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Abstract

The evaluation of the (y,n) cross section for radioactive fission products has been
done in the present paper. The current research deals with heavy isotopes resulting
from fission reactor, namely, '*'Ce, '**Nd, "°'Sm and '*Eu. The range of energy lays
in the region of energy near the giant dipole resonance, from the threshold energy up
to around 30 MeV. The present radioactive isotopes were chosen as part of the
radioactive waste from **°U fission. Total cross section results then were found and
calculated, and used to calculate the number of incinerated nuclei. By varying the
gamma-ray fluxes and repeating the calculations, the present method shows
efficiency in reducing the radioactivity of these isotopes. The results given in the
present paper showed direct proportion between incinerated nuclei and the strength
of the incident gamma-ray flux, which are consistent with earlier work.
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Introduction

The environmental safety has become a
matter of priority in all of the developed
countries in the present days. This interest spe-
cially rises with all the development in the
various power production methods. Utilization
and management of radioactive wastes from
nuclear power facilities have received an imp-
ortant priority among the environmental prot-
ection studies. Beside that, nations that posses
nuclear weapons have become much concerned
with disposal or peaceful uses of surplus weapon
made of plutonium or of highly-enriched
uranium. Many important attempts, that are
being developed by using many approaches, are
currently under study in Europe, North America,
Japan, and Russia [1, 2].
This interest will be an essential step for the
further development of high power molten
targets in the 20-50 MW range required for
Accelerator Driven Systems (ADS) such as high
intensity spallation neutron sources, hybrid
reactors, neutrino factories, etc. It is clear for
this type of power production, that new power
generating systems require an adequate disposal
mechanism. Techniques for reduction the
harmfulness of radioactive wastes therefore have
to be developed. The outstanding performances
obtained for new fission chambers with a very
intense neutron flux [3] made it possible to be
employed in order to measure the incineration
rate of minor actinides using high neutron
fluxes. Some new methods such as the so called
“Developed Innovative Microscopic Fission
Chambers”, (WFCs) flux have confirmed a new
method to determine the transmutation rate of
minor actinides, as shown in Figure.(1) where
the ability of **U fission activity is reduced by a
linear relation with irradiation time.
Recently, many studies used various bom-
barding fluxes to reduce the radioactivity of
fission wastes. The used flux may be y -ray,
neutrons or protons and making use of various
cross-section studies. For example Titarenko et
al.[4] have measured 114 nuclide-production
cross sections for isotopes-enriched ***Pb target
that was bombarded with intensively energetic
1.0 GeV proton beam.
Two possible treatments are there: possible
transmutation of nuclear wastes, and the
“Spallation Neutron Source” (SNS). The interest
shown in both of these techniques encourage to
anticipate the accumulation and analysis of more
nuclear data. This is possible for both ADS and
SNS applications and have the same growth in
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academic interest and practical commitments in
the foreseen future. Therefore experimental data
on the cross sections of proton-induced reaction
products as applied to the ADS and SNS main
target and structure materials are of great
interest and importance and should be
emphasized that the charge distributions in the
isobaric decay chains are important as well. The
information thus obtained would make it
possible, first, to raise the information content of
the comparisons between experimental and
simulated data and, second, to reduce the
uncertainties in experimental determination of
the cumulative and measured cross sections. The
possibility of the y -ray interaction using (y,n)
photonuclear reaction has been examined for the
incineration of the long-lived fission product
isotope [5-9]. The nuclear incineration method
was used to transmute these long-lived nuclei in
the high-level radioactive wastes to shorter half-
life nuclei [5, 6]. The nuclear reactor method,
which is the most promising one so far, has been
well studied [3, 4, 7] 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 need more development
of proton accelerators [10].
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Figure 1: Experimentally determined incineration
curve using the pFCs (with **°U as
adeposit) irradiated at the lowest
position of V4 experimental tube at ILL
Grenoble [3].

In the present paper, waste transmutation
method using y -rays photonuclear reaction is
made through numeric calculations 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 vy
Oflux should interact with most nuclei through
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the giant resonance of the photonuclear cross
section.

In section II a brief outline of the theory is
given. Section III lists the results of the present
research and a full discussion is given there for
the selected isotopes, while in section IV a
conclusion of this paper is given.

