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Abstract

A set of nuclear transformations during an interaction of 600-MeV protons with macro-
scopic targets containing radianuclides °°Sr, '2°I, and '37Cs is considered using the
semiempirical formulae and the SHIELD code. This work seeks to obtain some data for
quantitative estimation of an efficiency of long lived nuclear power waste transmutation in
proton induced reactions. The calculated data on yield of radionuclides, some stable iso-
topes, and secondary particles formation in radioactive targets are listed. The target activity
reducing during an after irradiation cooling process is estimated. An experimental justifi-
cation of the obtained evaluations on the base of the proton accelerator in Moscow Meson

Facility is discussed.
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1. Introduction : Alternative approaches to the transmutation problem

The nuclear power development perspectives are defined largely by possibilities of a potential
danger level decreasing from an accumulation and long-time keeping of high-active wastes.
Besides a controlled burial in stable geological formations, other versions are also considered,
such as an extraction of some fractions in the space, as well as a transmutation using fast
and thermal neutron reactors, charged particle accelerators and electric-nuclear type hybrid
systems. In turn, the transmutation problem is subdivided into comparatively independent
transmutation tasks for actinides and long-lived fission products.

Considering of the transmutation induced directly by photons or charged particles with low
energies (of about 100 MeV), shows their insufficient effectiveness in comparing with neutrons
obtained by means of reactor or electric-nuclear technique [1].

A possibility of their posterior using as a nuclear fuel [2] is an advantage of actinides
transmutation in fast neutron reactors. However, a large number of cycles needed for an
initial actinides amount transmutation leads to a high radiation loading of an equipment and
a staft. This fact serves as a base of some pessimistic views at such a technique realization
expediency [3]. In this connection, the actinides transmutation in high-flux thermal reactors
gets an additional attractiveness because a possibility of achievement higher depletion during
an irradiation cycle decreases actinides losses and increases a security during the processing
time {4]. As to long-lived fission products, the efficiency estimation of their transmutation has
been carried out both for fast [5] and for thermal [6] neutrons.

In addition to nuclear reactors, some transmutation versions for radioactive wastes are
considered up to now using the electric-nuclear plants based on high-current charged particle
accelerators both low and intermediate energies, which have relevant advantages from the
stand-point of the nuclear security as compared to reactors.

The most elaborated versions of electric-nuclear installations are based on the neutron
generation by the proton beam from the linear accelerator with an energy of about 1 GeV, in a
target for which two schema are on the whole considered. In accordance with the PHOENIX
design developed in the BNL (USA) [7], a target is constructed as a subcritical fast neutron
reactor with a metal or oxide fuel. A conception of the ATW (Accelerator Transmutation of
Waste) LANL (USA) [8] supposes a scheme with a liquid lead-bismuth target, surrounded
by a heavy water, serving as a neutron reflector and moderator. In a heavy water reflector
there are some loops in which the molted actinide fluorides circulate. A liquid-salted system
is also considered, containing the actinides and strontium- and caesium-fluorides [9]. Cyclic
systems with the light nuclei multiple passing at energies of about 100 MeV through a target-
convertor [10,11] maintain approximately the same relative efficiency of a neutron generation
as is supposed for high-energy (1.0 - 1.5) GeV beams.

We must note, without considering the problems dealing with the actinides transmutations,
that among radionuclides, as the fission products, the most radiative danger is due to °Sr
and *7C's, whose initial activity is (1.8 + 1.9) x 10° Ci/t and (2.4 = 2.5) x 10° Ci/t, respectively,
that equals about 15 % of total fission products activity, for a cooling during 1 year, and about
90 % of a total activity, for a cooling during 10 years. As we can find in [5] some effective
transmutation of ®°Sr and 37Cs by neutrons may be carried out only in reactors with neutron
fluxes exceeding 10'° n/cm? x s. Under this condition, an amount of ?°Sr and ¥7C's nuclei in
their limits may be decreased by a factor of 10 (°°Sr) and 4 (}37Cs), and taking into account
the real technical opportunities, we can get 5 and 2.5 times, respectively. On the other hand,
according with estimations obtained in [12], expenditures intended to the proton transmutation
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of °°Sr and 37C's could be 12 = 15% of electric power, obtained during their generation process
in the nuclear power plant. However, the real expenditures are probably more, which makes the
transmutation ineffective and returns to a conception of long-time controlled keeping of these
radionuclides during about 500-600 years.

