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Abstract

The total y-n reaction cross section for radioactive fission products have been
evaluated in the region of energy near the giant dipole resonance, from the threshold
energy up to around 30 MeV. The selected fission products lay in the range of
medium mass number, namely: ¥'Rb, *Sr, *zr, '®Ru, '#sn, *'Te, **°| and ™’Cs.
These radioactive isotopes were chosen as part of the radioactive waste from 2*U
fission. Total cross section results were used to calculate the number of incinerated
nuclei, and this method shows efficiency in reducing the radioactivity of these
isotopes. The obtained results show that the incineration rate of radioactive nuclei
increases with the flux of the incident y-rays, whereas the required irradiation time
was found to be shortened and inversely proportional to the incident y-ray flux.
These results are consistent with those given by earlier researches.
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Introduction isotopes. One of the most pronounced probl-
Energy production in nuclear power plant on ems with the use of nuclear power today is how

the basis of fission process lead inevitably to safety takes care of the burned nuclear fuel,
fission products and generation new actinide commonly called reactor waste, which is both
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highly radiotoxic and which has a very long
radiological half-life [1].

Different means to ensure that the waste will not
interplay with the biological life on earth have
been proposed through the years. The fission
process, among all other various nuclear
activities, is responsible for most of the
radioactive waste. For example, fission products
(such as lodine, Technetium, Neodymium |,
Zirconium , Molybdenum , Cerium , Cesium ,
... etc) may constitute as much as 2.9% of the
weight of the spent fuel [2]. At present time, the
main option in most countries having nuclear
power production plants in operation, is deep
geological  disposal  with  or  without
reprocessing [see, e.g., ref.3 and references
therein]. An alternative option which is now
under consideration, is first to incinerate and
transmute the high level radioactive wastes, in
order to reduce the amount of the radio-toxicity
and the half-life before disposing the remaining
waste in a geological repository [2].

The feasibility of the y-ray interaction method
using photonuclear reaction (y,n) has been
examined for the incineration of the long-lived
fission  product isotopes. The nuclear
incineration method has recently been proposed
to transmute these long-lived nuclei in the high-
level radioactive wastes to shorter half-life
nuclei or to stable ones. The nuclear reactor
method, which is the most promising method,
has been well studied and its feasibility has been
theoretically proven for the trans-uranium
actinides. On the other hand, the spallation
method using a high energy proton beam has
also been proposed, but it needs more
development of proton accelerators.

In the present paper waste transmutation method
using y-rays photonuclear reaction is proposed
for the incineration of the high level radioactive
wastes. The used y-rays are of high energy(10-
30 MeV) which can be effectively produced by
an electron linear accelerator.

This energetic y—flux should interact with most
nuclei through the giant resonance of the
photonuclear reaction cross section [1]. The
importance of the present method is examined
here by using the y-ray flux as an adjustable
parameter. This is made because the conversion
efficiency of the electron current to the y-ray
flux is a facility-dependent during both the
irradiation and cooling periods. Also, only the
(y-n) reaction is treated among several photo-
nuclear reaction because the other reaction, such
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as (y-na), (y-2n), (y-2np) etc., all have less
important  contribution at giant resonance
energies [1]. If one adds the lack of knowledge
about the required cross sections, then it will be
worthy to focus on (y-n) reactions only. (y-p)
reaction is inhibited by the Coulomb barrier, for
medium and heavy nuclei.

The efficiency of y-incineration method have
been widely investigated in recent years. The
investigation was to examine incineration of the
long-lived radioactive isotopes because of the
practical importance hoped from this technique.
Specially for the case of (y-n) reaction,
investigated radioactive nuclei include the
following isotopes: %Zr, Mo, '**Sn, '*Te,
12Ce, Nd [4], *°Sr and 'Cs [5], **'I [6,7],
1388a[2]’ 92,94,95,96,977 isotopes  [8,9], 116-
118,120,124 isotopes [10-12], 146,148,150,152,154g 1)
isotopes [12,13], and many other types of
reactor waste radioactive isotopes. The techn-
ique of (y-n) reaction were also applied to many
other heavy and light [1,14,15,16] isotopes.

