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Š·¨¢μ¶Ê¸Éμ¢ Œ. ˆ. ¨ ¤·. E1-2007-7
� ¶¥·¢μ³ Ô±¸¶¥·¨³¥´É¥ ¶μ ¨¸¸²¥¤μ¢ ´¨Õ É· ´¸³ÊÉ Í¨¨ 129I, 237Np, 238Pu ¨ 239Pu ´ 
¤¥°É·μ´´μ³ ¶ÊÎ±¥ ´Ê±²μÉ·μ´  ¢ ¶μ²¥ ´¥°É·μ´μ¢, £¥´¥·¨·Ê¥³ÒÌ ¢ U/Pb-¸¡μ·±¥ Ê¸É ´μ¢±¨
®�´¥·£¨Ö ¶²Õ¸ É· ´¸³ÊÉ Í¨Ö¯ ¶·¨ Ô´¥·£¨¨ 2,52 ƒÔ‚

�·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶¥·¢μ£μ Ô±¸¶¥·¨³¥´É  ¶μ ¨¸¸²¥¤μ¢ ´¨Õ É· ´¸³ÊÉ Í¨¨ ¢Ò¸μ±μ-
Éμ±¸¨Î´ÒÌ · ¤¨μ ±É¨¢´ÒÌ μÉÌμ¤μ¢  Éμ³´ÒÌ ·¥ ±Éμ·μ¢ ´  ¤¥°É·μ´´μ³ ¶ÊÎ±¥ ´Ê±²μÉ·μ´ 
�ˆŸˆ ¶·¨ Ô´¥·£¨¨ 2,52 ƒÔ‚ ¨ Ô²¥±É·μÖ¤¥·´μ° Ê¸É ´μ¢±¥ ®�´¥·£¨Ö ¶²Õ¸ É· ´¸³ÊÉ Í¨Ö¯.
‚ ¶μ²¥ ´¥°É·μ´μ¢, £¥´¥·¨·Ê¥³ÒÌ ¢ ¸¢¨´Íμ¢μ° ³¨Ï¥´¨ ¨ · §³´μ¦ ÕÐ¨Ì¸Ö ¢ ¡² ´±¥É¥
¨§ ¥¸É¥¸É¢¥´´μ£μ Ê· ´ , Ô±¸¶μ´¨·μ¢ ²¨¸Ó  ±É¨¢ Í¨μ´´Ò¥ ¶μ·μ£μ¢Ò¥ ¤¥É¥±Éμ·Ò (μÉ Al ¤μ
Bi), É¢¥·¤μÉ¥²Ó´Ò¥ É·¥±μ¢Ò¥ ¤¥É¥±Éμ·Ò, μ¡· §ÍÒ 129I, 237Np, 238Pu ¨ 239Pu ¤²Ö ¨§ÊÎ¥´¨Ö
¨Ì É· ´¸³ÊÉ Í¨¨ ¨ Ö¤¥·´Ò¥ Ô³Ê²Ó¸¨¨. ’· ´¸³ÊÉ Í¨Ö (¢Ò¦¨£ ´¨¥) ¤μ²£μ¦¨¢ÊÐ¨Ì μÉÌμ¤μ¢
(· ¤¨μÔ±μ²μ£¨Î¥¸±¨°  ¸¶¥±É) ¨§ÊÎ ² ¸Ó ³¥Éμ¤μ³ £ ³³ -¸¶¥±É·μ³¥É·¨¨ ¶μ μ¶·¥¤¥²¥´¨Õ
¢ÒÌμ¤μ¢ ´Ê±²¨¤μ¢, μ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ ¸ ´¥°É·μ´ ³¨. ‘ ¶μ³μÐÓÕ  ±É¨¢ Í¨μ´´ÒÌ
¶μ·μ£μ¢ÒÌ ¤¥É¥±Éμ·μ¢ ¨ 3�¥-¸Î¥ÉÎ¨±μ¢ ´¥°É·μ´μ¢ ¨¸¸²¥¤μ¢ ´μ Ô´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥-
²¥´¨¥ ´¥°É·μ´μ¢ ¢ μ¡Ñ¥³¥ ¨ ´  ¶μ¢¥·Ì´μ¸É¨ Ê· ´μ¢μ£μ ¡² ´±¥É . �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¨ ¤ ´´ÒÌ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ ¶·μ£· ³³¥
MCNPX.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚. ˆ.‚¥±¸²¥·  ¨ 	.Œ.
 ²¤¨´ 
¨ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢  �ˆŸˆ.
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Krivopustov M. I. et al. E1-2007-7
About the First Experiment on Investigation of 129I, 237Np, 238Pu and 239Pu Transmutation
at the Nuclotron 2.52 GeV Deuteron Beam in Neutron Field Generated in U/Pb-Assembly
®Energy Plus Transmutation¯

Preliminary results of the ˇrst experiment with deuteron beam with energy 2.52 GeV at the
electronuclear setup which consists of Pb-target (diameter 8.4 cm, length 45.6 cm) and natU-
blanket (206.4 kg), transmutation samples of 129I, 237Np, 238Pu and 239Pu (radioecological
aspect) are described. Hermetically sealed samples in notable amounts are gathered in atomic
reactors and setups of industries which use nuclear materials and nuclear technologies were
irradiated in the ˇeld of neutrons produced in the Pb-target and propagated in the natU-blanket.
Estimates of transmutations were obtained as result of measurements of gamma activities of
the samples. The information about the space and energy distribution of neutrons in the
volume of the lead target and the uranium blanket was obtained with help of sets of activation
threshold detectors (Al, Co, Y, I, Au, Bi and others), solid-state nuclear track detectors, 3He
neutron detectors and nuclear emulsion. Comparison of the experimental data with the results
of simulation with the MCNPX program was performed.

