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An m HU. u gp. (ko Gop uust «Dueprus u Tp Hemyt nust PAO») E1-2010-61
Hccnenos Hue riry6OKONOIKPUTHYHBIX dJIEKTPOSIEPHBIX CHCTEM

Y BO3MOXHOCTH X NPUMEHEHHMS JUISl IIPOM3BOACTB SHEPrUU

u Tp HemyT mun PAO

Ipencr Breno ¢usnyeckoe 0OOCHOB HHE U1 MPOZOJDKEHUS W P 3BUTHS MCCIIEIOB HHI
HOBBIX CXEM 3JIEKTPOSAEPHOrO METON [/ HPOU3BOACTB SHEPIUU U TP HCMYT MU JOITOXHU-
BYIIMX KOMIIOHEHTOB p OHO KTUBHBIX 0TX00B (PAO), OCHOB HHOTrO H SIEPHBIX PEIATHBUCT-
ckux texHosorusax (SIPT). ITpoext «DHeprud u tp Hemyt nus PAO» H LeneH H  KOMILIEKC-
HOE MCCJIEIOB HUE B3 UMOAEHCTBUI PENITHBHCTCKUX IMYYKOB HYKJIOTPOH -M C ®HEprusMu 0
10 I'>B B KB 3UOECKOHEYHBIX MHIICHSIX.

H ocHoBe H 71M3 pe3ylbT TOB U3BECTHBIX O9KCIEDUMEHT JIbHBIX U P CUETHO-
TEOPETHYECKUX p OOT IHOK 3 HO, YTO B P MK X IPEUI I' eMOH CXEMbl MOXHO P CCUUTHIB Th
H WCIIOJIb30B HHE IPUPOJHOro/00SJHEHHOTO Yp H HJIM TOPUS I IIPOM3BOJCTB dHEPruH 6e3
106 BineHust yp H -235. T KXe BO3MOXH YTHIM3 M OTp GOT HHBIX SIepHBIX DJIEMEHTOB

TOMHBIX 3JIEKTPOCT HLUH.

[Tox 3 HO, YTO BBIIIOJIHEHUE NPOEKT «DHeprud u Tp HeMyT Lust PAO» 1 cT BO3MOXHOCTD
[OJTy4UTh IIPUHLUIIY JIBHO HOBbIE, OTCYTCTBYIOIUE B H CTOSILEEe BpeMsl COBOKYIIHbIC I HHbIE U
P CUYETHbIE METO/Ibl, HEOOXOAUMBIC JUISl H Y J1 IPOEKTUPOB HHUS JEMOHCTD LIHOHHBIX OIIBITHO-
[IPOMBILIJIEHHBIX YCT HOBOK H OCHOBE ®TOH CXEMBL.

P 6or BemonHen B JI Gop Topum ¢u3MKM BhICOKMX sHepruii uMm. B.H.Bekciep u
A.M.Bb mmn OWIUN.

Coo6menne OOBEIMHEHHOTO MHCTUTYT SIEPHBIX HMccienoB Huid. Oy6H , 2010
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Study of Deep Subcritical Electronuclear Systems

and Feasibility of Their Application for Energy Production

and Radioactive Waste Transmutation

Physical substantiation for investigation of new schemes of electronuclear power pro-
duction and transmutation of long-lived radioactive wastes based on nuclear relativistic tech-
nologies is presented. «<E&T RAW» («Energy and Transmutation of Radioactive Wastes») is
aimed at complex study of interaction of relativistic beams of the Nuclotron-M with energies
up to 10 GeV in quasi-infinite targets.

Feasibility of application of natural/depleted uranium or thorium without the use of
uranium-235, as well as utilization of spent fuel elements of atomic power plants is demon-
strated based on analysis of results of known experiments, numerical, and theoretical works.

The «E&T RAW» project will provide fundamentally new data and numerical methods
necessary for design of demonstration experimental-industrial setups based on the proposed
scheme.

The investigation has been performed at the Veksler and Baldin Laboratory of High
Energy Physics, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2010




INTRODUCTION

The physical aspects of electronuclear energy production are actively studied
today in many scientific centers all over the world: USA, Germany, France,
Sweden, Switzerland, Japan, Russia, Belarus, China, India, etc. Most activities
are concentrated on the classical electronuclear systems — Accelerator Driven
Systems (ADS) — based on spallation neutron generation, with a spectrum harder
than that of fission neutrons, by protons with an energy of about 1 GeV in a
high-Z target. These neutrons can also be used for generation of nuclear energy
in the active zone having criticality of 0.94-0.98 and surrounding the target.

