1. TRANSMUTATION BY RESONANCE NEUTRON
CAPIURE

Among the transmulalion processes ulilizing
nuclear reactions, the most common one is (o
consider the irradialion of radioactive nuclides with
neutrons.3® The irradiated neutrons are absorbed
in mnuclei, transmuling the nuclei into those wilh
shorter -lifetime and more stabie ones. Possible
candidate neutrons that can be utilized for the
ransmutation include low-energy neulrons such as
thermal neutrons oblained from nuclear reactors.
The absorption of low-cnergy neuirons fnto nuclei
occurs mainfy through a radialive capiure reaction
i(n, 7) reaction].

This reaclion presenls an acule resonmance, as it
can be seen from a Fig. 1 thal shows the neulren

Presented a1 the Shdh Intemational Conlerence on Emerging Nuclear Energy Syslem (ICENESS'81), June 16-21, 159, Monleray, Californla, USA. To

be publistied in the journal Eyslon Technology,
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caplure cross section for T Such a resonance
phenomenon can be explained by (he formation of
compound nuclei, Previously the use of a resonance
phenomenon has been poinled out in the case of the
transmulation by a photonuclear reaction, i.e. (y.n)

reaclioua, which is the inverse reaction of the (n,y,)
reaciion.

Some of the capture cross section at the
resonance level present large values, and the greatest
is the caplure cross section, the more likely the
caplure reaction will occur for the neutron owing the
resonance energy. However, the energy of neutrons
produced in nuclear reaciors is conlinuously
distributed and hence i1 is difficult to efficiently
oblain a neutron flux with the specific energy that
agrees wilh the resonance level of the nuclei.

Cross section (b)

102 1 1 i1 J 1 i
wod o tort 1e® 100 16t 10' 10
Neutron energy (eV)

Fig. 1 Neutron Caplure Cross Seclion of #9Tcl!2),

The one of the object of the present paper is
therefore to provide a method which can trigger a
resonance reaction even with thermal neulrons that
do not have an energy equal lo. a parlicular resonance
level, and thereby carry out the nuclear
tcansmulation of fission products. It is proposed that
instead of conirolling the energy of neutrons lo
irradiate the nuclei, the nuclei are acceieraled and
are introduced inte a neutron field 10 occur the
resonance reaction.

The concept is iliustrated in Fig. 2. The
ordinary neutron caplurg cross seciion (e.g. Fig. 1)
is measured with a target in the rest [rame as shown
in the upper part of Fig, 2. This neutron caplwe is
also expressed in the neutron rest frame in the lower
part of Fig. 2. The resonance energy of the neuiron
capture in  the target rest frame, Epeg o is converled lo

that in the neutren rest [rame, E'res .by

" M
Eeq = Tn'Elu' )

where m is neulron mass and M is the mass of the '

nuclide. In the present moving target method,
nuclides are acceleraied lo the
the Eg. {1} and are

target
the radioaclive
resonance energy delermined by
collided with neutrons.

neutron

(a) Targel rest frame

neutron target
(b) Neulron rest frame

Fig. 2 Concepl of Transmutation Melhod.

11, CALCULATION OF TRANSMUTATION RATE

The cross section of a neulron resonance
capture, o(v; ), is wrilten by the Breit-Wigner formula
for slow neutron (s-wave),

2
AT,
ofvm 2L @
[(Eg-Egpes) +(I12) ]
Eo~Lpv) 3
:"5"“'.- ( )

where A is the de Broglie wavelenglh and p is the
reduced mass. The E,and E gres are respeclively the

neutron energy and the resonance energy in iho
cenler of mass frame. The Ty, Tyand ' denote the

neutron, radiative and total widihs, respectively. The

g is the statistical- weight factor for angular
momenium ;
21+1
=-—-——. 4
8= 2@ “

where J is total spin of the final state and 1 is that of
the target nucleus. Major long-lived fission products
are summarized in Table I wilh the {ission yields and
the cross sections of the thermal necutron caplurc
reaciton. The cross scclion of neutron resonance
caplure are available for only three nuclides, i.c.
99 Tp?,122 17 ang 107 pg% | Table 2 shows the resonance
parameters of these nuclides.

Table 1 Major Fission Products

nuclide |life fission |caplure cross

(year) yicld of | section of
235U§ﬁ)_ thermal neutron

B5Ky 11 0.3 1.7b

9085 29 5.9 14mb

93zr 1.5X 106 6.4 1.3-4b

99T¢ 2.1X103 6.1 20b

197pg | 6.5%106 0.2 1.8b

1291 L.6x1o? | 0.9 1o

i35¢s  192.3%106 6.7 8.7b

3¢ 30 6.2 0.25b




PNC TN8410 92-083

Table 2 Resonance Parameters of Radioactive Fission

Products
Eres Ty r,g r sp:n :riin
(eV) [@meV¥)](meV) |(meV)
PTe |5.6 5.00 |134.0 |139.0 |4.5 }4.0
1291 |148. |67.0 |100.0 [167.0 3.5 {3.5
107p 4} 44.56 |35.3* [125.0 1160.3 | - -
*2n
In this case, the transmulation rale is expressed

by
A= [ v,00 ) pE,) By (5)

where B, is the neutron energy. The o(v,) is the cross
section at the relalive velocily v, .The p(E,) is ‘the
neutron density with an energy of Eg,.

A thermal mneutron [ield Is considered in
present calculations of the transmutalion rate by the
Egq. (5). When neutrons have a Maxwell-Beltzmann
distribution, the p(E,) is expiessed by,

pEw)= L — ®
J'-Wi-—-——- E, exp(-E /KT)E
3n
n (kT)

where ¢ denotes the thermal neutron flux. The
thermal neutron flux in commercial light water
reactors is 1013 10 10M cm? sec *! . Neutron fluxes
around 1015 cm -2 sec!  are available In high Mux
reactors, e.g. the high [luz reaclor at Instilute Laue
Langevin (ILL) 19 and the high flux isolope reacior
(HFIR) 1! ., The possibility of constructing high [ux
reactor has previously been considered. 53213 There
are several designs for high flux reaclors wilh [luxes
of 101 om2sec-! . 612 Some ncutron source with the
fiux of 1017 cm2scc! is proposed by using g CF
(muon catalyzed fusion) reaction 13 .