The investigation has been performed at the Veksler and Baldin Laboratory of High
Energies and at the Dzhelepov Laboratory of Nuclear Problems, JINR.
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This work is dedicated to the cherished memory
of Prof. Vladimir Pavlovich Perelygin

INTRODUCTION

The investigations described in this paper were performed within the frame-
work of the scientiˇc programme called ®Investigations of physical aspect of
electronuclear energy generation and atomic reactors radioactive waste transmu-
tation using high energy beams of the Synchrophasotron/Nuclotron JINR (Dubna)¯
Å programme ®Energy plus Transmutation¯. It has been introduced into the nu-
clear science community by Krivopustov et al. [1Ä4]. The scientiˇc description
of the project, including main ideas, history, former experiment description and
results, uranium ˇssion calorimeter description, experimental methodology used
for neutron and proton ˇeld properties' investigation (activation and Solid State
Nuclear Track Detectors (SSNTD), nuclear emulsions, 3He detectors, etc.), can
be found in publications of the ®Energy plus Transmutation¯ collaboration [3Ä8]
and in the overview of JINR research by Baldin et al. and Malakhov et al. (see
Ref. [9]).

During 1999Ä2004 various experiments were made with the ®Energy plus
Transmutation¯ assembly employing proton beams with kinetic energies in the
range from 0.7 to 2.0 GeV. The experiments were focused on general aspects of
energy generation by future Accelerator Driven Systems (ADS), such as neutron
generation and multiplication, neutron spectra determination (division into ther-
mal, resonance, fast and high-energy groups), generation of secondary isotopes
inside the Pb-target and U-blanket, energy generation and deposition, neutron
induced transmutation of long-lived minor-actinides (237Np and 241Am), ˇssion
products (129I), and plutonium isotopes (238Pu and 239Pu) [3Ä17]. These inves-
tigations appear to be very important for the development of ADS usable for
future nuclear energy production and nuclear fuel cycle safety. This technology
has recently attracted considerable attention [18Ä23].

Usage of the deuteron beam was motivated by the possibility of comparison
of the data of neutron generation in our setup with results of Tolstov et al.
[24], who used a Pb-slot of 50 × 50 × 80 cm3, and Vasillkov et al. [25], who
used cylinders with diameters from 16 to 20 cm and lengths from 60 to 76 cm.
Data can also be compared with our previous proton results and with computer
simulations which are in progress now. An interesting result for comparison with
protons is the average energy cost for one neutron, i. e., the energy which is
needed for production of one neutron in ADS. This value depends on setup, beam
type, beam energy, and other variables.
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The investigations of transmutation (incineration) of radioactive waste at the
high energy accelerator which were started in 1996 in our experiments at the
Synchrophasotron proton beams (LHE, JINR) [10] were continued in the present
work. This paper describes the ˇrst experiment investigating the transmutation of
the radioactive nuclides 129I, 237Np, 238Pu and 239Pu with a deuteron beam [13,
15, 17]. The experiment used the setup ®Energy plus Transmutation¯ [1Ä4] and
the superconducting accelerator Nuclotron of the Veksler and Baldin Laboratory
of High Energies at JINR (A. D. Kovalenko Ref. [9]).

1. EXPERIMENTAL SETUP

The general scheme of ®Energy plus Transmutation¯ setup [2Ä4], which was
built in 1998Ä1999 for spent fuels isotopes transmutation investigations is shown
in Figs. 1 and 2. The detailed technical design was carried out by the All-Russian
Institute of Nuclear Energy Machine Building (VNIIAEM) in Moscow and man-
ufacturing of the steel structure was performed at the mechanical workshop of the
Laboratory of High Energies JINR.

Activation
and SSNT
derectors

Pb-target
84 mm 456 mm� �

Particle beam
from

Nuclotron

Activation
and SSNTD

monitor 30 U rods in Al shell
36 mm 104 mm� �

4 blanket
sections

1
2

3

4

5

Fig. 1. Scheme of the four-section ®Energy plus Transmutation¯ setup with a massive lead
target and uranium subcritical blanket [1Ä4]. The placement of transmutation samples is
presented at the surface of the second section of U-blanket

The ®Energy plus Transmutation¯ setup consists of the following systems:

• Lead target divided into four sections (diameter of 8.4 cm and total length
of 45.6 cm; weight of 28.6 kg).
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Fig. 2. The U/Pb-assembly of ®Energy plus Transmutation¯ setup [1Ä5] is inside of a
massive shielding and placed onto a mobile platform, which can be moved into and out
of the beam line. The left side (a Å Y Z cross section) of this ˇgure gives a cut through
the setup along the beam line, the right side (b Å XY cross section) shows a cut through
the assembly perpendicular to the beam line in the position. In the holes, on the upside
shielding and between the ˇrst and second sections of the U/Pb-assembly nuclear emulsion
spectrometers are mounted

• Uranium blanket divided into four sections; each section consists of 30
fuel rods of natural uranium inside an aluminium cover (34 mm diameter,
104 mm length, weight of 1.72 kg). Each section contains 51.6 kg of
uranium, so the whole blanket contains 206.4 kg of natural uranium.

• Beam monitoring and adjustment of activation system and solid-state nu-
clear track detectors, proportional ionization chambers and Polaroid ˇlms.

• 3He detector system with automatic movement along the setup. The present
experiment was the ˇrst one where 3He detectors [26] were used in elec-
tronuclear investigations. These detectors were used to determine the spatial
and energetic distributions of neutron �ux density.

• Set of radioactive samples for transmutation studies. This set contains
129I, 237Np, 238Pu and 239Pu nuclides, each hermetically packed inside an
aluminium container (see Figs. 3 and 4).

• Backplate for ˇxation of radioactive samples and other foil-based detectors
to the top of the second section of the blanket (see Figs. 2 and 3).
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• Five polyethylene plates for ˇxation of activation threshold and SSNT de-
tectors.

• Five spectrometers based on nuclear emulsion for neutron registration by
proton recoil. The results of the ˇrst usage of nuclear emulsion technique
for investigation of fast electronuclear neutron spectra are presented in our
work [5].

• Shielding box ˇlled with granulated polyethylene with boron carbide, and
with a cadmium cover; the outside box is made from wood. The box has
dimensions of 100×106×111 cm3 and weighs 950 kg. It can be moved to
the irradiation place at focus F3N of the Nuclotron experimental complex
using a special rail system (see Fig. 2).

More detailed information of each part of the setup is given in our publica-
tions [1Ä5].

The system of activation threshold detectors, nuclear emulsion, SSNTD, 3He
neutron detectors, and thermometric techniques are in general called uranium
ˇssion calorimeter [3].