Large national projects devoted to the creation of industrial ADS demonstrator
prototypes are implemented in Japan (JPARC) [1], USA (RACE) [2], and the joint
European project EUROTRANS [3].

The main advantage of electronuclear technology, as compared to conven-
tional reactor technologies, is that a subcritical active core plus an external neutron
source (accelerator and spallation target) are used. This advantage not only pro-
vides intrinsic safety of the system but also makes it possible to obtain high
fluxes of high-energy neutrons independent of fission neutrons of the subcritical
assembly material. The high-energy neutrons are an ideal tool to induce fission in
most transuranium isotopes and thus transmute most of the dangerous radioactive
wastes from nuclear power production and other sources.

MOTIVATION

The results on plutonium yield and number of fission events per proton in a
quasi-infinite targets of about 3.5 t depleted and natural uranium under 660 MeV
proton irradiation at the Phasotron LNP JINR, obtained by R.G. Vasilkov and
V.1. Goldansky et al. [4], are presented in Table 1. The 3.5 t target was equivalent
to a symmetric setup with a mass of 6.0 t due to asymmetric beam injection.

The cut-open view of the uranium target [4] inside a lead shielding is shown
in Fig. 1. The structures of channels for detector and beam input are also shown.

The energy release was on average ~ 3950 MeV per proton in depleted
uranium and ~ 4900 MeV per proton in natural uranium. Therefore the power



Fig. 1. Schematic cut-open view in the target containing 3.5 t of uranium inside a lead
shield. The opening «p» on the left side is the beam entrance, and long holes traversing
the uranium block are experimental openings for detectors

Table 1. Plutonium yield and number of fission events in targets per one 660 MeV
proton [4]

Plutonium yield (number of nuclei) | Number of fissions
Depleted uranium 38+4 13.7+£1.2
Natural uranium 46 +4 185+ 1.7

amplification of the 660 MeV proton beam was ~ 6.0 in depleted uranium and
~ 7.4 in natural uranium for a system having subcriticality of about Keg ~ 0.3.

It should be noted that in the experiments of C. Rubbia and his group [5] at
CERN with a large 3.6 t target from natural uranium the neutron spectrum in the
active core was fully thermalized at primary proton energies from 0.6 to 2.75 GeV.
These experiments are the opposite extreme case to the experiments [4] in which
the hardest neutron spectrum was obtained. In [5] the measured amplification
coefficient was about 20 for a beam energy of 0.6 GeV in a subcritical core
having keg ~ 0.9.

Calculations by V.S. Barashenkov et al. [6-9] were performed to predict
the dynamics of 23°Pu and 223U accumulation in quasi-infinite fissionable targets
from natural uranium and thorium, respectively. These calculations showed,
in particular, that the neutron flux increases dramatically with increasing 233U
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Fig. 2. Calculated numbers of events «n» per one incoming 1 GeV proton in a metallic
2327y target with lead core [9]. The value «a» denotes the assumed concentration of 23y
in the 2*2Th matrix. nco is a number of (n, ) capture reactions in *>Th producing 2*3U;
ncs is a number of (n, ) capture reactions in 2**U depleting >**U; ny3 is a number of
fissions of 233U depleting 2**U and ny is a number of accumulated 23*U atoms. Statistical
uncertainties of calculation are shown by vertical error bars

concentration in the quasi-infinite thorium target with lead core irradiated by
high-current 1 GeV proton beam.

The 233U accumulation rate in a 232Th core is largest for a concentration
< 1.5% of 233U, then it rapidly decreases with increasing concentration and
reaches saturation, or equilibrium, around a level of maybe 8% (see Fig. 2, where
the line n, reaches n = 0).

Taking into account that in the range under study the ratios @ = o /o for
239py and 233U, as well as radiation capture cross-sections o, of 232Th and 238U,
are similar, it may be assumed that parity in quasi-infinite uranium active core
will occur at a concentration of easily fissionable 2*°Pu of ~ 8%. Experimental
proof is requested.