Theory and Calculation Methods
The total cross-section is then given as [5]:

M
Otor = Z O; @

Where M is the maximum number of events. It
is of practical importance to consider only those
important events that contribute to oy
appreciably. This quantity is useful in determi-
ning the total probability of y -ray interaction
with the specific target nucleus. The interaction
cross section will then be [5]:
E ax
| o(8) dE

Ey,

O.

mn

2

Finally, to calculate the number of nuclei, N,
that will go through transmutation by
y -incineration, the shape of Lorentz line is
considered as in Refs.[5,6] and is obtained from
the relation:

N(l‘+Af) 1+ (_l)j(ﬂJ(ﬂj +o'j ¢)/ (3)
J!
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and A; is the /™ transition rate, g; is the cross
section of the ;™ reaction, and @ is the y -ray
flux (particles per unit area per second). In order
to calculate the y -ray incineration, the values of
0., were adopted in the present research. The
activity and percentage yield of each of the
selected radioactive isotopes are given in Table
(1) below. This table shows the activity and
yield for three types of nuclear fuel, and the
quantities there will be useful during the
discussion of the results.

To find the total cross section of y -rays with
nuclei one can use the Lorentz curve, [11], given
in general form by [5]:

4

Where o,,,, E;, and T" are the parameters of the
Lorentz curve for peak cross section, resonance
energy and the full-width at half maximum,
respectively; and i corresponds to the lower and
upper energy lines. From Table (2) one can see
that it is safe to start the numerical calculations
for the cross section values from
energy~10MeV. The calculated values of o,
and o_; for all the radioactive isotopes that are
presently used in this paper are shown in Figure
(2) and Figure (3), respectively, in the next
paragraph.

Table 1: Radioactive products of fission reaction for 1 kg of ***U, **U and ***Pu, and the neutron yield for
each of the presently used isotopes, [taken from ref. 12].

233 235 239
Half life Y U Pu Total
Isotope . . . . . ) . . || Activity
Ty Yield % |[Activity (Ci) || Yield % || Activity (Ci) || Yield % || Activity (Ci) (Ci)
Hice 280 d 4.50 1.45x10° 5.62 1.82x10° 3.93 1.27x10° 4.54x10°
"INd | 5x10y 4.61 2.28x10™"" 3.98 1.9x10™" 3.13 1.5x10"" | 5.8x10™"
Blgm 80y 0.33 98.96 0.443 129.97 0.80 236.32 465.26
gy 1.81y — — 0.033 42.051 — — 42.051

Table 2: Threshold energy corresponding to some
possible (y-n) reactions for the radioactive isotopes used
in the present research [13]. Maximum(] y -ray energy
for all reactions is 30 MeV.

Fission

Product (y,n) Reaction

144 Ce(y,n) ¥ Ce

44N d(y,n) *Nd

151 Sm(y,n)lSOSm

ISSEU("{,H) 1 54Eu

345

Results and Discussion

In order to calculate the nuclear cross section
values for all possible (y -n) reactions, eq.(3)
and eq.(4) were used. These equations were
employed to find the different cross sections for
(y -n) reactions taking place with the radioactive
isotopes chosen for the present research. In
Figure (2) and Figure (3), the calculated cross
sections, oy, and o for y -interactions with each
of the present radioactive nuclei are shown.
Similar to previous results [5, 6], the interaction
and first moment cross sections of this
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calculation both increased exponentially from
the threshold energy to about ~20MeV, after
that the dependence reached a saturation and
became almost a constant. This dependence is
higher for the first moment cross section at the
same energy, compared with the integrated cross
section.
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Figure 2: The calculated values of the interaction
cross section for y - ray interaction with the
radioactive isotopes, o, as function of y - ray
energy.

The results of incineration of the selected group
of radioactive nuclei are shown in the following
figures, Figure (4) to Figure (8). Due to the high
difference in the results of these isotopes, the
figures were made between logarithm of the
ratio of incinerated nuclei, Ny, to the original
number of nuclei, N, against the energy £ of
y -ray. By this one insures that the maximum
value of all curves will be a unity
(corresponding to 100% incineration); thus
making comparison more obvious. In all the
following figures, the same calculations were
repeated by changing only the flux, &, of the
incident y -ray, as indicated in each figure,
starting from @=10'°y /cm’.s - for Figure(4)- to
maximum  flux of value @=10" y
/em®.s,Figure(8).