2. TRANSMUTATION SAMPLES

The transmutation samples (129I, 237Np, 238Pu and 239Pu) were placed on the
top of the second section of the uranium blanket (see Figs. 1 and 3) ˇxed on the

Fig. 3. The four U-blanket sections (top view). In this image the gaps between the blanket
section and detector plates (Number 1, 2, 3, 4 and 5) can be seen. On top of the blanket
on the surface sections activation detectors and radioactive waste samples of 129I, 237Np,
238Pu and 239Pu for transmutation studies are placed
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Table 1. Basic properties of radioactive samples for transmutation studies

Sample Decay type Half-life, y Weight, g Isotopes, %
129I β− 1.57 × 107 0.591 85 129I

0.121 15 127I
237Np α 2.14 × 106 1.085 ∼ 100 237Np

72.92 238Pu

16.75 239Pu
238Pu α 87.7 0.0477 2.87 240Pu

0.35 241Pu

0.11 242Pu

rest is unknown
239Pu α 2.41 × 104 0.455 ∼ 100% 239Pu

special paper backplate (104×140×1 mm3). In each experiment only one sample
of each isotope was used plus one sample with 127I, which is irradiated to subtract
the effect of this nuclide in the 129I sample, which contains 15% of 127I. Also
the 238Pu sample is not pure and it contains other plutonium isotopes, mainly
239Pu (16.75%). Radioactive materials are enclosed in an aluminium holder
(special duralumin alloy) with diameter of 34 mm (Fig. 4). Some properties of
the samples used in 2.52 GeV deuteron irradiation are given in Table 1.

Fig. 4. Weld-sealed aluminium container for 129I, 237Np, 238Pu and 239Pu radioactive
samples which were used for this transmutation experiment (dimensions are in mm)

Radioactive samples were manufactured by collaboration of three Russian
nuclear research institutes Å the Leipunski Institute of Physics and Power En-
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gineering in Obninsk, the Bochvar All-Russian Institute of Anorganic Materials
in Moscow (VNIINM), and the ®Mayak¯ Plant in Ozersk (Chelyabinsk region).
Samples are periodically tested for hermetical properties, especially before and
after irradiation by testing for alpha activity on the surface.

3. ACTIVATION AND SSNT DETECTORS, NUCLEAR EMULSIONS AND
SAMPLES OF VARIOUS TECHNOLOGICAL MATERIALS

In order to determine the neutron ˇeld at the places where transmutation
samples were located, activation threshold detectors (of Al, Ti, V, Mn, Fe, Co,
Ni, Cu, Y, Nb, In, Dy, Lu, W, Au and Bi) were placed on the second section of
the U-blanket (see Figs. 1 and 3).

Neutron distributions were studied along the surface of the U-blanket and
on the top of the shielding using SSNT detectors. CR39 foils acting as particle
detector were placed parallel to the target axis. One part of the detector was in
contact with a neutron converter (Kodak LR115 type 2B, containing Li2B4O7).
This converter provides information about neutron �uence, detecting the alpha-
particle tracks on CR39 emitted via 10B(n, α)7Li and 6Li(n, α)3H reactions.
Another part of CR39 was in contact with the converter and was covered on both
sides with 1 mm Cd foils detecting likewise the epithermal neutrons.

The thermal neutron component (up to about 1 eV) was calculated by sub-
tracting the measured track density of the Cd-covered from the Cd-uncovered
region of the CR39 detector. Fast neutrons were determined by proton re-
coil tracks in the detector itself (neutron elastic scattering on hydrogen of the
detector) [26]. The neutron energy region detected by proton recoils is be-
tween 0.3Ä3 MeV due to limitations in the proton registration efˇciency [27].
SSNTDs were also used as ˇssion detectors. The ˇssioning target of approxi-
mately 100 μg/cm2 was evaporated on Makrofol E-detector. Targets of 235U and
232Th were used in order to study the thermal (up to about 1 eV) and fast neutron
(above 2 MeV) distributions over the U-blanket [26].

SSNTDs were used for beam monitoring (see Sec. 6 of the present work),
investigation of the high-energy neutron ˇeld (E > 30 MeV) between U-blanket
sections, determination of ˇssion abundance and energy output in the blanket,
share of thermal, epithermal and fast neutrons in the neutron ˇeld.

For investigation of spectra of fast neutrons leaving the U/Pb-assembly in our
experiment there were used high sensitive thick nuclear emulsions G-5BR (base-
less, relativistic) with dimensions of 100× 25 × 1.2 mm3. As is demonstrated in
Fig. 2 these emulsion spectrometers were placed on upper surface of the shielding
of the U/Pb-assembly [5].

Investigations of technical properties of materials used in nuclear facilities,
like hafnium, zirconium and epoxy which are of a high importance for accelera-
tors, atomic reactors, physical setup and coupled engineering, have also begun.
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4. 3He NEUTRON COUNTERS

The basic characteristics of 3He proportional counter used are summarized in
Table 2. The measurement system, presented in Fig. 5, consists of a high-voltage
power supply, a preampliˇer suitable for proportional counters (Canberra, model
2006), an ampliˇer (Tennelec model TC205), and a computer based multichannel
analyzer (Tennelec PCA-III). The 3He counter was manufactured by LND INC
(New York, USA).

Table 2. Basic characteristics of the 3He counter

Detector
Pressure, Gas Cathode: Anode: Effective Effective

atm contens, % material, material, length, diameter,
thickness diameter cm cm

3He 6

3He 64.7 Stainless Tungsten,
Kr 33.3 steel 304, 0.025 mm 15 5
CO2 2.0 0.089 cm

The system was calibrated using the Tandem, Van de Graaff accelerator
facility at the Institute of Nuclear Physics, NCSR Demokritos (Athens, Greece)
[28]. The detector was irradiated with mono-energetic neutrons in the energy
range of 230 keV � En � 7.7 MeV, produced via 7Li(n, p)7Be and 2H(d, n)3He
reactions. Due to the high pressure and its large dimensions the 3He counter
could be used effectively for measuring neutron energies up to about 7 MeV.

A linear response with incident neutron energy was observed for neutron
energies up to this energy, both for the full energy peak and the recoil peak. The
energy resolution varied from 11% for thermal neutrons down to 4% for higher
energies.