In [8,9] the energy release due to fission as a function of 23°Pu and 233U
concentration was estimated. It can be seen from Fig. 3 that the estimated 1 GeV
proton beam power amplification is about ~ 6.5 for the total energy release
and about 20 for the part connected with the 233U (n, f) reaction for 233U
concentration of 4%.



Fig. 3. Calculated heat release in GeV in a
target from metallic *>Th with lead core
as a function of enrichment «a» of 233U
(per one primary 1 GeV proton) [9]. @ is
the total full heat release; QQsr is the heat
releasing from fission induced by neutrons
in the low-energy region 7' < 10.5 MeV,
Qion is the heat produced by ionization
losses. Statistical uncertainties of calcula-
tion are shown by vertical error bars

A weak dependence of basic parts
of neutron energy spectra on enrich-
ment was calculated and studied for
quasi-infinite targets from uranium and
thorium (see [7-9]) for the concentra-
tion range from O to 6%.

This allows one to expect deep sub-
criticality of the system upon reaching
equilibrium concentration of easily fis-
sionable isotopes 23°Pu and 233U.

Energy characteristics of neutron
radiation depending on incident pro-
ton energy are given in Table 2. The
experimental data were obtained by
V.1 Yurevich et al. [10] at LHEP JINR.
Here E, is the proton energy, (E) is the
average neutron energy, Fi, is the to-
tal kinetic energy of neutron radiation,
and W is the energy of the proton beam
spent for neutron production.

It can be seen from Table 2 that the
average neutron energy, the kinetic neu-
tron energy Fki,, and the proton beam
energy W spent for neutron production
increase with increasing beam energy
and that the efficiency of conversion
from beam energy to neutron energy
rises with increasing beam energy.

Table 2. Energy characteristics of neutron radiation leaving a limited @20 x 60 cm

lead target for various proton energies [10]

E,, GeV | (E), MeV | Exin, MeV | Ewan/Ep, % | W, MeV | W/E,, %
0.994 8.82 213 213 382 38.2
2.0 116 513 256 822 411
3.65 137 1106 30.3 1670 456

The fraction of primary proton energy spent for neutron production for a
proton energy of ~ 660 MeV is ~ 20% according to our estimates of data [4].
It follows from [10] that for ), ~ 1 GeV it increases to 38.2%, reaching almost
46% for 3.65 GeV. The extrapolation of this dependence to E, = 10 GeV results

in the following estimate of this fraction:

~ 60% (see [11] for details). Note that



the growth of the ratio W/E, is to a large extent connected with the growth of
meson production with increasing incident proton energy.

The estimates of proton ionization energy losses at a path length of inelastic
interaction for different primary proton energies are given in Table 3 [11].

Table 3. The estimates of proton ionization energy losses

Ey 0.7 1 1.5 2 3 5
AFE 250 229 215 210 215 226
Ein 0.45 0.77 | 1.285 | 1.79 | 2.785 | 4.774
AE/Ey | 35.7 22.9 14.3 10.5 7.2 4.5
FEy 10 15 20 30 50

AFE 247 258 268 282 295

Ein 9.753 | 1475 | 19.73 | 29.72 | 49.71
AFE/FEy 2.5 1.7 1.3 0.9 0.6

The Ej is the incident proton energy in GeV; AFE is the ionization losses
at the path length L;, of inelastic collision with target atoms in MeV; Fj, is the
energy of the particle initiating a cascade (E;, = Fp — AFE) in GeV and AE/Ej
is the ratio of ionization losses at the path length and primary particle energy in
percent.

It follows from the data presented in Table 3 that ionization losses have a
shallow minimum at an energy of 2 GeV and slowly increase with increasing
energy. However, the ratio AE/Ey steadily decreases with increasing energy.

Thus, one proton with an energy of 10 GeV is more advantageous than ten
protons with an energy of 1 GeV (at the same beam power), because in the first
case ionization losses make 247 MeV, and in the second case, 2290 MeV.

Table 4 gives conservative estimates of expected power amplification (Kp4)
in a quasi-infinite natural uranium target for different proton beam energies (E,),
based on extrapolation of data [4] and considering of experimental results [10] and
calculations [8,9]. Values Kp4 are listed for the initial configuration containing
no 239Pu and for the equilibrium configuration reached after long irradiation.