Figure 3 shows calculated transmulation rates
as a function of neutron flux. Calculaied
transmulation rates for moving largels are compared
with that for. rest targeis in Table 3. In the
calculations, a neutron temperature of 300 K was
assumed. The I/v dependency of caplure cross
section of the thermal neutrons was also assumed in
(he calculations for rest largets. For exampie, the
(ransmutation rate of 99Tc wilh a kinetic energy of
556 eV is 1.4X10-5sec! , which is 800 times fastcr
than that of largels at resi.

10-32' /f"'..
~ 0O, A
§ '4_ \/,//
-ar 10 g’ //N.
= g 2T
o3 - // .’ Pd
T -5 - /’ -
g 107 . 129, 4
E 3 z N E
o - “ s
c |- -

1078 . .

E I | ]
1014 1015 1016 1017

Tharmal neutron flux

Fig. 3 Calculaled Transmutalion Rales

Table 3 Results of Calculations of Transmulation
Rales

Moving Targel Rest Targel

Aeff terf (hr} |Aefl tefl
(sec 1) (sec-1) {(year)
9Tc 1.4X10°3 14 1.8X10°8 13-

2.4%10-8 0.93
1.6%10°7 14

129} 5.3%X10°6 37
107p g 1.2X10°3 16

The transmutalion rales were also calculated
for varying targel cuergies. An example of
calculation results is shown in Fig. 4. The main
reason for the broadening of the transmulalion sale
peak in Fig. 4 lies in the facl that the collision
energy is shifted from the resonance encrgy by the
neutron thermal motion,

1.5 ¢ y
1] - -
(8] b -
i3 o 4
un? u ]
‘o 1 -]
L - 1
@ C 3
-t . -
f - ]
c [ ]
2 - ]
m 0.5F 7
o
o o -
E x 3
9 3 -
~ L. .
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[ . ]

0
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Energy ol moving larget (eV)

Fig. 4 Transmutation Rates for Varying Target Energy
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According to the calculation resulls, it appears
that very high (ransmutalion rates arc possible by
the combination of the thermal neutron field and lhe
moving target. The high Iransmulation rate gives Lhe
following advanlages:

(1) The high transmutation rate is important nol only
for shortening the management period of radioactive
wastes, but also for reducing the larget amount. A
small amount of target gives rise to risk reductlion
eluding the operation of the transmulation,

(2) The high transmwmation rale also gives an
advantage in  selecling the structure material of the
(ransmutation device, that is, il the transmulalion
rate is high enough, as compared with lhe
accumulation of irradiation which damage the
struclure maierial.

(3) Another imporiant feature of this proposed
transmutation method is that the energy of jthe
moving target is small so that the moving targel does
not produce any activity. This is the advaniage of  the

present method in comparison wilth the other
methods which use high energy particies (protons or
eleclrons).

1v. PROPOSED TRANSMUTATION DEVICES

In this section, the technical feasibility of the
presenl method is  discussed from a practical point of
view. According to the calculalion results, it appears
that the very high wansmufation rate is possible in
combination with the thermal neutron [ield and with
the moving larget. The mosl exolic part of the presenl
method is the moving tacget. In this scclion, some
possibilities of generating moving largels are
discussed. As an example, we will deal here with 29
lc.

Main requirements

Considering a system of a nuclear power reaclor
and a transmutation device, the largel amount is
delermined by the equilibrium between a gemeration
rate of the radioactive nuclide and a transmulalion
rate. ‘The mass balance cquation of the radioaclive
nuclide is expressed by

‘:‘—l=s AN, 0

where N is (he number of target nucleus and 3 is a
source term of the larget fission product. The S is
calculaled by

s BT ’

1]-1.6*10 'Eﬁ“
where h is the duty factor of nuclear power reaclors.
The Y is fission yield of a radicaclive nuclide, R the
reaclor power, 7 the cificiency of the cnergy
conversion from thermal to  electric, and E g the
energy rcleased by a fission. When the system
reaches an equilibrium stale (dN/dL = 0, N is
calculated by Eqgs. (7) and (8). If we set h = 0.75, Y =

‘charge

0.06, R =1GWe,q = 033 oud E fijgg = 200 MeV, ihe
value of N is calculaled o be 3.0X1023 (50g or
0.5mol) for 99Tc with gy of 14X10-5 sec! . The main
question is whether such an amouni of largel can be
kept moving under the above conditions, i. e, with Lhe
couslanl kinelic energy of 556 eV during a period of
14 hours for %Te.

Applications of several currenl icchnologies are
tried 1o be discussed as follows. Rotation of a solid
targel with 1he above kinetic energy is difficull
because the centrifugal force in the rolating rigid
body is in cxcess of the lensile of known maieslais.
Use of a plasma makes possible to  accelerate Lhe
target 1o above Lhe nceded kinetic energy. 14
However, “both  life time and density are limited in
the case of the plasma. Considering an accumulated
fon ring, the reguircments beiween 1he kinelic
energy and ihe life time could be mel. The main
probiem in lhe case of ion rings is in the fact thal
the curren! of the jon ring is limited by the space
effect .13  Each current lechnoiogy has
deficiencies thal counterbalance ils poicnlial
advantages. Above preliminary anaiyses, il appcars
that the development of new technigues for the
moving largel Is necessary.

Microparticle device

As the space-charge limit for the storage a non
neutralized 556 eV beam energy is very small (less
than 1 Afem? with wusual devices) and as the
inslanlaneous curreal storage is very large (some
megaamperes), then some other tries must be
performed to overcome his dilficulty. Here, the usc
of ionized particles beams or clusler beams |is
proposed. The idea is to reduce the charge to mass
ralio, so that ihe currenl to be stored is smaller, but
as a consequence the inertial confinement [orces
increase with the mass of the particles.

1. Required characieristics

The charge q to mass ralio is 0.97X10% for
monocharged lechnetium 99 jons. The aim is now lo
use particies with g/M around 10210 10° He,
achievable with particle sizes around 0.01 1o 0.03
um, as for a spherical microparticle the charge 1o
mass ralio is given by

2
Q(r)=4 n F-o"'l-th Eg r (9)

where Eg denotes the charging eleclrostatic ficld, G
the experimental cflicieney, rihe radius of the
particie io be charged and 7 ,pn depends on the
charging geomelry.