Preamplifier Amplifier MCA

3He
Canberra

2006

Tennelec
TC205

Tennelec
PCA-III

CMTE
3103D

HV power
supply

Fig. 5. Neutron counting system (see details in the text)

The disadvantage of 3He counters when they are used in high intensity
neutron ˇelds is their relatively high dead time of several tens of μs. In order
to avoid space charge effects or even paralyzing of the detector, the maximum
count rate must be kept well below 104 s−1. In this irradiation the motorized
stage, which was speciˇcally designed for holding and moving the counter during
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the experiment, was positioned to the maximum possible distance about 4.7 m
from the center of U-blanket (see Fig. 6). The cylindrical wall of the counter
was covered with 1.2 mm Cd to minimize the contribution of scattered thermal
neutrons, coming mainly from the concrete walls. Preliminary 3He counter results
are given in Subsec. 7.3. of the present work.

1
0
0

60
5
0

27� 470

106

Beam

Shielding

U/Pb-assembly

3He counter

Concrete

1
1
1

Fig. 6. Arrangement of the counter in respect to the beam direction and U/Pb-assembly of
the setup ®Energy plus Transmutation¯ [1Ä4] (distances are in cm)

5. GAMMA-SPECTRA MEASUREMENT

Analyses of activation threshold detectors, Al and Cu beam monitors and
129I, 237Np, 238Pu and 239Pu transmutation samples started with the gamma-
spectra measurement on HPGe detectors provided by Dzhelepov Laboratory of
Nuclear Problems of JINR. Description of main parameters of these detectors
are given in Table 3. Different geometrical positions as well as various ˇlters
composed of Cu, Cd and Pb were used depending on samples activities. Spectra
measurements started a few hours after the end of the irradiation and lasted for up
to two weeks. The HPGe-detector systems were calibrated using a well-deˇned
57Co, 60Co, 88Y, 137Cs, 152Eu, 154Eu and 228Th (and daughters products) and
133Ba sources which have several gamma lines ranging from 80 up to 2600 keV.

The gamma spectra were analyzed and the net peak areas were calculated
using the DEIMOS program [29]. All necessary corrections for coincidences
and background contributions were done. About ˇve hundred gamma-ray spectra
were measured and analyzed.
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Table 3. Parameters of HPGe gamma-spectrometers

HPGe CANBERRA ORTEC ORTEC
detector GR1819 GMX-23200 GMX-20190-P

Relative
18.9 27.7 28.3

efˇciency, %

Resolution, keV
1.78 1.86 1.80

(at 1332 keV)

Ampliˇer ORTEC 973 CANBERRA 2024 CANBERRA 2026

ADC
ORTEC 921 ORTEC 919 ORTEC 919

SPECTR. MASTER SPECTR. MASTER SPECTR. MASTER

6. BEAM MONITORING

The beam intensity proˇle of irradiation of U/Pb-assembly with deuteron
beam of the Nuclotron is illustrated in Fig. 7. The irradiation lasted for 7 h 59 min.
The total number of deuterons determined by a proportional ionization chamber
suffered from a signiˇcant systematic error. Therefore, the beam geometry and
the total beam �uence were measured separately, each of them by two independent
beam monitors.

6.1. Aluminium and Copper Monitors. The total beam intensity was deter-
mined by the activation analysis method using foils of Al and Cu. In the process
of irradiation, this stable isotope was transmuted by 27Al(d, 3p2n) reactions into
radioactive 24Na. The yield of β radioactive nucleus of 24Na was determined with
the help of γ-spectrometry. There is only one available value in the literature of
the cross section of the 27Al(d, 3p2n)24Na reaction [30]:

σ2.33GeV(27Al(d, 3p2n)24Na) = (15.25± 1.50) mb. (1)

However, as the excitation function is almost constant in this energy region,
we have neglected the difference between the cross sections at 2.33 and 2.52 GeV
and we have used the tabulated value (1) also for our calculations.

There were two sets of Al foils activation placed 100 cm in front of the
lead target, a distance which is sufˇcient to suppress the in�uence of the neu-
trons evaporated from the target, which could cause the competitive reaction
27Al(n, α)24Na.

The ˇrst set was a 10 × 10 cm2 Al foil with a thickness of 250 μm. Using
the cross-section data from (1), the value of the integral deuteron �ux determined
from this Al foil is Id = 6.42(17) · 1012. The uncertainty of the integral deuteron

9
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Fig. 7. The intensity proˇle of the irradiation of the Pb-target with U-blanket at 2.52 GeV
deuteron beam, delivered by the Nuclotron [9]

�ux given above includes only statistical uncertainties. It is difˇcult to estimate
the inaccuracy of the determination of the corresponding cross section because
the only one experimental value is available. The given experimental uncertainty
of the known cross section contributes at least ±10%.

The second set was a circular 27Al foil with a thickness of 30 μm cuts into
an inner circle with diameter of 21 mm and four concentric rings with external
diameters of 80, 90, 120 and 160 mm (Table 4). The integral deuteron �ux
determined from this Al foil is Id = 6.50(21) · 1012 (also statistical uncertainty
only). Finally, the weighted average of the integral deuteron �ux was determined
as Id = 6.45(13) · 1012, where only the statistical uncertainty of the cross-section
determination was taken into account.

The beam position was ˇrst monitored before the beginning of the irradiation.
One bunch of deuterons was sent onto Polaroid ˇlms (placed in front of the target)
in order to check the shape, location, and alignment of the beam. After the check
that the beam

• is centred on the forehead of the target,

• goes approximately in a parallel way with the target axis,
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Table 4. Measured activities of single parts of the circular 27Al foil and calculated beam
intensities

Inner Outer 24Na Statistical Beam
diameter, diameter, activity, uncertainty, intensity,

cm cm Bq % 109 deuterons/cm2

0.0 2.1 253 3 7.43

2.1 8.0 274 3 0.60

8.0 9.0 5 20 0.04

9.0 12.0 8 13 0.02

12.0 16.0 11 9 0.01

• has an elliptical shape close to a circle with half-axes of not more than
1 cm length,

two sets of monitors were used to measure the beam proˇle during the whole
period of the target irradiation.