From Figure (4) one can see clearly that the
incineration results of '**Ce isotope were the
highest among the others. Although the expected
next curve would be **Nd, because of the close
atomic numbers and similar mass numbers,
however the results of '**Nd are the lowest. This
result, although seems unexpected, but actually
it is consistent with the results of the measured
cross sections, Figure (1) and Figure (2).
Incineration is a process that highly depends on
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the interaction cross section, as already
mentioned in the introduction, therefore, the
higher y-nucleus cross section means higher
incineration rate, thus producing higher ratio
Nine./Norig. This dependence is limited, however,
to the strength of the y -flux in this case, as it
will be seen when noting the incineration at vy -
ray fluxes higher than 10" y /cm®.s.
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Figure 3: The calculated values of the first-

momentum cross section for y - ray interaction

with the radioactive isotopes, o_; as function of y -

ray energy.
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Figure 4: The relation between logarithm the ratio
Ninc+/Norig-» and incineration time, for y-ray flux
10"y /em®.s

Increasing the flux from 10 y /em’s to
10701 y /em?s, the results shown in Figure (5)
indicate that the value of Nj,./Noi, become
more closer to unity in one hand and closer to
each other in the other hand. Comparing the
results of Figure (5) with those of Figure (4)
clearly shows how much improvement obtained
for all the present radioactive isotopes. This
clarifies that, when increasing the flux of y -
rays, the differences in incineration results
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becomes less. This is seen more clearly in
Figure (6), where the flux was increased to
10" y /em®.s.

In the following figures, Figure(6) to Figure(8),
the curves are more difficult to be distinguished
from each others where the differences become
much less than in the first figure with y -ray flux
10'° y /ecm®.s. From these figures one can notice
how less the differences in the reaction cross
sections contribute to incinerating these
radioactive nuclei. Such results indicate the
powerfulness of incineration and transmutation

of radioactive isotopes using y -rays.
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Figure 5: The relation between logarithm the ratio
Ninc./Norig., and incineration time, for y-ray flux
10"y /em2.s

1.00E+00

-——cCe
—Eu
—--=Sm

< —Nd
3

= 18 2

< $=10"y/em".s

(=}

-

1.00E-01
0 0.2 0.4 0.6 0.8 1 12 14
Time (Year)

Figure 6: The relation between logarithm the ratio
Ninc./Norig., and incineration time, for y-ray flux
10" y/cm’.s

For y -ray fluxes 10" y /em’s and 10%(] y
/em’.s, the results are shown in Figure (7) and
Figure (8), respectively. One can see that at such
high y -ray fluxes the incineration rate was very
efficient in such a way that in few days
irradiation the incineration was almost 100%.
From Figure(7) with the y -ray flux 10"’ y /em’.s
irradiation for 25 days resulting incineration rate
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better than 95% for all the radioactive isotopes.
When increasing the v -ray flux to 10y /em®.s,
the results were even more improved as shown
in Figure.(8) where irradiation of the samples
for 5 days only gave incineration rate about 99%
for all the nuclei.

The most important result is that for '*Ce,
which has a relatively high percentage yield
from the *’U-see Table (1)-where it was
successfully incinerated almost 100% at such
high vy -ray flux. This indicates the importance of
vy -ray incineration method to reduce the
harmfulness of radioactive isotopes resulting
from nuclear fission reaction. Due to its
importance, this method is preferred to be
applied to more radioactive isotopes to include

all the nuclear reactor waste.
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Figure 7: The relation between logarithm the ratio
Ninc./Norig., and incineration time, for y-ray flux
10"y /em’.s
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Figure 8: The relation between logarithm the ratio
Ninc./Norig., and incineration time, for y-ray flux
10* y/em®.s

From all the above figures -Figure (4) to Figure
(8) - an obvious relation is seen that there is a
proportional relation between y-ray flux and
incineration rate for all the selected nuclei. As
the used flux increased, incineration increases.
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This clarify the importance of using the highest
possible y-ray fluxes available at hand to treat
the radioactive reactor waste in as short time as
possible. However, the results of relatively low
vy -ray fluxes-Figure(4)-also shows that some
radioactive isotopes such as '*Ce and '’Eu, still
properly respond to the present method, but at
the price of the long irradiation time, to achieve
the desired results.