The maximum eclectric ficld Eg on thc surface
which can be achieved is oblained by cqualling the
clectrostatic pressure and the lensile sirengih  om
of the maierial V¢, so that
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%
B,= °'") (10)

Eg

and the maximum possible value for Eg is around
10" Vfin. The main parameters of the patticle beam
are recalled in Table 4. Then, the radius of gyralion
p. of such particles in a magnetic field B,
perpendicular to their velocily v is given by the
following expression

_Mv
PL= 2B (i

py is of the order of 3.4 m for B = 10 leslas, For (.14
m2erogs section, the volume and the panicle density
are respectively 3 m? and 2, 106 m3, The magnelic
stored cnergy will be around 120 MIJ, this velue
being quite under  the upper limit of nowadays
possibilities in  the building of superconducting
magnels, The corresponding needed potential for the
acceleration is at least 550 keV, and the particle
encrgy will be 4.39 GeV,

Table 4 Paramelers of microparticle device

MICROPARTICLE SOURCE

CONTACT ELECIROSTATIC GHIARGING
ELECTROSTATIC ACCELRATOR

«[article Radius 0.01jm 0.03pm
*Nummber of Atoms In Paticte 2 .39%10° 71.91X10¢
+Charge number 29 7911
sElectrc Field on Serface - 4,2X10°Vim 1.265X10'V/m
sAcceleration Vollage 550kV 550kV

*Totat Current 0.682A 2.682A

SIGRAGE

“Total Amount of Target 0.51 mole

«Confincment Time (LT

*Thickuess of Target 20cm

*Macron Density 34X10%m?  1.3%10"%m"?
{8.01pm) (0.03pm)

*Radiuzs of Gyration S.6m(for €T)

3.4mffor 10T)
sLength of Target Region 42 Iemifor 6T)

T0.5cm(for 10T)

NEUIRON FIFZD

REACIOR or ACCIZERATOR

*Flux 10%em 2ec?
Enerpy thermal

2. Feasibility

The proposed device (Fig. 5) must be fed with
very thin powder, around 0.03 pum. which can be
prepared by plasma or laser methods!?. Due 1o the
size distribution some selection of correct g/m ratio
is needed as wefl as recycling. Charging lhe particles
can be achicved in two different ways : the first one
the macron source'® invelves contacl eleclrostaiic
charging (Fig. 6). The second one!% uses levitalion

methods in an RF Tlicld. Such sources operale
lypically at small currcal density as ihe charge is
usually very high. Use of a source vollage arpund 10
to 15 kV leads 1o a current densily around 1 mAjem?
 Tollowing the geomclry and a Lotal seclion around
0.1 m?, {itled with the section of the device. The
acceleralion of the particles can be achieved by Van
der Graal accelerator or RF liner,

{recroua |
[ Bbidbnidl
MICROPARTICLE
SOURCE
TECHHETIUM
D

(a) total system

SUPENCONDUCTNG

_/ I
:.;}PGLE 7.
ﬂ | ///é
I

NI

MODERATOR

o
NEUTRALIZING
FEALECTOR g eoTRON BEAM

{b} reaction vessel

Fig. § Microparticle Davice

The lasi bul the niost critical problem is the
storage: the magnetic confinement as well as the
neulralization by an eleclron beam is needed, as it
can be deduced [rom preliminary simple
calculations15, Confinement will be dilficult as the
component of the mapnelic Meld which atlows the
storage is not a conlinemenl one (usually this
solution like a spheromak one for plasma s
unstable), so that some poloidal componcent of (he
field, coaxial with the bcam may be necessary, like
in siellarators and in tokamaks. Nculralization
appears fo be a dillicult task in itself as the
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electrons will acquire (ransverse velocities due 1o
the imperfection of any rcal system, As in our
configuration of magnetic field the electrons have a
very small radius of gyration as compared lo the ions
ones, it is only possible o use transverse
neatralization. The other possibilities are 1o
generale a plasma of pariicles or lo neutralize by an
equal number of injected beams of same masses and
equal charges of opposite vaiues (this is easy as the
bias has just to be reversed in the source}.

Particle Aessrvalr —\

Mochanlcal Feadar

Supplylng Tula «—YVibrator
TEM Mash

Fider
Elacliie Feader

Charging Electrodes - e

Exiracllon Eleclrods
Limiter
Scatterad Parlcles —

:..\_ ——
Unipotanilal Lens g

fo Acc, Tube

Fig. 6 Microparticle Source'®

The residual vacuum in the storage ring has 1o
be very good, as the life time of ihe particles relalive
to the background gas is about 30 minules al a
pressure of 10719 Torr, This value was calculated for
elastic collision between the microparticle and the
background gas. The pressure may be difficult to
reach in the case that outgassing from the
microparticle surface becomes significant. Aiso, the
charge transfer process and
microparticie collision seem to be important, but
were not discussed here.

There are a lol of reasons lo increase the
densilies 1o get betler confinement parameters. The
values of 1he density and size of particles are lhe
result of a compromise between the neulron
absorption and the densities. The main other losses
will be Bremssicahlung losses as cyclotron radiation
losses and light emission seem lo be negligible. As a
consequence, a power of some tens of mepawalls seems
necessary lo mainlain the rotation. This can be done
by using some cyclotron acceleration effeel.

As this kind of device has nol been siudied
intensively, neilher in its parls, nor in ils tolality,
large uncertainties remain. Thus, some fusther
studies arc nccessary to fully evaluale this device.

Magnelized plasma solutions

microparticle- -

As to maich the lime scales between
transmutation and life-lime of the plasma, it is
better to confine magnetically the plasma. Two kinds
of solutions can be achieved:

- “glosed” machines like torus
- "open" machines like mirror devices or
siraitght columns.

Usually, in such devices, only healing is easlly
achievable, i.e., il is very difficult to give direcled
mean velocities 1o a plasma. 8o, for our purpose it
means that we will try to heat the plasma al a
lemperature of 536 eV.