One 6 × 6 cm2 Cu foil with a thickness of 100 μm was placed closely in
front of the target. After the irradiation, this foil was cut into nine pieces and each
of these 2×2 cm2 foils was measured and analyzed separately. Many products of
natCu(d, X) reactions were measured and the following isotopes were identiˇed:
24Na, 43K, 48,44mSc, 48V, 48Cr, 52Mn, 58,56,55Co, 57Ni and 61Cu. As there are
no available experimental cross sections for (d+Cu) reactions, only the yields in
different foils were compared. We found that the deuteron beam at the entrance
to the target was shifted a bit down (∼1 mm) and notably to the right (∼1 cm).

6.2. SSNTD Monitors. The second set of detectors for beam monitoring
were SSNTD. The determination of the beam proˇle using this technique includes
the measurement of distributions of ˇssion rates induced in natural lead. Two
subsets (lines of 19 lead samples each) were placed just in front of the target
in perpendicular directions: from left to right side and from bottom to top. The
experimental data were ˇtted by a Gaussian distribution. The parameters obtained
from the ˇtting were the shift of the beam centre: 0.3(2) cm down, 1.5(2) cm
to the right (uncertainties estimated from the inaccuracy of samples location);
and the elliptical shape of the beam with the major half-axis in vertical direction
FWHMVER = 1.63(20) cm and the secondary half-axis in horizontal direction
FWHMHOR = 1.56(20) cm. These results correspond very well with the results
of the ˇrst method of the beam measurement. Nevertheless, thanks to its very
narrow shape, about 97(3)% of the beam hits the target, as shown in Table 4.
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7. PRELIMINARY RESULTS

This Section gives some preliminary results of measurements with the acti-
vation threshold detectors from 27Al, 87Y and 197Au (the detectors made of 16
different isotopes and enumerated in Sec. 2 of this paper were used in our ex-
periment), natural U foils, from SSNT detectors and 3He neutron counters. The
transmutation (incineration) yield results of radioactive nuclear waste isotopes
are also presented. Detailed description of different detectors, methods used in
the experiment and analysis of results together with computer simulation will be
presented in future publication of the collaboration ®Energy plus Transmutation¯.

7.1. About Transmutation (Incineration) of 129I, 237Np, 238Pu and 239Pu.
The transmutation of long-lived radioactive waste nuclides from nuclear reactors
and industrial setups which use nuclear technologies and nuclear materials into
stable or short-lived radioactive nuclides is the main purpose of the programme
®Energy plus Transmutation¯ [1Ä4].

The experimental values of transmutation rates or velocity of the reaction
R(Ares) and yield of residual nuclei B(Ares) are calculated by the following
equations:

R(Ares) =
N(Ares)
ns · ID

, B(Ares) =
N(Ares)
ms · ID

, R(Ares) = B(Ares)
As

NAvo
, (2)

where N(Ares) Å the number of nuclei of isotope Ares produced in a sample; ns

and ms Å the number of atoms in the activation detector and its mass in grams;
ID Å deuteron �uence in the irradiation; NAvo Å the number of Avogadro;
As Å the atomic number of a sample.

Transmutation yields B(Ares) are ideal benchmark data to test theoretical
models that describe the complex processes of interactions of the primary beam
particles, the production of spallation neutrons, their secondary reactions in the
natU/Pb-assembly, particle transport properties and ˇnally the interaction with the
sample nuclide. The correct description of all processes is an essential premise
for credible results from the necessary calculations that must be made in order to
design a real transmutation setup on the technical or even industrial scale. The
129I, 237Np, 238Pu and 239Pu nuclides are of particular importance as they are
long-lived radioactive waste that could be transmuted with neutrons into stable or
short-lived isotopes (see the following reactions and Tables 5 and 6):

129I(n, γ)130I∗
β−;T1/2=12.36 h
−−−−−−−−−−−→ 130Xe (stable),

129I(n, nx) and 129I(n, xnyp) → stable and radioactive isotopes,
237Np(n, f) → fission products,

237Np(n, γ)238Np
β−;T1/2=2.2 d
−−−−−−−−−→ 238Pu∗(T1/2 = 87.74 y),

238,239Pu(n, f) → fission products.

(3)
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Taking into account that samples of 237Np, 238Pu and 239Pu are irradiated
with fast neutrons with energies up to hundreds of MeV ˇssion and also spallation
reactions are possible.

Radioactive samples that are exempliˇed nuclear waste isotopes being serious
from the safety point of view were irradiated with secondary neutrons generated
by the spallation reactions of 2.52 GeV deuterons on the lead target and also by
neutrons produced inside the subcritical uranium blanket. The radioactive samples
of 129I and 237Np (see Table 1 and Figs. 1 and 3) and stable 127I were irradiated
on the top surface of the second section of uranium blanket. Transmutation
rates of the isotopes Å i. e., the yield of product nuclei Å were investigated by
gamma-spectrometric methods. We obtained data on the absolute reaction rates
as an R(Ares)-parameter, which is the number of product nuclei produced per
atom of the sample, per one incident deuteron or proton.

The irradiation of 127I was used for subtraction of a 15% contamination in
the 129I sample. The results are given in Table 5. The data from interaction of
2.0 GeV protons with the same targets under the same experimental conditions are
also presented [12]. Delay between the end of irradiation and the ˇrst γ-spectra
measurement (i. e. the cooling time) was 5 h for protons and 11 h for deuterons.
Short-lived nuclei such as 128I (T1/2 = 28 min) therefore could not be detected.
It is seen from Table 5, that the results from deuterons of 2.52 GeV (the present
work) and protons of 2.0 GeV [12] show remarkably similar yields. This means
that the product cross section is mainly determined by the full energy of the input
particles Å deuterons or protons.

However, for 237Np as sample the yield of product nuclei from 2.52 GeV
deuterons is systematically higher, almost the factor of 1.3, than in case of
2.0 GeV protons.

Two plutonium isotopes (238Pu and 239Pu) were also irradiated on top of the
second section of the U/Pb-assembly (see Figs.1 and 3), close to the 129I and
237Np samples. In Table 6 product yields are given.

As mentioned above, measurements of γ-spectra were started about 11 hours
after the end of irradiation. Due to such long cooling time, it is impossible
to see product isotopes with short life-times which were actually observed in
experiments with protons. This is especially obvious in 238Pu sample, in which
only two nuclei products were observed.