Theory of Cross-Section Calculations of

(y-n) Reaction
For each event the specified cross section can
be labeled by o; and the total cross-section will

be given as ,, . :Z i, and this quantity is
|

useful in determining the total probability of y-

ray interaction with the specific target nucleus

(or nuclei).

The different photon-neutron reaction cross

sections that are important to the present

research are listed below [1]:

i) The total photon-neutron cross section, which

may be described by the following

approximated relation:

oy, tot =0(7,n)+o(y, pn) @

ii) The integrated photon-neutron reaction cross

sections, which can be found from Thomas-

Reciche-Kuhn (TRK) summation relation given

as:

o0

2,2:2
mc A
0
;60 N 2 (MeV.mb) 2)

where m is the mass of the nucleon, ¢ is the
speed of light, e is the unit charge and Z is the
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atomic number, and A is the mass number of the
target nucleus. The interaction cross section will
then be given for energy range from a threshold
value of energy, E, to maximum value Epax:

E max
Cin = ]1 o(E) dE

Eth

©)

iii) The first moment of the integrated cross
section, o1, also known as the
“Bremsstrahlung-weighted cross section”, given
as [18]:

0
2.2
O'—IZJ‘ J(E)dE_47r e NZ . 4
£ 3nc A1
0

where <r®>> is the mean-square radius of the
nuclear charge distribution.
The total cross section of y-rays interactions
with nuclei can be found from the fundamental
reaction cross section which is described by the
Lorentz curve, [18]:

—_ Em

o(E)=—0
212

1+[ c2p2 }
where on,, Em and I' are the parameters of the
Lorentz curve representing peak cross section,
resonance energy and the full-width at half
maximum, respectively. The giant dipole
resonance of spherical nuclei consists of one
such Lorentz line. This would represent photon
absorption which induces neutron and proton
oscillations inside the nuclear matter. The
superposition of two Lorentz lines would
correspond to nucleon oscillations along the
longer axis in deformed nuclei. In such cases,
one should sum eq.(5) to have:

o(E) = Z
|

where the index i represents the higher (i=2) and
lower (i=1) energy for each of the major axes of
the deformed nucleus. Eq.(6) was based on the
assumption that I" is not being a function of
energy thus the two widths would not interfere
with each others, so one should put this

()
£2

Omi

(6)

E2-EZ

2

E ZFiZ
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consideration in mind during numerical
calculations.  Finally the total area under
Lorentz curves will be given as [1]:

where one chooses either forms (with or without
summation) depending on the nature of the
problem under study.

y-ray Incineration

The (y-n) reaction is considered among
several photo-nuclear reactions because it has
the most important contribution among all the
other possible reactions such as (y-p), (y-np), (y-
na), (y-2np)...etc. The number of nuclei, N,
that will go through transmutation by y-
incineration can be obtained as follows:

Let the incineration starts at time t and ends
at time t+At, then number of nuclei, N, produced
within the time interval of (t+At) is [1,5]:

N(t + A =N (t) +Z [(At) JA' N(t) ®)
i=1

where the function A is given as [1]:

A=—Z (2j+0j0) ©)

J
and 4; is the j" transition rate, o; is the cross
section of the j" reaction, and ¢ is the y-ray flux
(particles per unit area per second). On
expansion of eq.(8) using Taylor series one gets

[1]:
N (t + At)=N(0) +Z [(At) ]A' N (0) (10)
i

and N(0)=1. Eq.(10) thus simply gives:

N(t + At) =

ZZ(D[M ] Zj+oidf @y

In order to calculate the y-ray incineration, the
values of o, were adopted in the present
research.

Results and Discussion
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In order to calculate the nuclear cross section
values for all possible (y-n) reactions, the
Lorentz equations -eq.(5 and 6)- were used.
These equations were employed to find reaction
cross-sections of those reactions taking place
with the radioactive isotopes chosen for the
present research.

Mainly, the radioactive isotopes produced from
fission reaction were chosen. Equations (5 and
6) were fitted [data from Ref.17] to find the
parameters of the Lorentz shape so that one can
calculate the reaction cross section as a function
of energy, o(E). Cross section values were
calculated for the energy range extending from
threshold energy, E, to the maximum energy
by steps of 0.1 MeV. Table (1) below shows the
radioactive products of fission reaction for 1 kg
of 23U, ?°U and #°Pu, and the neutron yield for
each isotope [17].