1. Torus device

It appears to be the best known and the most
efficient configutation at the moment, especially the
tokamak one. The currenl created in the plasma iends
lo generale an induced drift charge separation. So il
is needed to twist the configuration but without
closing the current lines. '

Some performances reculicd in the table 1 shows
that the lemperature can be achieved easily, as well
a5 a quite high density. Presently, the best
conlinement times has becn oblained with these
devices. Our device has 1o be designed using scaling
laws: this problem is not yet fully soived and an
extensive review?? js given for the L mode regime.
The confinement time of energy Tgis roughly
proportienal to the clecironic demsity and 1o some
exponeni of the "small” radius of the torus a and of
the main radius R:

a_p
Tg o nea R (12)

where o~1, p~2. The influence of the temperature,
the magnetic field and the aspect ralio ol the torus
are less clear and still subjecied 1o controversies, As
an example, the aspect raiio of the lorus is only
varied {rom 2.5 to 4 lending to & large uncerlainty in
the dependence on this parameter. The depemdence in
M 172, where Mgjy is the effective molar mass of ihe
plasma, defined as the mecan molar mass of its main
componenis and of fls impurilies, has been
incorporaled @ posteriori, using the isolopic effect
between H* and DY, Bul, ihe dependence is not clear
as no effects are found in some experiments2?,
Furthermore, the mass domain which is considered
there is far from ours, as Merr = 0,099 kg. it musi be
also noticed that ihe form of equation depends on the
paramelers, their number and the heating procedures
used.

Anyway, it secems that the biggest is the device,
the lonpest is the conlinement time. Typical order of
magnitude of recent performances, obtained with
large-sized 1okamaks JT6U, JET, and TFTR is around
gome seconds. Then, upgraded lokamaks could reach
confinement times of some hours wilh an encrgy of
556 eV, especially if the scaling law in the mean
molar mass is valid.
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A difficulty for 1hese "closed” geometries
is to achieve high efficiency sources of melallic
elements, as to our knowledge this kind ol devices is
only operating wilh sources using gascous elements
such as Hp, He, D;, Ar. Some ideas like sending
lechnetivm pellets or using neutral beam injeclion
might be used. This kind of metallic plasma is
radialing a huge power as the effective charge
number of technetium is around 20. Thus some
important heating will be necessary 1o suslain lhe
plasma. Some common possible healing solutions are:
- Ohmic heating
- lon cyclotron resonance
- -Eleciron cyclotron resonance
- Neulral beam healing injection at high energy,

Poor accessibility of " such devices are well-
known and 1lhis may become a major problem for

tcchnelium 99 as the radioaclive saflety has lo be

ensured and the cleaning of the wall may be a
problem.

2. Mirror devices

The "open" conliguralions have losses al both
ends of the device and are wsually unsiable as ihe
gradient of density is in cach point opposile lo the
cenirifugal force. So, the magnetic ficid has- lo be
modified in order 1o obtain a minimum value of the
magnelic ficid on the axis by using magncis called
anchors. Presently, only few mirrors devices are
operaling in lhe world as the large demonstration
facility program MFIF has been cancelied some years
ago. The performances are one order of magnifude
smaller at least than the tokamak solulion, due
partiy to a much lesser elfort for this solution,

V. DISCUSSION

From the previous chapler, it can be deduced
that doing a moving larget for iransmulation is a
tough task as the proposed solutions, although they
scem possibie, can only be achieved in a long lerm:
the lokamak solution requires performances
comparable to maganetic fusion and micro-particle
solution  develepment siudics. Al the preseni lime,
plasma solution allows a high enough densily around
104 cm? but a oo small confinement time, while
the second one allows a much longer conlinement
tinie but a smaller density as it uses siorage rings.
Another possibility would be 1o use higher reactors
noutrons [luxes and Iransmutalion raies as ko relax
the constraints on the moving target, in parlicular
the long confinement lime needed (14 hours).

For example, use of cold necuiron gives high
transmulalion rate as follows. The neuiron density in
Eq. (6) is inversely proportional to its velocity for a
constani neutron flux. The broadening widih of the
transmulation -rate peak in Fig. 4 is also proportional
o the wncutron veiocily. Consequently, the peak
ransmutation rate is lnearly relaied 1o 1/T and so
the change in the neuiron iemperalure [rom 300 K 1o
3 K increases the peak lransmulation rate by a faclor
of 100. The use of cold neutron is a possibility for

relaxing the constiaings for the conflinement time
and the number of targets nuclides for slorage in the
moving largel  concepl,

Aparl from the moving target study, it is
worthwhile 10 nole thal another interesting melhod,
bui quite different approach can be derived: increase
the neutron - flux drastically, even il the colilision
cross seclion is decreasing.

The proposed device (Fig. 7) looks like a laser
incrtial fusion device?!: the solulion is lo make a
shell composed of an outer ablaling shield, a  pusher
of radioaclive nuclides both to induce compression
andd 1o be transmuled, and a D-D or D-T core, which
produces ‘neutrons (i4.1 MeV for the D-T fusion
reaclion). The geometry is such as the number of
neulrons produced by shots must be equal at least to
the number of radioactive nuclides 1o transmute.
Eveniually some olher inlermediale layers, nol
represenled on the [ligure, 1o reflect andfor slow
down nculrons may be required to increasc
elficiency,

Thus, high deunsities for radioaclive nuclide
shell, as well as high ncutron fluxes can be achicved.
As the pelict must not be loo large {around 0.5 1o |1
mm) 1o avoid Rayleigh-Taylor instabilitics, the
interaction region may be now too smatl. So, both
Deuterium-Tritium core und the radioactive nuclide
shell have 1o be compressed: lhe firsl one to produce
newtrons and the second one 1o absorb them.

A simple calculalion shows that il the D-T and
the the pusier of radiouciive nuclides are cqually
compressed with & ratie K around 1000, then, the
size of the pellet is decreased by KU/3 and the
absorption s increased by a factor K2/3 , as it is
proportional in a crude 1-D approximaiion to lhe
product of the densily by the thickness of the
radioactive nuclides,

Laser lighl
hv

/

Stronllum

\.