It should be mentioned, that besides our experiments on investigation of
transmutation of radioactive waste atomic reactors (129I, 237Np, 238Pu, 239Pu and
241Am) see, for example, our results presented in the publications [5, 10Ä17]
about study of transmutation ˇssion products of 99Tc and 129I at beams of three
different accelerators and setups also mentioned in the works [23, 31].

7.2. Studies of Neutron Distributions Using Activation Detectors. We stud-
ied the spatial and energetic distributions of neutrons produced at different places
of the setup. The neutrons induced γ-emitting products in activation detector
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Table 5. Preliminary results about product nuclei observed in 127I, 129I and 237Np
samples; R(Ares) yields resulting from irradiations with proton and deuteron beams

Residual
T1/2

Deuterons Protons
nuclei 2.52 GeV 2.0 GeV [12]

127I sample, R(Ares) · 1029

111In 16.78 d 0.50(7) 0.38(10)
119Te 16.03 h 1.15(18) 1.31(27)

119mTe 4.70 d 1.15(26) 1.03(12)
121I 2.12 h 3.87(100) 3.13(23)

122Sb 2.72 d 1.24(15) Ä
123I 13.3 h 11.6(14) 13.0(10)
124I 4.18 d 18.3(11) 19.0(10)

125Xe 16.9 h 20.1(86) Ä
126I 13.11 d 70.4(3) 81(4) 10

129I sample, R(Ares) · 1029

121Te 16.78 d 4.93(94) Ä
124I 4.18 d 4.38(125) 4.0(5)
126I 13.11 d 10.8(25) 22.5(44)
130I 12.36 h 816(40) 809(33)

237Np sample, R(Ares) · 1026

97Zr 17.0 h 0.188(29) 0.159(8)
99Mo 2.75 d 1.64(47) Ä
132Te 3.26 d 0.217(32) 0.147(11)
133I 20.8 h 0.265(75) 0.182(28)

238Np 2.12 d 17.0(8) 13.3(3)

foils through (n, xn), (n, α) and (n, γ) reactions. Different thresholds of these
reactions allow probing the energy spectrum of neutrons. Foils of three elements
(Al, Y and Au) were placed at different positions of the setup and also inside the
lead target. The activation detectors of the ˇrst set were placed at the distances
of 0; 11.8; 24.0; 36.2 and 48.4 cm from the front of the Pb-target and at the
distances from 0.0 to 13.5 cm from the Pb-target axis (see Fig. 8).
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Table 6. Preliminary results about product nuclei observed in 238Pu and 239Pu samples;
R(Ares) and B(Ares) yields resulting from the irradiation with a deuteron beam

Product nuclei T1/2 B(ΔB) · 105 R(ΔR) · 1027

238Pu sample
97Zr 16.9 h 4.51(11) 15.6(4)

135Xe 9.14 h 8.0(9) 29(4)
239Pu sample

103Ru 3.93 d 5.0(4) 19.8(17)
128Sb 9.01 h 0.18(5) 0.72(22)
132Te 3.2 d 4.3(4) 16.9(17)
133I 20.8 h 6.8(7) 27(3)
135I 6.57 h 4.6(8) 18(3)

135Xe 9.14 h 3.0(8) 12(3)
140Ba 12.75 d 5.2(6) 20.4(23)
143Ce 33.04 h 3.6(4) 14.3(15)
91Sr 9.63 h 2.6(4) 10.3(17)
97Zr 16.9 h 5.3(4) 20.9(17)

After the irradiation the activated foils were transported to the gamma-
spectroscopy laboratory to investigate activities with the HPGe detectors for the
determination of decay rates of produced radioactive nuclides. Activities at the
end of the bombardment were converted into production rates B(Ares) of these
nuclei (see Eq. (2)). The production rate B(Ares) is very sensitive to the energy
threshold of the reaction and hence also to the neutron spectrum in the foil po-
sition. Gamma-radiation of each foil was measured twice at different times after
irradiation to distinguish between isotopes with different half-life.

The results from the analysis of several gamma-ray line intensities from
two spectra were used to calculate the experimental production rate B(Ares).
Weighted averages over the number of spectra were determined for each individual
isotope and foil. Resulting values were used for further analysis.

Radial distributions of production rates B(Ares) for several isotopes produced
in Au and Al activation detectors are shown in Figs. 9Ä11 as examples.

Yttrium-89 activation detectors that were already used in former experi-
ments [32] were placed on plastic foils in front of and between the four sections,
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Fig. 8. Typical placement of activation detectors (see also Figs. 2 and 3)
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Fig. 9. Radial distributions of production rates B(Ares) for isotope 198Au produced on
Au foils by non-threshold (n, γ) reaction for different distances from the front of the
Pb-target. The lines are drawn to guide the eyes

Fig. 10. Radial distributions of production rates B(Ares) for isotope 24Na produced in Al
foils by (n, α) reaction with threshold energy of 5.5 MeV. Distributions are shown for
different distances from the front of the Pb-target. The lines are drawn to guide the eyes

as well as on the rear of the U/Pb-assembly in several positions at varying ra-
dial distances from assembly's symmetry axis. The preliminary results presented
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Fig. 11. Radial distributions of production rates B(Ares) for 196Au (top) and 194Au
(bottom) isotopes produced on Au foils by (n, 2n) and (n, 4n) reactions with threshold
energies of 8.1 and 23.2 MeV, respectively. The lines are drawn to guide the eyes

below give spatial distributions of 88Y, 87Y and 86Y isotopes production from
(n, xn) reactions (see Table 7 and Fig. 12).

General features of experimental distributions are as follows:

• there is a clearly deˇned maximum in yield around the distance Z =
(16 ± 2) cm from the front of the target;

• the B(Ares) parameter is decreasing with increasing radial distance from
the target axis (beam axis position);

• while B(Ares) parameter distributions for the non-threshold (n, γ) reaction
are almost �at, the corresponding distributions of threshold reactions change
over magnitude and in case of radial distributions are close to an exponential
form.