As an alternative approach to this problem, we suppose, that it's expedient to consider a
possibility of direct transmutation of fission products directly in the interaction of a proton beam
with a conversion target, containing °*Sr and '¥’Cs isotopes that doesn't contradict the ATW
conception as a whole. Despite that using of such a target leads to the neutron yield decreasing
for the actinides transmutation by few times as compared with a target of heavy (lead, bismuth)
materials, a possible reducing of the controlled keeping time for the high-active wastes is, in our
opinion, a serious argument for the good of proposed opportunity investigation.

2 An interaction of proton beam with a conversion target.

2.1 Proton-induced reaction cross sections.

To estimate the direct transmutation correctly, a detailed analysis is needed of all of the possible
channels of nuclear reactions, initiated by protons and leading to radioactive or stable isotopes
production, which requires some information on the proton-nuclei interaction cross sections.
However, the experimental data on nuclear reaction cross sections in radioactive targets are
absent. This leads to a necessity of using of computational methods with an obligatory testing
of the computed results by the experimental data, measured, to our regret, for stable isotopes
of a considered element.

However, in the energy range near 1 GeV the experimental data for Srand Cs are very scant
[13]. That's why we carried out some cross section measurements for radionuclides formation
at the energy of 1 GeV in targets containing Srand Cs. These measurements were performed
at the booster of the Institute of High Energy Physics IHEP (Russia) [14]. As a result, we have
obtained some information on formation cross sections of more than 80 radionuclides, listed
in tables 1 and 2. The table 3 shows that our measurement results agree well with available
not numerous results of [15,16] carried out on the same target nuclei. In the tables 1 and 2,
all of our obtained experimental cross section values are compared to the calculation results.
We used the version of the cascade-evaporation model of nuclear reactions, realized in the
hadron-nuclear generator of the SHIELD code [17], and an original SILBER code, based on the
semiempirical formulae of Silberberg and Tsao [18]. The agreement degree of the calculated
and experimental cross section values shows that both the cascade-evaporation model and the
semiempirical formulae, on the whole, render correctly the quantitative characteristics of the
proton-nuclear interactions for given target nuclei and initiating particle energies. The obtained
results allow to turn to the next research step such as computational-experimental studying of
the proton-nuclear interactions in macroscopic targets.

2.2 The transmutation rate estimation procedure.

To obtain the initial data in substantiation of the quantitative estimation of the transmutation
effectivity for some long-lived fission products in the present work an amount of product nuclei
formed by a proton beam was calculated.

For the targets in question, the excitation functions were calculated for the nuclear reactions
with the stable and radioactive product nuclei formation in the atomic mass range of 7-136.
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150 excitation functions were calculated for the ®°Sr-target, 259~for the *?°J-target, and 264-
for the '3Cs one. These excitation functions were calculated using the SILBER code. The
subsequent numeric integration of these excitation functions by the proton ionization range in
the target material allowed to obtain the values of stable and radioactive product nuclei yields,
and for the last ones, the values of activities at the time of the irradiation finishing.

To obtain the quantitative estimation of the transmutation effectivity for the fission products
in question, we used the following hypothetical parameters: the proton energy — 600 MeV; the
average beam current — 50 mA; the target irradiation duration — 1000 hours; the target area — 1
cm?; the target thickness equals to the proton ionization range; the target material — 2°Sr, 1291
and 37Cs,

Under these conditions, almost 100 % of all target nuclei transmutate, which is in a good
accordance with the previous transmutation rate estimations [15], obtained by using of similar
initial parameters. For the test-control purpose an independent calculation was performed of
the interactions amount by means of the SHIELD code. Table 4 lists the obtained data on the
formation of the secondary neutrons and the product nuclei. All of the results are normalized
by one initiating proton. A good agreement of the results obtained by means of SHIELD and
SILBER increases a reliability of the resulting estimations.