Foam or vald

Ablallve shelt

/'/

500p 500p

Fig- 7 Inerliai Transmulalion Targel
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Some other difficulty arises: the Iransient
nature of the phenomena will also reduce the
efficiency as the expansion of the plasma is guile

fast (some nanoseconds) as the temperature of such-

plasmas has a value arcund 1 keV. Furihermore, the
slowed neutrons must be caplured before escaping
the interaclion =zone during the confinement lime.
Another mechanism involving the (n,2n) reaction
and fast neulrons, seems less sensilive to this
transienl effeclt,

In order to check the elfectiveness of the
inertial {ransmutation target, the transmulation of
90Sr has been examined. Since the 99Sr has very
smail cross section of thermal neutron  capture of
14mb, 1he (n,2n) reaction wilh the cross scction ol
1.6b was considered for the transmutation of 98¢, In
lhe case of the inertial transmulation largel in Fig.7,
it seems that a transmutation elficiency of aboul 14%
for 14MeV neutron can be achieved quite easily by
compressing ®%5r 1o high densities.  This value, as
well as the high compression [actor must be reached
for lhe case of ineriial fusion,

The production rate of 79S¢ from 1GWe nuciear
reactor is calculated to be 4.6 10'8 sec'l by Eq. (8)
in 1he seclion IV. The same transmuation rate of 4.6
1018 sec-! at (he same rate as previously described
requires the operalion at 33 Hz by using aboul 1038
neutrons per shoi. This repetilion rale is quile high
as compared with Lhe present performances of
inertial fusion lasers.

Thus, it secems possible to use inertial fusion
techiniques (laser, heavy ions..), as ihe orders of
magnitude (hat must be reached are not very
differeni than those which are needed for Tuston.

VI. CONCLUSIONS

The best concept in view of (echnetium
transmutation remains probably the irradiation by
thermal neuirons of a plasma target or a neutralized
ion beam, compased of ions of lechnelium in a
toroidal geometry; the jons may be single atoms,
clusters or particles.

Although this «concept for iechnetium
transmutation by neutrons is promising, the device
1o be retained is not casy to choosc as every solulion
has its own advantages and inconvenicnts.

An interesting alternalive at high neutcron [ux
is 1o deal with laser ineriial elfects.
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2. HRABE~OEH
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FEFHRBIPKEREDIRATH D,
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Proceedings of the 14th Linear Accelerator Meeting in Japan (1989

DEVELOPMENT PROPOSAL OF AN ACCELERATOR FOR
NUCLEAR. INCINERATION

Shin' ichi TOYAMA, Kenji KONASHI, Nobuyuki SASAO, “Hisashi WATANABE,
$Takao URANO, *Satoshi GHSAHWA, *Atsushi ENOMOTO, *Hitoshi KOBAYASHI,
$Shazii ANAMI, *Kazuo NAKAUARA, ®Isamu SATO

Power Reactor and Huclear Fuel Development Corporation(PHC)
* Zuihou Sangyou Co. Ltd
$ Hational Laboratry for High Energy Physics(KEK)

ABSTRACT

Development proposal of an accelerator for nuclear incinaration is described. As
the first stage, a test linac which accelerates electrons up to 10 MaV with duty factor
90% is designed for preparatory study of next phase machine(100MeV-100mA). The major
items of this year are the study of CH(Continuous Wave) accelarating tube, the
development of high power CH krystron and the analysis of thermal stress induced by
high power RF.
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Proceedings of the 15th Linear Accelerator Meeting in Japan (1990)

Study of Accelerating Structure for High Intensity Electron Linear Accelerator

Shin'ichi TOYAMA, Hironori OSHITA, Koichiro HIRANO, Hisashi WATANABE,
Kenji KONASHI, Nobuyuki SASAQ, *Takao URANO, * Satoshi OHSAWA,
$ Atsushi ENOMOTO, *Hitoshi KOBAYASH], * Shiozo ANAMI,
SKazuo NAKAHARA, *Y.L. WANG, *Isamu SATO

Power Reactor and Nuclear Fuel Corporation, Tokai Works (PNC Tokai)
$ National Laboratory for High Energy Physics (KEK)

ABSTRACT

We are recently designing the accelerating structure for high intensity CW electron acceleralur
(10 MeV-100mA, duty 20%). This linac is a lest machine lo research problems about high cuurent
acceleration which is needed for transmutation for nuclear wastes. The injector characlaristics is
studied using design parameters. We report some results of the calculation about beam dynamics of
the injector section. ‘
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Measurements of the Neulron Capture Cross Section
of the Fission Product *'Cs

Hideo HARADA, Hisashi WATANABE,
- Tokai Works, Power Reactor and Nuclear Fuel Development Corp.
Tokai-mura, Ibaraki-ken, 319-11
Toshiaki SEKINE, Yuichi HATSUKAWA, Katsutoshi KOBAYASHI,
Deparument of Radioisotopes, Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken, 319-11
Toshio KATOH,
Department of Nuclear Engincering, Nagoya University
Furo-cho, Chikusa-ku, Nagoya, 464-01

Abstract ,

To obtain fundamenial data for the research of the transmutation of long-lived radioactive waste,
the cross section of the reaction mrCs(n, ¥ )**Cs has been measured by means of an aclivation
method at JRR-4 in JAERIL First, the thernmal neutron capture cross section, including a
contibution of epithermal neutrons, was obtained relative to that of the ”Co(n,’y)wCo reaction. A
target of about 0.4 MBq of "'Cs was irradiated together with a2 Co {lux monitor. The samples were
purified chemically and their T-ray specira were measured with a HPGe detector of 90 % relative
efficiency. The resulling aclivity ratios between *Cs and Cs and neutron flux daia gave il
cross-section value of 0.250:£0.013 b. This value is twice as large as that of ihe previous work by
D. C. Swpegia (J. Nucl. Energy, A12, 16 (1960)). Second, another set of irradiations were carsied
out 1o measure the neutron capture cross section for 2,200 m/s neutrons and the resonance integral.
The neutron capture cross section for 2,200 m/s neutrons, Oy, was 0.25::0.02 b and the resonance
integral, I, was 0.36£0.07 b. This result is consistent with the cross section obtained in our first
experiment, It is found that the resonance integral of the reaction has been overestimated in
evaluations: [,=0.499 b in ENDF/B-V and 1,=0.680 b in JENDL-3.
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(1] Introduction

The nuclide *'Cs is one of the most important fission products in the ficld of radioactive wasle
manegement. The accurate cross section of the BCs(n, v )Cs reaction is necesary for the
sesearch of the neutron utilized transmutation. There has been no measurement of the cross
section of the Cs(n, 7)™ Cs reaction since Stupegia measured the thermal neutron caplure cross
section [irst in 1960; lie obtained the value of 0.110£0.033 b with a Nal(Tl) spectromeler by an
activation method.® In this seminar, details of the measurements of the thernal neutron cross
section and resonance integral of 'Cs are given; the cross section were measured by taking
advantage of a Ge deteclor and fast electronics; further, a chemical separation process is introduced
to enhance the seusitivily of activation measurement.