One can conclude that epithermal and resonance neutron �uxes are almost
constant in the Pb-target volume whereas the �ux of high energy neutrons strongly
changes with radial distance from the target axis. These features are very similar
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Fig. 12. Distributions of production rates B(Ares) for isotopes 88Y (top), 87Y (middle)
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Table 7. Preliminary results of B(Ares) ·105 Å parameter for product observed in 89Y
detectors, positioned at 0.0; 11.8; 24.0; 36.2 and 48.4 cm in front of the Pb-target (see
Figs. 2 and 8)

Residual Radial
nuclei, distance, Axial position, cm
T1/2, cm

used γ lines 0.0 11.8 24.0 36.2 48.4
0.0 8.34 (6) 12.7 (4) 12.7 (17) 4.874 (12) 1.37 (5)

88Y 3.0 1.77 (11) 4.1 (4) 3.58 (12) 2.04 (13) 0.70 (8)
T1/2 = 106.65 d, 6.0 1.03 (10) 2.25 (8) 1.56 (3) 0.997 (2) 0.38 (12)
Eγ = 898.0 and 8.5 0.87 (20) 1.26 (5) 1.075 (2) 0.741 (9) 0.373 (5)

1836.0 keV 10.5 0.38 (11) 0.74 (17) 0.82 (3) 0.285 (19) Ä
13.5 0.23 (5) 0.50 (4) 0.30 (10) Ä 0.075 (6)
0.0 4.55 (5) 7.175 (13) 7.18 (4) 2.785 (8) 0.875 (8)

87Y 3.0 0.694 (4) 1.988 (11) 1.899 (21) 1.048 (1) 0.509 (3)
T1/2 = 3.32 d 6.0 0.415 (10) 1.025 (5) 0.841 (3) 0.483 (5) 0.250 (3)

Eγ = 388.5 and 8.5 0.264 (11) 0.611 (3) 0.540 (13) 0.323 (2) 0.158 (1)
484.8 kev 10.5 0.197 (4) 0.383 (7) 0.379 (9) 0.227 (7) 0.115 (10)

13.5 0.126 (3) 0.216 (4) 0.211 (2) 0.141 (9) 0.074 (5)
0.0 1.89 (13) 2.67 (10) 3.02 (15) 1.26 (8) 0.400 (27)

86Y 3.0 0.224 (15) 0.57 (4) 0.69 (3) 0.350 (25) 0.184 (14)
T1/2 = 0.614 d 6.0 0.141 (17) 0.304 (22) 0.29 (3) 0.185 (17) 0.098 (13)

Eγ = 1076.0 keV 8.5 0.100 (23) 0.174 (16) 0.184 (21) 0.126 (11) 0.057 (8)
10.5 0.086 (19) 0.099 (10) 0.133 (16) 0.085 (15) 0.046 (10)
13.5 0.042 (13) 0.060 (8) 0.075 (10) 0.060 (13) 0.026 (6)

to previous experimental results obtained using proton beams [5, 32, 33] and they
ˇt together with systematics of proton experiments.

The comparison between experimental and simulated production rates of
many threshold reactions makes it possible to test the accuracy of the description
of neutron production over a wide neutron energy interval. It is also possible
to restore the neutron energy spectrum using the cross sections dependence on
neutron energy, provided that a sufˇcient number of production reactions have
been determined.

7.3. Methodical Tests of Neutron Measurements Using 3He Counters.
At the beginning of the experiment (see Fig. 7), dedicated to the irradiations
of emulsions and track detectors were made and several neutron spectra were
simultaneously collected. In all of these spectra a distortion of the thermal peak
(the reaction 3He(n, p)3H has a Q-value of +764 keV) due to space charge effects
is observed, despite the relatively small intensity of the beam. As an example, the
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spectra collected during the Polaroid exposure (1 pulse) and during the irradiation
of emulsions (6 pulses) are presented in Fig. 7. The count rate during these
measurements was calculated to be in the range from 14 to 17 kcps. To prevent
detector overload the main counter was placed behind the concrete shield for the
rest of the experiment (Fig. 6).

The spectrum collected there during this irradiation is also presented in
Fig. 13. The mean count rate during this measurement was about 20 kcps. The
second peak at about 1.5 MeV presented in all spectra is a coincidence peak of
two thermal neutrons.

Fig. 13. The spectra collected during the irradiation of the ®Energy plus Transmutation¯
setup with a deuteron beam of 2.52 GeV (Fig. 7). The ®bottom¯ and the ®middle¯ spectra
were accumulated by the detector, placed in front of the concrete wall, during 1 and
6 impulses of the deuteron beam, respectively. The ®top¯ spectrum shows the neutron
spectrum, collected with the detector, placed behind the concrete wall (see Fig. 6), during
7 h of irradiation of the target

According to the above observations the count rate in all collected spectra
exceeded the limit of this system for neutron spectroscopy. Useful information
about neutron spectra of ®Energy plus Transmutation¯ setup can be obtained only
with lower deuteron intensity and pulses of longer duration.

7.4. Measurements of Neutron Characteristics Using SSNTD. The SSNT
detectors mentioned in Sec. 3 of the present work were used in the same way as
in the series of previous experiments at the ®Energy plus Transmutation¯ setup
at the Synchrophasotron and Nuclotron proton beams [4Ä8, 13, 16].

7.4.1. The fast neutron distribution along the U-blanket. The neutron
�ux on the U-blanket surface re�ects neutron production along the Pb-target
from spallation reactions by primary and secondary particles and also neutron
production in the uranium blanket by secondary particles, keeping in mind that
the beam diameter is smaller than the target diameter.
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According to the experimental data, thermal neutrons were not detected be-
cause no difference between the tracks density on the Cd-covered and the Cd-
uncovered regions of CR39 with Li2B4O7 converter was observed. The same
conclusion was veriˇed by the supplementary measurements of thermal neutrons
using 235U ˇssion detectors [34]. The track density of the Cd-covered region of
CR39 with Li2B4O7 converter corresponds to epithermal neutrons (up to 10 keV)
�uence which presented to be one order of magnitude less than fast neutrons
�uence (between 0.3Ä3 MeV) detected by proton recoil on the CR39 detector
itself. Thus, it is obvious that the U/Pb-assembly produces mostly fast neutrons.
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Fig. 14. The fast neutron distribution along the U-blanket measured by particles and ˇssion
detectors

Fission detectors with 232Th converter were also used in order to measure fast
neutron �uxes above 2 MeV. The fast neutron distributions along the U-blanket
measured by both methods are in good agreement as is seen in Fig. 14. In addition,
approximately the same values of the neutron �uxes have been calculated using
the high-energy transport code DCM-DEM (Dubna). The fast neutron production
increases up to about 15 cm from the beam entrance and then decreases along the
target as presented in Fig. 15. The same intensity distribution and approximately
the same intensities of fast neutrons have been determined in an irradiation of the
same spallation source by a 1.5 GeV proton beam [35].