Results obtained by the collaboration of State Research Center Institute of
Physics and Power Engineering & Center of Physical and Technical Projects

Table 4. Estimated power amplification coefficient for proton beam incident on quasi-
infinite target from metallic natural uranium

E,, GeV | Initial Kpa | Equilibrium, Kpa
0.66 7.4 [4] ~ 40
1.0 12.0 ~ 70
10.0 22.0 ~ 130




«Atomenergomash» and Petersburg Nuclear Physics Institute of RAS in a series of
methodical experiments [12] on calorimetry of uranium (3.2 kg) and geometrically
identical lead targets placed inside the lead matrix with a mass of ~ 550 kg
irradiated by 1 GeV protons have proven the validity of the method [13] used for
Kp 4 estimates from Table 4.

Results of recent measurements of yields of delayed neutrons emitted by
massive (315 kg) target from natural uranium irradiated by 1 and 4 GeV deuteron
beams [14] definitely indicate that estimates of initial amplification coefficients
(second column in Table 4) may be underestimated.

The absolute values of K p4 and their dependence on the energy E), given in
Table 4 contradict the result [5]. In [5] it was found that the power amplification
coefficient reached saturation at Kp4 ~ 30 around 1 GeV proton beam energy.
This discrepancy is probably related to a significant amount of thermalization of
the neutron spectrum in experiment [5] and the corresponding suppression of the
influence of high-energy neutrons. It should be noted that for the definition of
equilibrium Kp4 shown in the last column of Table 4 the important parameter
requiring special study is the time to achieve the equilibrium concentration of
239Py in the target after the beginning of operation of the electronuclear system.
The predicted values of power amplification coefficients for the proton beam
presented in Table 4 are among the key elements of the scheme of electronuclear
method proposed in [11]. If these values can be confirmed it opens new prospects
of energy production and processing of nuclear waste based on efficient use of
the hard part of the neutron spectrum in a deep subcritical quasi-infinite breeding
system.

This is a serious stimulus for detailed studies of spatial and energy dis-
tributions of neutrons inside and outside of a quasi-infinite target from natural
uranium. Elucidation of the role of the hard neutron spectrum in enhancing
the energy release in the target requires special attention. Taking into account
results of [4,8,9] the dynamics (space-time aspects) of production of 23°Pu in
a uranium target should also be studied in detail; the presence of this isotope
essentially changes the characteristics of the subcritical system by increasing the
power amplification coefficient of the incident beam.

From the point of view of efficiency of nuclear waste transmutation it is very
important to study the ratio of reaction rates for (n, ), (n, xn), and (n, f) reactions
for typical long-lived nuclides in spent nuclear fuel with respect to the spatial and
energy distributions of the neutron field inside the active zone. Thus, the basic
idea of a successful electronuclear technology for nuclear waste removal and
simultaneous power production as proposed in [11] can be verified.

The realization of the purposeful complex of measurements briefly outlined
above is topical, taking into account that modern widely used models and trans-
port codes do not yet provide the required accuracy for reliable description of
characteristics of electronuclear systems.



Table 5. Average total yield Y and partial yield Y2y (for neutron energies higher than
20 MeV) of neutrons in a long lead target (20 x 60 cm) irradiated by proton beams
in comparison with calculated yields. Ratios of calculated and experimental yields C/E
are also given [10]

Ly, Experiment (n/p) MCNPX: MCNPX: Fluka 2008.3
GeV INCL4+ABLA BERTINI
Y Y20 Y Yoo Y Yoo Y Yoo
0.994 23.7(2%) 1.62(2%) 24.1 1.45 24.4 1.40
24,1429 | 2.1£04
C/E 0.983 0.771 1.000 | 0.690 | 1.012 0.667
2.0 444453 | 47108 | 46.12%) | 3.29(3%) 49.7 3.02 48.7 3.21
C/E 1.038 0.700 1.119 | 0.643 | 1.097 0.683
2.55 50.5(1%) | 3.99(1%) 62.5 3.88 60.1 4.10
63.5+7.6 | 5.8+1.9
C/E 0.795 0.688 0984 | 0.669 | 0.946 0.707
3.17 57.9(1%) | 4.66(1%) 76.3 4.89 72.14 5.03
71.6+8.6 | 6.8+1.2
C/E 0.809 0.685 1.066 | 0.719 | 1.008 0.740
3.65 62.6(1%) | 5.14(1%) 86.8 5.5 80.2 5.67
80.64+9.7 | 8.5+£1.5
C/E 0.777 0.605 1.077 | 0.647 | 0.995 0.667

Table 6. >3°Pu yield and number of fission events in natural uranium target

E, — 660 MeV
Y 738 135
Experiment [4] 46.4+4 14.6+1.3 3.9+04
Calculation 36.0+0.1 | 9.05+£0.01 | 2.25+0.01
C/E 0.776 0.620 0.577

For illustration of present capabilities of modern transport codes let us con-
sider the case of a practically nonfissionable lead target studied in [10]. Table 5
gives the results of calculations using different transport codes in comparison with
experimental data [10].