[2] Measurement of the thermal neutron cross section

of the "*'Cs(n, Y )'”Cs reaction

First, the thermal neutron caplure cross section was measuted relative to that of the ¥Co(n,1)"'Co
reaction. About 0.4 MBq of 'Cs was used as a target. 3 pl of CsCl solution containing
radioactivity was pul into a small polyethylene botlle and evaporated (o dryness. The target was
irradiated together with a flux-monitor wire of 0.475 w% CofAl-alloy (0.76 mm in diameler)
during a 10 min period in the T-pipe of the JRR-4 reactor at JAERI. The irradiation position is
characterized with a thermal neutron flux of 4 X 10" n/cm®/s and an epithermal index in the Westcolt
convention™, r'1/T,, of 0.02.

About 15 min alter irradiation, a chemical procedure for purilication of the irradiated =

Cs target
was started. 2 ml of water containing 2 mg of zeolite (natural mordenile) was poured into a
polyethylene bottle. The zeolite absorbing Cs was separated from the solution by filtration and
waslied with water and then with a small amount of acetone. Most of the #Na and *Cl activity was
eliminated.

¥ Cs sample was slarted. For observation

About 30 min alter irradiation, the measurement of the
of weak transitions of ™Cs in the strong y-ray field of *'Cs, a HPGe detector of 90% efficiency
and a fast ADC (450 MHz) were used. Fig.1 shows the block diagram of the high-rale gamma
spectroscopy syslc'm. The digital pulse hight signals were accumulated through a CAMAC interface
in a histgram memory; the pulse hight data with 4K channels were dumped at intervals of 600 s inlo
a floppy disk.

Figure 2 shows a  Y-ray spectrum of the irradiated and purified ¥1Cs sample. In the spectrum,
the 7y-rays of “*Cs can be seen at 1010, 1436 and 2218 keV besides the 662 keV 7 -ray of P Cs.
Figute 3 shows the decay curves of the '*Cs y-lines. The data are well fitied with a single
exponential curve. Table 1 shows half-life values of 13Cs detenmined from those y-lines in each of
four runs. The weighted mean is 33.14 0.6 min. This value is in good agreement with the
experimental one reporied by Ehrenberg & Amniel.® These facts indicate that the **Cs vy lines are

{ree [rom contamination of other radioactivities.
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The reaction rate of ''Cs was deduced from the activity ratio of "*Cs 10 *'Cs. The thennal
neutron capture cross section was deduced by dividing the reaction rate by the thenal neutron flux
measured with a flux monitor Co. The relation between the activity ratio and the capture cross
section can be expressed by

A M
= A q)(l_e.iﬂm) M

Symbols are defined as follows:

8]

A Aclivity at the end of neutron irradiation
A : Decay constant
¢ : Thermal neutron flux
Ty: Period of neutron irradiation.
The subscripts 1 and 2 refer to Wes and **Cs, respectively. The nuclear data used for obtaining
A and A are summarized in Tablg 2,¢¢1®
The second column in Table 3 shows the themmal neutron Muxs determined fron “Co
- radiactivities produced in the flux monitors; a value of 37.18 b™ was taken for the jgCo{n,'y)r’“Cu
reaction. Table 3 also shows the measured cross section for each *Cs y-ray obtained from four
runs. The error of the cross section does not include the errors of the nuclear data in Table 2, A
weighted mean of 0.250£0.013 b has been obtained as (he thermal neutron cross seclion rclative
1o Co. This is 2.3 times larger than that of the previous work by D. C. Stupegia. @

{3] Measurements of neutron caplure cross section

at 2,200 m/s and resonance integral

Second, the resonance integral of the ¥Cs(n, v ) ™Cs reaction was measured together with its
2,200-m/s neutron cross section. One possibility for the cause of the discrepancy between our
result in sect. |2] and Stupegia's is a difference in neutron spectrum, if the resonance integral is
very large. An experimental data of the resonance integral is also needed [or the feasibility smdy of
nuclear transmutation, when the epithennal range of neutrous is used.

About 0.4 MBq of *’Cs was irradiated together with Co, Auaud Mo flux monitors by using the
pneumatic tube equipped with a movable Cd shield at JRR-4. Fig.4 shows the schematic diagram
of the pneumatic tube. lradiations were carried out with and without the Cd shield during a period
of 10 or 2 min.

Chemical procedures and -ray measurements were the same as the previous ones mentioned in
sect. {2]. Fig. 5 shows y-ray spectra obtained at Run 2 for the ¥'Cs samples irradiated with and
without a Cd shield. In both the spectra, y-rays from he 13Cs ware observed. The y-ray intensities
observed for the " Cs samples and the flux monitors ware reduced to the radioactivities at the end
of the irradiation, refering to lhe nuclear data listed in Tables 2 and 4, The radioactivity of ™Cs was
determined relative to that of "'Cs, as described previously. Since the production of the BCs was
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much reduced in imadiation with a Cd shield, the 1436-keV y-ray, which is the strongest in the
y-rays of "*Cs, was used for the radioactivity delermination.

'The reaction rate, R, over o, (neutron capture cross seciion for 2,200 m/s neulrons) is
expressed by the following equations.

R/o, = ¢+ ¢, X5U for irradiation without a Cd shield --- (2)

R'/g, =¢," + ¢, Xs,,qu for irradiation with a Cd shield -~ (3)

(l

where ¢,¢ ! are free parameters determined by the flux monitoss; ¢, " and ¢,"’ are

approximately lhe thennal and epithermal neutron fluxes, respectively. s, is defined by

s=yd b @

whete 1 is the reduced resonance integral, Paramelters for eq. (2)~(4) are listed in Table 5. Fig. 6
shows the relation between R®Yg, and 5.0, measured for Co, Au and Mo [lux monitors, As
indicated by eq. (2) and (3), good linear refationship are shown in fig. 6 for both irradiations with
and without a Cd shield.

The thermal neutron fluxes §' ) and epithermal neutron fluxes ¢,' '’ in each of irradiation
conditions were deduced from the fittled curves. Table 6 shows the results of neutron flux
determinations and the cross sections of the reaction "' Cs(n, 7 ) **Cs. The weighted means of the
thermal cross section o, (for 2200 m/s neutrons) and the resonance integral 1, (including the 1/v
part) are o, =0.25 & 0.02 b and I,=0.36 & 0.07 b, respectively.