The �uence of thermal and fast neutrons escaping the shielding was also
measured with CR39 detectors. The intensity of fast neutrons escaping the poly-
ethylene was two orders of magnitude less than on the U-blanket surface (Fig. 15).

While less than a half of these neutrons are in the thermal energy range
about 2 · 105 neutrons per cm2 per deuterons. Therefore the polyethylene shield-
ing proves to be an efˇcient moderator thermalizing a large amount of the fast
neutrons produced by the spallation neutron source.
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7.4.2. The spatial and energy distribution of neutrons. This part includes
measured results of ˇssion rate distributions of nat�b and 238U, capture reactions
of neutrons by 238U, and also the spectral index σ 238U

capt

/
σ 238U

f at various radial
positions at the U/Pb-assembly. Moreover, comparison of the experimental data
with results of calculations using modern mathematical programs of simulation
on the basis of Monte Carlo method are presented. One of the primary aims
was the development of a technique of measurement of the spectral index. This
technique allows determination of the spatial distribution of 239Pu-accumulation
in the natU-blanket as a result of neutron capture reactions by 238U. The spectral
index is deˇned as the ratio of the number capture reactions to the number of
ˇssions in the U-target material. Results of measurements and calculations of
axial and radial distributions of 238U (n, γ) neutron capture reactions are given
in Fig. 16.

It can be seen from Fig. 16, a that results of measurements and calculation
of reaction rates of neutron capture of 238U in the center blanket differ by 30%.
In radial direction (Fig. 16, b) the cross section of 238U (n, γ) neutron capture
reactions decreases with distance from the Pb-target axis. It should be noted that
experimental results for distance of 85Ä135 mm from the axis of assembly are
of special interest for comparison with the calculations by various codes. The
signiˇcant difference that the experimental reaction rate exceeds calculation on
average by the factor of 1.5 is explained by the in�uence of the neutrons slowed
down and re�ected by the biological shield.
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R = 85 mm from the target symmetry axis) distributions of number of ˇssion reactions
of 238U. The data are normalized to one nucleus of 238U and one incident deuteron

Knowing the yield of ˇssion products [36], it is possible to determine the
ˇssion density distribution of 238U. It is interesting to compare results of the
measurements of two independent experimental methods among themselves and
also with calculated results.

It is obvious from Fig. 17, a that radial distributions of numbers of ˇssion
reactions of 238U determined by two experimental methods coincide within the
limit of experimental uncertainties at distances larger 30 mm from the Pb-target
axis. Calculation also describes ˇssion process in the blanket material (natural
uranium) and on the periphery of the assembly very well.

Results of experiment and calculated values of a spectral index coincide
within limits of experimental uncertainties (Fig. 18). A difference (1.5 times) is
observed at the periphery of th¥ assembly. This also shows the underestimation
in calculations of the in�uence of neutrons moderated in and re�ected by the
biological shielding.
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Fig. 18. Radial distribution of the spectral index (longitudinal distance Z = 118 mm from
the Pb-target front). Lines connecting the data points are drawn to guide the eyes

It is obvious from Fig. 18 that the number of ˇssions of 238U in a material
blanket exceeds the number of neutron captures by the factor of three at the
border between the lead target and the blanket (R = 32 mm). Neutron capture
then begins to prevail with increasing radial distance, probably because neutrons
are moderated by collisions in the blanket material.

The procedure of combining the track counting and gamma-spectrometry
techniques for the determination of spectral indices is a new development. It
involves receiving of information from the same sample by SSNTD methods,
i. e., counting the ˇssion tracks of 238U, and by γ-ray spectrometry methods, i. e.,
counting a γ line from the nuclide 239Np at 277.6 keV.

238U(n, γ)239U∗ β−;T1/2=23.4 min
−−−−−−−−−−−−→ 239Np∗ β−;T1/2=2.36 d

−−−−−−−−−−→

239Pu∗ β−;T1/2=2.41.104y
−−−−−−−−−−−−→ . (4)

The novel methods allows one to measure the spectral index with an uncer-
tainty of no more than ±15%. The new technique allows quantitative determina-
tion of 239Pu accumulation in the natU-blanket. Experimental value of total mass
of 239Pu accumulated in the blanket is 1.6(2) · 10−8 g, which compares well with
the calculated value of 1.43 · 10−8 g using the Œ‘N�• code [37].

CONCLUSIONS

We performed the ˇrst experiment on investigations of transmutation (incin-
eration) of radioactive waste atomic reactors (129I, 237Np, 238Pu and 239Pu) using
deuteron beam with 2.52 GeV energy. Neutron spatial distributions were studied
using activation threshold detectors.
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Neutron distributions along the spallation source containing the Pb-target
surrounded by U-blanket, were measured with SSNTDs. Comparison between
measurements with particle detectors and ˇssion detectors were performed. The
spallation neutron source proved to provide high �uxes of fast neutrons very
effectively, while the epithermal neutron �ux is one order of magnitude less
intense than �ux of fast neutrons and thermal neutrons are negligible. The
fast neutron distribution along the uranium blanket surface shows an increase in
intensity up to about 15 cm after beam impact and then a decrease along the
target.

For the ˇrst time in investigations at accelerator driven systems (ADC),
methodical measurements with 3He counters were done in order to determine the
neutron spectra.

Natural uranium foils were used to determine the (n, γ)-reaction rates along
the target length and radius. Spectral indices (capture to ˇssion ratios) were
also determined. Experimental results were compared with MCNPX simulations.
Experimental and simulated values of spectral indices agree well. The total ex-
perimental value of the 239Pu production in the whole natU-blanket was estimated
as 1.6(2) · 10−8 g, the calculated value using the MCNPX code is 1.43 · 10−8 g.

The measured experimental data complement our systematics obtained earlier
using proton beams with energies between 0.7 and 2.0 GeV [5, 12Ä14, 16].
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