2.3 Discussion of the results.

An analysis of a decay curve with a component extraction taking the main contribution to the
total activity in any step of the radioactive decay is of practical interest.

Fig. 1 shows adependence of relative (comparing to the initial one) change of ®°Srand *7Cs
target activities with the time passing. These data confirm of that in 30 years an initial target
activity decreases by a factor of about 10%. If after a three-year cooling one could additionally
realize a radiochemical separation procedure of #*Kr from Sr and *"Ba from Cs, in 30 years
a waited activity decreasing would be about five exponents.

Fig. 2 shows the same dependencies for the '?°I-target. This proton-fission product trans-
mutation is obviously ineffective, because the rest activity is greater than the initial even after
30-year-cooling. The radiochemical separation of *C, °Ar, ®*Nb, and ®*Mo doesn’t change
the situation radically, in spite of a greater difficulty comparing to 7 and Cs.

Fig. 3 shows a time-changing of an activity part due to *°Sr and '¥’Cs in the activity of a
mixture of nonseparated fission products. The obtained data show thatthe proton transmutation
of °*Sr and '*7C's accompanied with the subsequent radiochemical separation, allows to reduce
effectively the defining contribution of these radionuclides to the total fission product activity.

Table 5 lists the effective half-life period values for the fission products in question. These
values are calculated in accordance with an expression given in [19] for different flux densities
of 600-MeV-protons initiating the transmutation. The calculation results [19] made for relevant
thermal neutron flux densities are listed in brackets. Itfollows from the table 5 thatin the case of
9§ proton and neutron using is practically similar. For 137C's, proton using is more preferable.
As itwas mentioned above, the ***J transmutation with proton using is ineffectible.

Note, thatin 500 years, in the burial condition, the ®*Sr— and '37Cs-activities decrease by a
factor of 5.5 x 10°and 9.6 x 10°% respectively. Atthe same time, our calculated estimations show
that the proton transmutation accompanied with the radiochemical separation gives a relevant
reducing of these fission products controlled keeping time (more than an order). A transition to
higher energies of initiating protons and taking into account the transmutation processes, due
to the secondary neutrons, may lead to much more favorable estimations.
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3 Conclusion.

The performance of more detailed investigations must include, in our opinion, a complex of
computational-experimental tasks, in particular:

e space-energetic distribution calculations for the primary beam particles and the secondary
nucleons in macroscopic targets of a real composition

o calculations of yields of stable and radioactive product nuclei, time dependencies for target
activities and energy deposition parameters

e some experiments intended to measurement of depth and radial radionuclide yields from
macroscopic stable targets and dynamics of an activity time changing

e an experiment intended to a measurement of proton-induced nuclear reaction cross sec-
tions in radioactive targets

¢ calculation methods testing in accordance with the experimental results

Putting into operation in the Moscow Meson Facility of the high-current accelerator with
the proton energy of 600 MeV allows to realize a set of model and test experiments with
macroscopic targets, including some experiments with radioactive targets not performed up
to now. [t's essential that a technical equipment of such experiments doesn’t contain any
unigue elements and instruments, while means of detection and information processing are
multipurpose enough. The experimental results obtained for macroscopic targets allow to
realize a special-purpose verification of the calculation techniques, that is, to orient them to a
comparatively narrow range of the target nuclei which results in an increasing of the calculation
accuracy up to a level sufficient for the project estimations requirements.

The authors wish to acknowledge their gratitude to Yu.Ya. Stavissky for the helpful discus-
sions during this work fulfillment.
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Table 1: Experimental and calculated cross section values for radionuclides formation in

strontium.