After finding o(E), the interaction cross section
was calculated from eg.(3). The
Bremsstrahlung-weighted cross section-eq.(4)-
was also calculated for different values of
energies (from E t0 Epax ).

The isotopes were chosen such that their lifetime
is greater than 100 days and with yield greater
than 0.1%. This choice made it possible to
perform the incineration process without being
exposed to the harmful ionizing radiation for
long time.

The threshold energy used in the present

research can be calculated from the relation
[19]:
Eth =-Q (12)
where Q is the energy yield value of the
reaction. Since there is about ~2% variance in
this equation [19], a tabulated values of the
threshold energy were used in this research
which gives a slightly accurate and better
results. The data for the threshold energy were
taken from ref.[20] and are listed in Table (2)
only for (y-n) reactions here. The maximum y-
ray energy for all isotopes listed in Table (2) is
30 MeV.
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the numerical calculations for the cross section
values from energy ~ 10MeV. The calculated
values of oy, and o, for all the radioactive
isotopes that are presently used in this paper are
as shown in the figures Figure(1) and Figure(2)
below.

The interaction and first moment cross sect-
ions of the present calculations, are increasing
almost exponentially from the threshold energy
to about ~20MeV, then the dependence becomes
less dependent and looks like linear dependence.
The dependence is of higher values for the first
moment cross section at the same energy. This
is seen from Figure(2), the values of o3 for
12Te isotope, for example increased about four
times in the energy range 15-20 MeV, while the
corresponding increment in the value of the i,
of same isotope was less than three
times,Figure.1,. The behavior of both these
values indicates a relation between the atomic
mass A and probably the atomic number Z.
Such interesting depen-dence will not be
discussed here and is left for future work. In the
present research we restrict ourselves to the
efficiency of y-ray incineration method.

The results of the present calculations for
incineration of the selected radioactive isotopes
are shown in the figures -Figure(3) to Figure(7)-
where the numbers of incinerated nuclei, N,
to the original number of nuclei, Ngig, are
shown as functions of time in these figures, for
different y-ray fluxes from 10*°to 10%° y/cm?.s.

These cases differ from each others depen-
ding on the type of the irradiated nucleus and its
excitation half-life, and each case was chosen
for different y-ray flux. Such variation in the
parameters of the present study shows the
feasibility of the present method for treating the
radioactive wastes. Although such treatment will
need further effort for dealing with the reactor
waste, the present results clearly show that this
effort is worthy.

It can be seen from Table(2) that one can start

Table(1). Radioactive products of fission reaction for 1 kg of ***U, **U and *°Pu. [from ref. 17]

233U 235U 239Pu
Isotope | Half life ty, Activity Yield _Tptal .
* | Yield % () Yield % | Activity (Ci) % Activity (Ci) | Activity (Ci)
¥Rb 5x10°%y 456 | 3.74x10° | 2.49 2.04x10° 0.92 7.55x10” 6.54x10°
0y 28y 6.43 | 9.36x10° | 5.77 8.39x10° 2.25 3.27x10° 21.0x10°
4 1.1x10°y 6.98 0.2430 6.40 0.2230 4.48 0.1563 0.623200
%Ru 1.01y 0.24 8.0020 0.38 12.670 457 152.37 173.0450
Zgn 136 d - - 2x107 1.01x10° - - 1.01x10°
“Te 105 d — - 0.35 3.42x10° - - 426x10°
129) 1.7x10"y — - 0.80 , 4, 1.30x10° - — 1.30x10%
BCs 30y 6.58 5.71x10° | 6.15 7 ' 5.34x10° 6.63 5.75x10° 16.8x10°
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Table (2). Threshold energy corresponding to some possible (y-n) reactions for the radioactive isotopes used
in the present research [20]. Maximum y-ray energy for all reactions is 30 MeV.