This result is consistent with the cross section obtaiued in our first experiment. In Table 7, the
measured value I, is shown together with recent evaluations.” It is found that the resonance inicgral
of the reaction has been overestimaied in evaluations.

{4] Conclusion

Neutron capture of ""Cs, which is one of the most important nuclide for the manegement of
radioaclive waste, has been studied for the research of the neutron utilized transmutation. First, the
thermal neutron caplure cross section was measured relative to that of the 59Co(n,y)“’Co reaction.
The obtained value, 0.250 £ 0.013 b, is twice as large as that of the previous work by D. C.
Stupegia (J. Nucl. Energy, Al2, 16 (1960)). Next, the neutron caplure cross section for 2,200 m/s
neutrons, G, , and the resonance integral, 1,, were measured. The results were 0, = 0.25 £ 0.02 b
and }, = 0.36 = 0.07 b. This result is consisient with the cross seclion obtained in our first
experiment. It is found that the resonance integral of the reaction has been overestimated in

evaluations.
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Table 1 Experimental half-life of %Cs

Half-life (min)

Run
No. | 0l0keV  1,436keV 2,218 keV
1 34.4%5.2 32,94+1.3 34.223.4
2 33.1+5.3 33.44:2.1 30.14£9.3
3 37.1+4.9 33.7x1.1 26.5:42.5
4 32,5+£3.9 33.8+1.1 32.1+3.4
34.1+2.4 33.56+0.6 30.0:41.7
Weighted mean=33.1+0.6 (min)
Table 2 Nuclear data used
in present work
Nuclide T2 Ey (MeV) r-intensity
“Co  5.271yr 1.173 1.00
1.332 1.00
WiCs 30,17 yr 0. 662 0.85
L of 33.4 min 1.010 0.284
1.436 0.750
2.218 0. 161

Table 3 Experimental results of thermal neutron flux and cross section

Cross section (barn)

Run Neuatron flux

No. (10" n/cm?-s) 1,010 keV 1,436 keV 2 218 keV

1 3.7+0.2 0.286+0. 023 0.251+0.014 0.271+0.019

2 3.840.2 0.282+0. 026 0.258+0.016 0.235£0. 033

3 3.9:0. ) 0. 264 0. 020 0.248+0.014 0. 205 £0. 015

4 3.840.1 0.277+0. 021 0.250+0.014 0.223-0.016
0. 276 +0.017 0.250+0.013 0. 2300, 014

Weighted mean=0.250+0.013 (bacn)
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Table § Nutron flux monilors and nuclear data used for the determination of

radlioactivities

Malezial Diameter of Nadionuclide [lall-life  Detecled y-tay
of wire wite of inlerest Energy  lulensity G

{mm) (keV) (%)
0.475% Coe/Al  0.76 8o 5271y 1173 100 0.995

1332 100 0.996

0.061% Auf/Al  0.51 WAy 2.696 d 112 95.5 0.995
Mo 0.5 mm %Mo 66.02h 1l soo 0.908
lRel‘.[B]. Gy S'd'f- afrn plim coufficst s

§ -ray from the daughter ™ Tc.

)
‘Table 5 Dala used for the determinalion of rh and

fe)

P

from radioaclivities in flux monilorsldl

Huclear reaction ag . 39 G:pi
(b)

$9Co(n, 7)*Co 31.2 1.83 1.00

YiAu(n,v)"" " An 93.8 17.02 1.00

®Mo(n, 1) Mo 0.130 53 0.85

'Values for e wires listed i Table &

Table € Resulls of neulron flux delerminalions and the cross seclions of Lhe reaclion

W7 Gs(n,7)*Cs
Run lrradiation ~ frord) ¢a or ¢ ¥ Cs(n, 1) Cs reaclion
Type Period (10" cin~%s~%) (10™ em~%~t) RV 3 og (b)
1  woCdshied 2 315£012 012440012 '
98408 0.89::035 0.279:k0.021
with Cd shield 10m 0234 £ 0.007 0.111 3 0.004
2 no Cd shileld 10 2.86:10.18 0.091 £ 0.0t4
| 82409 1.69+0.60 02340018
with Cd shield 0w 0.220 %0015 0.095 - 6.004

Averaged 1.09:£0.30 0.253 £ 0.022

Table 7 Comparisou of resonance integrals lor the 7 Cs(n, 7)'**Cs 1eaclion

Resonance Relerence
integral! (b)
Present work 0.36 £ 0.07
ENDF/B-V  0.499 [19]
JENDL-3 0.680 [#)

! "The Cd culofl enesgy is 0.5 eV,
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EGS4id&d (7, n) RIEOMFVWEMCNP & g
BhMh - Htile nwR BB, g BT, BAE& B
Treatment of (r.n) reaction by EGS4 code and connection to MCNP code

T.Kase, K.Konashi and Y.Kishimoto
Power Reactor and Nuclear Fuel Development Corporation
Tokai, ibaraki 319-11, Japan

The EGS4, a simulation code for electron-photon transport, has
been improved to calculate the photonuclear reaction. HNeutron yields in
the Pb target bombarded by 34MeV electron have been calculated by the
inproved code. The calculation results are vell agreed with experimental
data within 10%. HWe have used this code in order to estimate the
transmutation of '®"Cs using bremsstrahlung. ’

1. LB
EGS4'V, BF—XTFOoMBEHEITIMN, ZTOW, Y TFrroge
., Cr,nd). (r, 2n)., (7, T) BEESOoXEEBREFRIh TV
W, ZZT, EGSA4KXYURIGHMEREMAA AL, REREE*MOIBLI LD
WL, JdHeVOBFCHMERULEBSoPEFoONRY XA EMEIAEEGS 4
CRHEL, ZSRELHEBLELZAHAEOREEH LI OULAT—HL E, &k,
COEREMALEGS4YHVWTEFREEMAL 2'°7C s o i i 4\ ¥ o §F 6 j}
BEixFv, tomABEAAL LEBLAMAEL OB LT - 1,