Radio- Calculation
nuclide Experiment
SHIELD SILBER
Y-88 22 £+ 04 0.5
* Y-87 51 £+ 0.8 2.2 (m+g)
* Y87 m 240 + 43
Sr-87 m 300 + 6.1 60.0 (m+9) 50.8
Sr-85 m 77 + 12 17.6 (m+g) 15.8
Sr-81 119 + 27 4.5 1.9
Rb-86 (m+g) {25.0 + 4.2 | 16.4 (m+Q) 21.4
Rb-84 150 £+ 23| 134 (m+g) 22.1
Rb-84 m 137 £ 24
Rb-83 25,0 + 45| 143 21.9
Rb-82 m 230 4+ 3.8 8.7 (m+g) 21.8
* Rb-81 240 + 3.8 9.4 19.2
* Kr-85 m 195 + 0.32 3.7 (m+g) 1.9
* Kr-79 (m+g) | 17.0 £ 31 18.2 (m+g) 19.3
* Kr-77 57 £ 141 9.3 3.6
Br-82 (m+g) | 2.7 £ 0.45 1.7 (m+g) 0.17
* Br-77 (m+g) |17.0 + 27 9.6 (m+g) 22.1
Br-75 120 + 2.1 6.8 5.2
Se-75 180 + 2.8 15.1 17.1
Se-73 (m+g) | 130 £ 23| 12.0 (m+g) 9.0
* Se-72 70 + 23| 129 2.7
As-74 76 £+ 1.2 4.1 6.2
*  As-71 9.7 &£ 1.8 8.2 8.2
* Ge-69 120 + 1.9 115 8.7
* Ge-68 90 £ 20| 139 4.4
* Ga-67 6.1 =+ 1.1 8.5 10.1
Zn-71 (m+g) | 03 £ 0.05|<0.2 (m+gq) 0.02
* Zn-65 138 + 24| 123 8.9
Co-60 (m+g) 3.0 =+ 0.5 1.5 (m+g) 2.2
Co-58 (m+g) | 64 + 1.1 3.6 (m+g) 3.9
Co-57 24 + 04 4.3 1.8
Co-56 1.1 + 0.18 0.5 0.40
Fe-59 0.85 + 0.14 1.2 0.46
Mn-54 39 L+ 0.65 1.7 3.2
Mn-52 (m+g) 11 £ 018 | < 0.3 (m+g) 0.51
*  Cr-51 36 + 0.57 3.6 1.8
V-48 11 £+ 017 | <02 0.59

* — cumulative yield
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Table 2: Experimental and calculated cross section values for radionuclides formation in
caesium.

Radio- Calculation
nuclide Experiment
SHIELD SILBER
Ba-131 (m+g) 3.2 =+ 0.5 2.1 (m+g)
Cs-132 §30 £ 105 64.7 49.3
Xe-127 (m+g) | 200 + 3.0 17.4  (m+g) 21.8
Xe-125 (m+g) | 28.0 + 6.3 18.0 (m+g) 21.5
-126 16.0 =+ 2.7 4.5 12.0
-124 110 £ 1.8 8.3 6.0
-123 280 =+ 51 111 13.2
-119 13.0 + 2.1 5.7 4.5
Te-123 m 34 + 0.6 §3 (m+g)
Te-121 23.0 =+ 3.5 11.8 (m+g) 5.9
Te-121 m 6.3 =+ 1.0
Te-119 180 =+ 3.1 15.1  (m+g) 16.7
Te-119 m 78 =+ 1.4
Te-117 23.0 &+ 55 15.6 7.7
Te-116 114 &+ 1.7 15.0 4.8
Sb-124 034 =+ 006 | <0.3 (m+g)
Sb-120 22 £+ 035 2.8 (m+g) 1.4
Sb-120 m 21 & 04
Sb-118 (m+g) 35 £ 0.6 4.8 (m+g) 7.0
Sb-116 m 148 + 25 58 (m+g) 14.8
* Sb-115 230 =+ 4.1 8.4 111
Sn-117 m 39 + 0.7 4.9 (m+g) 2.0
* Sn-113  (m+g) | 28.0 =+ 8.5 21.3 (m+g) 12.2
In-114  (m+g) | 15 + 0.25 25 (m+g) 2.6
* In-111  (m+g) | 200 + 36 75 (m+g) 15.1
In-110 m 96 <+ 1.6 7.5 (m+g) 8.2
In-109 (m+g) | 68 + 1.3 8.6 (m+g) 47
Cd-111 m 35 + 07 42 (m+g) 3.8
Pd-100 51 £ 0.9 11.2 0.57
Rh-101 m 126 &+ 2.1 3.0 (m+g) 7.2
Ag-110 (m+g) | 0.82 £+ 0.15 < 0.5 (m+g) 0.83
Ag-106 3.2 + 0.5 5.1  (m+g) 10.1
Ag-106 m 55 <« 1.0
Ag-105 190 &+ 4.8 6.6 7.0
* Ru-103 024 + 042 <03 0.29
Ru-97 76 + 1.5 8.9 1.8
Tc-96 {m+g) 40 <+ 0.7 1.7  (m+g) 3.6
Tc-95 {m+g) 79 + 1.5 1.8 (m+g) 2.3
Tc-94 16 £ 0.35 2.4 0.79
Mo-93 m 5§53 &+ 1.0 44 (m+g) 3.1
* Zr-89 (m+g) 44 + 0.7 3.1 (m+g) 1.3
Zr-88 48 + 1.3 4.0 0.70
Y-88 13 =+ 0.4 1.0 0.90
* Y-87 39 + 0.7 1.0 1.7
Rb-84 (m+g) | 1.1 £ 0.7 [ <007 (m+g) 0.3
* Rb-83 068 L 0.12 <0.2 0.75
* Se-75 046 + 0.09 <0.2 1.1