Conclusions

The reduction of the radioactivity for four
radioactive isotopes that result from reactor
waste was investigated in the present research
by using y -ray incineration method. Different y
-ray fluxes were used to examine the
incineration rate, from 10 to 10% y /cm’s. As
the flux of y -ray increased, incineration rate
improved with good efficiency. At the
maximum vy -ray flux used, almost all the
selected isotopes were incinerated reaching a
ratio better than 99% after few days of
irradiation,  indicating the useful and
powerfulness of this method in treating
radioactive waste from nuclear fission reactor.

References

1. Carminati, F., Klapisch, R., RevolJ.P.,
Roche, Ch., Rubio, J.A. and Rubbia, C.
1993, CERN Report ref.: CERN/AT/93-
47(ET).

2. Titarenko,Yu.E., Shvedov, O.V., Igumnov,
M. M., Michel, R., Mashnik, S. G,
Karpikhin, E. 1., Kazaritskya, V. D,
Batyaeva, V. F., Koldobsky, A. B., Zhivun,
V. M, Sosnine, A. N., Prael, R. E.,
Chadwick, M. B., Gabriel, T. A., and Blann,
M. 1997, Nuclear Reaction with Gamma
Rays ,Cornell University library, nuclear
theory report no. 9709056.

3. Fadil, M., Ridikasl, D., Déruelle, O., Fioni,

G., Giacri, M.-L., Letourneau, A., and

Marie, F. Oct.2002, in the “7th Information

Exchange Meeting on Actinide and Fission

Product” P&T (NEA/OCDE), Jeju, Korea,

14-16, publications of the International

Atomic Energy Agency, IAEA, Vienna.

Titarenko, Yu. E., Shvedov, O. V., Batyaev,

V. F., Karpikhin, E. 1., Zhivun, V. M.,

Koldobsky, A. B., Mulambetov, R. D.,

Kvasova, S. V., Sosnin, A. N., Mashnik, S.

G., Prael, R. E., Sierk, A. J., Gabriel T. A,,

Saito, M. and Yasuda, H. 2006. Gamma —

Nucleon Reaction of Pu Isotopes. Phys.

Rev.C65:064610 -064628.

348

5.

10.

11.

12.

13.

Iraqi Journal of Science, Vol.50, No.3, 2009, PP.343-348

Saeed, M. A. 2002. Calculation of y -n
Reaction Cross Sections For Radioactive
Fission Products. M. Sc. Thesis, Department
of Physics, College of Science, University
of Baghdad. Baghdad, Iraq.

Saeed, M. A.2008. Calculations of (y,n)
Reaction Cross Section for Medium Mass
Radioactive Isotopes. Iraqi J. of Science,
49(2):101-109.

Nilsson, B., Adler, J. O., Andersson, B. E.,
Annand, J. R. M., Akkurt, 1., Boland, M. J.,
Crawford, G. 1., Fissum, K. G., Hansen, K.,
Harty P. D., Ireland D. G., Isaksson L.,
Karlsson, M., Lundin, M., McGeorge, J. C.,
Miller G. J., Ruijter H., Sandell, A.,
Schroder, B., Sims D. A., and Watts, D.;
2007.Investigation of (y,n) for Medium and
Heavy waste Istopes using Numerical
Calculation. Phys.Rev.C75: 014007-014016.
Rassoll, R. P. and Thompson, M. N. 1989.
Nucleon and Gamma Induced Reactions for
Industrial Applications, Phys. Rev. C39:
2201-2212.

Matsumoto, T. 1988.Systematic Treatment
of Nuclear Reactions. Nucl. Inst. Meth.
Phys. Res. A268:234-240.

Mitchell, G.E., Bowman, J. D. and
Weidenmuller, H. A. 1999. Gamma -
Nucleon Reaction for Reactor Applications.
Rev. Mod. Phys. 71:445-461.

Berman, B. L. and Fultz, S. C. 1975.
Gamma — Nucleon Reaction for Reactor
Applications. Rev. Mod. Phys. 47:713-728.
Dwight Gray, E. 1972. The American
Institute Handbook of Physics, 3™ Edition.
McGraw Hill publishing company. NY.
Wapstra A. H. and Gave N. B. 1971.
Nuclear — Reaction and Separation Energies.
In: Atomic Mass Evolution, McGraw Hill
publishing company, pp.303.