2. BB
EGS 4CW#, XTFo#H#E#E zSubroutine photon e bh 3, Z 22k, ¥
FREOVEBRE->RSOBEHAREZEOAT y Y THENTHLATEY, Hito
HBRELTRBETFHER, aVY TPV HR, AEYHRXFBRERLTVLSE, LT,
ChooRGHEREYAVWT, REE,. REoSEEIFEEHLS, EGS 4K
YEREERHARDKER, LROAFy TERBEEREEHEYSFRL LBEY ¢
%!Z‘?iﬁ&%o
REosuibdr,, rel T3, 88¢E (0S8 1) M5 x50 B,

0 =¢<r, BFR4ER
rm=é§<r: a2y b riEl
l‘2§€§1 yﬁﬁﬂl%
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Chd, ChELUTOLSRBETAZ LD, RBEREEZHFRBRTH LI CH
E?%%o '

0= & <ry BFaEm
ries § <re avd b vikE
r < ¢ <rs’ ' XBHE
re+ <& =1 FBER

X . AL EREESA (Ly,2) 774 0ftl, ThEMCNP ‘0 KIR
PR LTHEBT3CLC, EGS4EMCNPOEBHESTRER S, &
B, KEESHERR, 25T (3) oHBT—42 %, SALSERAVWTR -
LYYl AR ETIy PLELDEMARAALL,

: 3. #HEER
HRYFoEEGS408iEFay 70k, JleVOBFCHMI—-Y vy Pl
MLEBAoREGEFR PR PUTFEAVERLBEIRAALEGS 4 TRD,
ERErOLBEETok, Fig.l CZOHhRETRY. TOKR ETable 1 KR T,
MEOERHIOBLUAHT, —HLTW S,

Electron beam [\ \

Gdieh)
J

<— L —>
Fig. ] ftEGA (AHBFHIXI0®5, =% v b 38

fs—— 12. Sem ———

Table 1 BF 3 & £ LI

Neutron Yield X 16'2[s"'k¥~ ']
X—¥w bE L 2,98%0 3.94X0 5.93Xe 10Xo

EGS4 1.09 .31  1.64 1.74
Barber et al. '’ 1.18 1. 41 1. 64
HF G {8 5° 1.60

Xo: Radiation length (0.56em)
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4. EGS4%#fALLEHED
- MBI L3 Cs oW MmN EEO B -

SETCTRCOV(O2rONEBRERVEHBABEREFRREEA TS, FPARTH

EHECHLTHELRGER L, =Y v b REASTA-AELTHRAE
(REFEM) tHNBEEY | ZHBR S 2 upELRo I LF - (B
FAXE-) B, E4AOHRBRUAHBED L ®1T - .

4, 1. #tx

ko g e LEEBABEE 2o ELE 2 LD TTable 2 K"y, BF
BEREBEFPEBEI -y PCARZY, BRECHLHDHHBRCHBE S E L Hik
T, EX (r, n) RiGeFATS, uCFPEEI a4 YHREBE (CF)
i FR2PMALT, X (n, 2n) EHECHERIEIETCHE, BFE2AAYT
Z3HFBBELTH, BEBRFERE—Yy PRAKEE, FXAAV~YaVvEIET
BT 2H5E (BTE) b P A eREd e 2 lEF2RAT S
FE (AR V—varhiEFE) o2 BHOABEL2OTHE:2Tok, YO r
— AL TELIRVEIERER*E LTI DV FIAHEa—FEHERL T
HFEYTZCLERL, A&BELLTIoCWRIP'Cs 2 lMY £ Tz,

Table 2 #BFE £

i ik MMETF —xa¥— BEHE HEa-F

[MeV] [mA]
BT ik e’ 100 2000 BEGS4
k8 F % P 500 8060 NHTC
ARV—Ya vHRIETFE p 1600 300 NHTCHMCNP
©CPFP& d 4000 - 25 HCNP

4. 2. HBRELHE
HERERYFig2 WHT, Fig.2 25, POBFAEL''Ce i~y KM
M B, HEFAL— PN, EFHEBMEECE>TWLE
Ebh3, Thik, "*TCesd =Yy b XE(THI LR E>THRBAKLLA
HMAHBFRPEL D, BEGEEEMNT 22D HEBF AL —-REDT SN,
BESHENEIY A -y PERBEMBAXEOLODEGERBRMBERE(C RS DTS
%,
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Wie, EHMEBRUr2ECRELLL2oOER oI K~ LELOR
Table 3 WR¥., HMIFHE TP CsAIBEELIEEHLAIBER L 2 ¥ -,
BB CBELh D XA ¥—%22000eV. BHBMKEL, REHNRIMEHEET 5 &,

200+ 0.06X0,33=1100
L b, 1100NeVi i3, MMBLHREEXLEETIE, 'PTCs 2 HRALED
HEbErTh, I BERDLEDEHEACE S 30 ¥ —RE50HeVU T Tl L
XA TRV IRV, Table 3 &Y, pCFPHEEZHR{BFRHELE
ME, BHRABI I AL - LLUEREBLIIERGELLZ N DM S,

Table 3 BlHER

R R UEL RS WHo 2L ¥— EHPEHEMY
[HeV] (%]
BFiE 4700 2.0
B F % 570 2.0
ARV—=2a vihlEFE 500 2.0
pCPREE 195 2.0
5. ¥&¥®

EGS4K"'Pb, P CsnX#HEBYEMNEMEARAR ThETOoBF—
ETOBBLEMEL, RBEROYI2Vv—PRFLILICHBREMEL, HE
M2 bEGS4THEL 3MleVOEFCHErEELEBAohEFoONE L,
SR ET AN L OUMANT—FHLE, KBEEGEAE7T 7 A ELTHR
+2zb kb, RBEERCREL hEFEYMCOCNPCHRMT5Z EbABLE
ot, h, ABRXMXAECGS40BAELTEFYAAL LHRULE O IE
BHEEIT - k.

5 % 3Lk
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ELTHERET- .

2. B

veSc BB A A 7o~ LRRFBEE MO, YSroRHBRAKMoFMIEG e R I
B (AERY2H B ;008 Ik D HIE L f2, 2 MBy @ °Sr jFiK &0.018 MBqg @ **5r @ik
ORAGIH rCl)ERYVIF U YBALRAR, BREBLI.bDES S v b E
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Fig. 1 Gamma-ray speclirum of a neutlron-irradiated **Sr—"*°5Sr sample.
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