- cumulative yield
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Table 3: Some experimental cross section values comparing for radionuclides formation
in strontium and caesium.

Formation cross section, mb
Target-
nuclear Radio- Our data Data from Data from
nuclide [14] [15] [16]
1.0 GeV 0.6 GeV 1.0 GeV
Y-88 22 + 04 1.5 + 03
* Y-87 51 =+ 0.8 20 + 04
Sr-87 m 30.0 + 6.1 |1144 £+ 4.6
Sr Rb-84 150 £+ 283|212 4+ 33205 + 1.0
Rb-82 m 23.0 + 38 175 £+ 1.9
Kr-79 m+g | 17.0 =+ 3.1 175 £+ 1.9
* Kr-77 57 + 1.1 65 £+ 1.2
As-74 76 &+ 1.2 106 + 1.6 86 + 0.9
Cs-132 53.0 + 105 |59.0 + 6.2
Cs 1-124 11.0 + 1.8 ({108 + 1.5
Sb-118 m+g | 35 + 06| 3.8 + 0.7

* — cumulative yield

Table 4: Formation of the secondary neutrons and product nucleiin the interaction of the
primary proton beam with the macroscopic targets.

Secondary neutrons Product-nuclei
Target SHIELD SHIELD SILBER
E<10.5 MeV E>10.5 MeV
Sr-90 4.22 1.25 1.18 1.23
1-129 6.30 1.26 1.34 1.13
Cs-137 5.77 1.35 1.02 1.06

Table 5: Effective half-life period decreasing for some fission products in dependence of
the flux density of the particles initiating the transmutation.

Particle Effective half-life period in years for
flux some fission products

density

1/cm?s 06, 129T 18700 ¢
1014 26.0 (28.6) | 219.0 (11.0) |27.0 (30.0)
10® 147 (15.0) | 21.9 (0.9) 13.6 (25.0)
10'® 2.7 (2.0) 2.2 (0.08) 23 (7.0)
107 0.3 (0.25) 0.2 (0.009) [ 0.25 (0.9)

397



T T TTT T T 1T 1T 1T7T7TT

102\ b

Relative activity

10 [N NG S

—
T IIIIIIT

LR T T T T
[ '|")'x‘|‘|||

—
(=)
Iill!ll]

10

2
10 1 10 10
Time, year

Figure 1: Time dependence of the relative activities of °°Sr and !*7Cs targets (RCS -
radiochemical separation).

398



T TTT T T T 17Tt

2 i
= 8
5 1075
< -
)] [t
2 -
; f—
2 107E .............................
10 8
105§ ...........................
104; .............................
103 -
1025_ ................................... E

10 & s
o \ :
- ‘\: . ‘
A\ . :
R S LT T ITRTEI e P : e,
= . ﬁ =
e Vo : c
C A : ]
r S o T
1 : A : [ : fa oA
- : : R : A : R
10 i il ] il I T T S

2
10 1 10 10
Time, year
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