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Abstract The

long-lived radioactivities of

Japan

structural materials

induced by recoil protonss in BWR were estimated for land disposal of

low level waste after reactor decommisioning.
Nb-91, Nb-94, Tc-97, Sb-125, Lu-173 and Lu-174. Method of
proton spectrum
PEGASUS-P was developed by modifying PEGASUS, a
multistep evaporation theory code, to

are Mn-53,
calculation of the
Program
brium and
reaction cross sections.
exceeeding 1/1000

Ni-63 for cooling up to 1000 y after

(BWR, recoil proton,
cross section)

Introduction

important to estimate
accurately the radio-activities of the
low level waste for land disposal after
the decommissioning of reactor. The
activities have been evaluated hitherto

It is

based mostly on the neutron induced
reactions. However, in the <core of
Light Water Reactor(LWR), high energy

recoil protons are produced via scatter-

ing of fission neutrons with water.
These protons impinge on the fuel
cladding or other structural materials

inducing radioactivities by proton reac-
tions. (We note here an early work by
Tagami et al./1/ on the production of N-
13 in coolant water by reaction of
recoil protons with 0-16 atoms.) The
long-lived isotopes of interest are Mn-
53, Nb-91, Nb-94, Tc-97, Sb-125, Lu-173
and Lu-174. These are produced by
proton reactions with - stainless steel;
inconel or zircaloy. The resultant acti-
vities were calculated for irradiation
of 40 years 1in a typical BWR and
subsequent cooling. These were compared
with that of Ni-63 (half-life of 100y)
which is a typical long-lived isotope
produced by the neutron reaction with
the structural materials.

Method of Calculation

shows a BWR lattice
configuration. Fission neutrons born in
fuel, escaping from fuel and colliding
with water, give rise to the high energy
recoil protons, some of which impinge on

Figure 1

the structural materials and cause
nuclear reactions. Table 1 lists the
nuclides produced by proton reactions

having half-lives longer than 1 y and
reaction thresold energies less than 10
MeV. :

Ignoring the neutron absorption and
moderation by the collision with oxygen
atoms in water, the recoil proton source
spectrum is given by,

induced activity,

Products of interest

in materials was presented.
preequili-
calculate proton

The proton-induced activity is shown as not
of that of a typical neutron induced activity of
irradiation of 40 y in BWR.

structurél material, proton

QEp) = v 21 @un f

L

de/E [x(E)+(1/E)Jx(E’)dE’] €Y
Ep E

Here Qﬁkis the thermal neutron flux in
fuel, X is the normalized thermal
fission neutron spectrum, and f the
fraction of neutrons that escape {from
fuel and make collisions with water.
The factor f may be taken as the order
of magnitude of 0.5.

Protons born in water attenuate
mostly within it, but those born near
material surface bombard the materials.
Assuming that the protons are born uni-
formly and isotropically in water, the
average proton flux spectrum in struc-
tural material is calculated as,

%0

$n(E) = (S/4V)/Sn(E)jdEpQ(Ep) [Ru(Ep)-R(ED] (2D
c :

Hence the reaction rate/atom/s is

R = fo(E)qsn(E)dE (3)

is the proton stoping powers of
the proton range in

Here, S
the material and R

water. S and V aré the surface area and
volume of the material. )
Eq. (3) is also expressed in terms

of the thick target proton yield by

co EP
R = (S/4V)jd€o QCEo) | dE Y(E)/Su(E) 4)
° 0

Ep
Y(Ep) = Lf o (E)/Sn(E)

Since ¢M is proportional to thermal
neutron flux, the reaction rate is given
in terms of the effective thermal cross
section defined by,

Gott = R/Gun &)
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This can be compared directly with
effective thermal neutron cross section
for production of Ni-63 by neutron
capture rection with Ni-62

g% = A/nuTe/4Tn Gz2zee + rl

the neutron tempera-
ture, r the epithermal index, and I the
resonance 1integral. Taking T = 1123K,
r=0.165, Q2200 =14.5 b and I=6.6 b, we
obtain 0* = 7.7 b.