Fission Product (y,n) Reaction
¥Rb ¥Rb(y,n)*Rb
Ogy %Sy (y,n)¥Sr
8zr 3Zr(y,n)*zr
106Ru lOGRU(’Y,n)lOSRU
123Sn 123sn(y,n)1228n
127-|-e 127Te(y,n)126Te
129| 129| (,Y,n)lZBI
137CS 137Cs(y,n)136Cs
2500
—.—Te
—e—Sc
— 2000 —&—Ru
g ——Sn
. [ —¥—1
% 1500 —8—°Sr
g —+—Rb
= 1000 F ——7r
>
bE 500
0
10 15 20 25 30 35 40

Energy (MeV)

Figure(1): The calculated values of the interaction cross section for y- ray
with the radioactive isotopes, oi, as function of y-ray energy.

160

6.1 (mb)

10 15 20 25 30 35 4(
Energy (MeV)

Figure(2): The calculated values of the first-moment cross section for y-ray interaction with the
radioactive isotopes, o 4 as function of y-ray energy.
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Figure (3): The ratio between logarithm Ninc./Norig, as a function of incineration
time for y-ray flux 10" y/cm?.s
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Figure (4): The ratio between logarithm Ninc./Norig, @s a function of incineration
time for y-ray flux 10" y/cm?.s
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Figure (5): The ratio between logarithm Ninc./Ngrig., @s a function of incineration
time for y-ray flux 10*® y/cm’s
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Figure (6): The ratio between logarithm Ninc./Nrig., @s a function of incineration
time for y-ray flux 10*° y/cm?s
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Figure (7): The ratio between logarithm Ninc./Nrig., @s a function
of incineration time for y-ray flux 10% y/cms

3 4

It should be mentioned here that for each curve
in these figures a renormalization was made
such that the number of incinerated nuclei at the
beginning of irradiation is taken as unity. From
Figure(3) one can see that irradiation of the
selected group of radioactive waste nuclei by
some fluxes is insufficient to reduce the harmful
radioactivity of the samples. For example, at y-
ray flux 10™ y/cm?s, after irradiating the ®'Rb
isotope for one year the incinerated nuclei were
making a fraction less~1.83% only. This small
ratio of incineration of the selected nuclei is

108

also shown for %Sr is 4%, *zr is 1.7%, I is
2.7% and “'Cs is 5.5%, while for **'Te, same
irradiation gives about 90% of incinerated nuclei
after the same time, and 50% for ‘®Ru, and 85%
for *#sn.

This shows the efficiency of incineration and
transmutation of radioactive isotopes using
energetic y-ray for the nuclei with high cross-
section. One can refer to Figure(1) to see how
these three isotopes have higher cross-sections
than other isotopes for the same energies. This
indicates the feasibility of the present method
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for '®Ru, #Sn and **'Te, even at relatively low-
value fluxes.

The incineration of the other isotopes can be
improved by increasing the vy-ray fluxes, as
shown in Figure(4) to Figure(7) for fluxes 10"
to 10% y/cm?s, respectively. For the highest
flux, 10 y/em? s, all the selected isotopes have
incineration efficiency more than 90%, even for
short irradiation times (five days only). Some of
the isotopes have efficiency more than 99% such
as **'Te and **'Cs. This result is very important
in the present frame of study because, referring
to Table(1), the isotope **'Cs has half-life of 30
years and yield more than ~6%, thus reducing its
radioactivity by more than 99% in five days
gives a clear example about how powerful and
important the y-ray incineration method is. This
behavior was also seen when investigating other
radioactive isotopes from the reactor waste
[1,15]. Even at lower y-ray fluxes the results of
the present research are in general satisfactory to
achieve the desired aim.

Conclusions

The present research gives a study for
incineration and transmutation of six radioactive
isotopes, of atomic masses ranging from 87 to
137, using y-ray incineration.  The selected
isotopes were selected as to be the wastes of the
nuclear fission reaction. These isotopes were
subjected to different y-ray fluxes varying from
10" to 10%° y/cm?s, and the calculations were
performed from threshold to maximum energy
that is near the giant resonance threshold. The
current results showed that incineration of the
radioactive  isotopes  increases linearly
proportional to the incident y -ray flux. Some
isotopes showed extremely good response for
the present method even at flux of 10" y/cm?s,
and all of the isotopes showed reduction in their
radioactivity more than 90% at the highest y —
ray flux, 10° y/cm?.s.
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