Compositions of structural materials
were taken from ref.2. The U-235 thermal
neutron fission spectrum was adopted
from the NBS recommendation. The proton
stopping povers in water, SUS and
Zircaloy-2 were constructed from the
elemental stopping power data of
Ziegler/3/. The void volume fraction of
40 % was assumed for water. For othgf
parameters,»Z¢ was taken as 0.075 cm
and S/4V as 1.0 (equivalently the fuel
radius or channel box thickness of 0.5
cm) . Themallsneutrgn flux value was
taken as 4x10°~ n/cm” /s. These values
are typical of the operating BWR's.

’ The calculated proton source
spectrum Q(Ep), and the average spectra
in water and structural materials are
depicted in Fig. 2. It is seen that the
protons of energy grerater than about 10
MeV do not contribute significantly to
reactions. The integrated fluxes
relative, to thermagl neutron flux, are
2.15x10 , 5.7x10 ', and 3.9x10 in
water, Zircaloy-2 and SUS, respectively,
showing a considerable reduction of
proton reactions compared with neutron
reactions.

Here, T = 293K, T

Proton Reaction Cross Sections

Proton reactions with thresholds
less than 10 MeV are of significance.
The reaction cross sections were calcu-
lated with PEGASUS-P, a version of
PEGASUS /4/, a preequilibrium and muti-
step evporation theory code. Preequili-
brium effect was ignored since it is not
effective for proton energy below 10
MeV. As to the inverse cross sections,
the formula of Pearlstein/5/ was adop-
ted for neutrons. For charged particles
the optical model calculation was used
with potentials of Perey/6/, Huizenga
and Igo/7/ and Lohr and Haeberli/8/,
respectively, for protons, alphas and
deuterons.

The level density parameters of
Gilbert-Cameron type were determined
from the neutron resonance and the
lowlying level scheme data. Systematics
was used when necessary.

Figure 3 shows the the calculated
and measured (p,n) cross sections for
Cu-63 and Cu-65. Level density parame-
ters have been adjusted to some extent.
Uncertainties of the factor of 2-to-3
have to be allowed in the <calculated
cross sections when experimental data
are not available.

Resutls and Discussions

In upper part of Figs. 4(a) and 4(b)
are shown respectively the thick target
yields for production of Nb-91 and Lu-
173 in zircaloy-2. Lower part of figures
show the response function of the produ-
ction of these nuclides and the main
contributing reaction cross sections
(dotted line).

The effective activation cross sec-
tions and reaction rates are given in
Table 2. The induced activities per gram
of material are given in the rightmost
column for irradiation of 40 years. At
the bottom of Table 1is given the
neutron-induced Ni-63 activity for the
sake of comaparison.

As seen from Table 2, the Nb-91
activity produced in Zircaloy-2 is
dominant among proton induce activities.
it is still by a factor of 1/10,000
smaller than that of Ni-63.

Figure 5 shows the activity per
gram of parent materials as a function
of cooling time after irradiation of 40
years. For <cooling time up to 1000
years, the proton induced activities are
less than 1/1000 of the Ni-63 activity.
It is concluded that the activities due
to recoil protons may be safely ignored
by the land disposal of low level waste.
The conclusion is believed to hold also
for the case of PWR.
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Fig.1 Production of recoil
protons in BWR lattice.
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Fig.2 Proton source spectrum in water

and the average proton spectra in water
and structual materials.

Table 1

by proton reactions (T”2 > 1y).

List of radioactive nuclides of interest produced

— 1001 —
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Fig.3 Cu(p,n) and ““Cu(p,n) cross sections

comparison of caluculation with experiment
Solid curves are the result of calculated with

PEGASUS code,

o are experimental data.
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Fig.5 Proton induced radioactivities of
main long-lived isotopes as a function of
cooling time after irradiation of 40 vears
in BWR in comparison with neutron-induced
63Ni activity.