It can be seen from Table 5 that all variants of the code describe well the total
neutron yield Y in the whole proton energy range, except for INCL4+ABLA mo-
del for which calculation deviates from experiment at energies above 2 GeV.

All codes significantly underestimate the high-energy component Y of the
neutron yield for all proton energies.

Let us take the unique experiment [4] presented above to illustrate the ca-
pabilities of modern codes for calculation of a quasi-infinite target from natural
uranium. Table 6 gives the results of calculation of the number of produced
239Pu nuclei, Y, as well an the number of fission events of 233U and of easily
fissionable 235U isotopes, 73z and 735, respectively, per one 660 MeV proton,



using the MCNPX 2.5 code. The ratios C/E of the calculated and experimental
values of the corresponding quantities are also given.

It can be seen from Table 6 that the code significantly underestimates both
the 23%Pu yield and the number of fission events that are responsible for the
energy balance in breeding targets. The deviation is even more pronounced due
to the fact that the total number of fission events was calculated, while in the
experimental data given in Table 6 [4] 3—4 fission events from the central region
of the target that could not be directly experimentally measured were not taken
into account.

For higher incident particle energies, calculations reproduce integral charac-
teristics of breeding systems even worse [13]. The existing transport codes need
thorough improvement so that they can reliably describe the neutron spectra and
isotope production in an extended target made of natural or depleted uranium.
This can be performed only on the basis of new experimental data which shall be
measured, in particular, in execution of the proposed project.

OBJECTIVES

The project objectives are:

1. To study the possibilities and specific features of a hard neutron spectrum
interacting in a deeply subcritical quasi-infinite uranium target. Irradiations shall
be made with 1 to 10 GeV protons and deuterons for implementation of a new
scheme of electronuclear method for energy production and transmutation of
long-lived radioactive waste — a relativistic nuclear technology (RNT).

2. To improve existing theoretical models and to verify computer codes
for guaranteeing precise simulation of electronuclear systems for RNT prototype
design.

PROGRAM

A set of integral macro- and micro-experiments in combination with necessary
theoretical calculations will be carried out during the project.

The reliability and completeness of experimental data are provided by ap-
plication of independent mutually verifying techniques for the measurement of
physical processes in a quasi-infinite uranium target under irradiation with rela-
tivistic protons and deuterons.

The project includes experiments in the framework of the physical program
of the facilities «Energy + Transmutation» [15, 16] and «Gamma-3». It is planned
to develop and test various measurement systems for experiments with a new
uranium target in parallel with these experiments.

10
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Fig. 4. The target complex «EZHIK-U»
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Fig. 5.

The main experiments of the project are then planned to be performed on
the basis of the new flexible target complex «EZHIK» (Fig.4) which is a quasi-
infinite target from metallic uranium equipped with measurement channels whose
position and design should provide optimal execution of the research program
(see Table 7 for details).

The target complex «EZHIK» will be realized in 2 modifications, named
«EZHIK-Pb» and «EZHIK-U».

The «EZHIK-Pb» modification is geometrically identical to the basic modifi-
cation «<EZHIK-U» but with the whole inner volume filled by lead. It is designated
for verification and adjustment of basic measurement systems and methods as well
as background measurements with proton and deuteron beams in the projected
energy range before main experiments with uranium target «<KEZHIK-U» are made.

The basic modification of target complex «EZHIK-U» (Fig. 4) implements in
a somewhat modified form the original technical solution of asymmetric beam
input into a quasi-infinite target first applied in [4]. It provides results equivalent
to those that could be obtained with a 8 t uranium target in the case of conventional
axial beam input into a cylindrically symmetric target, but with just about 3 t of
target material from natural uranium.

12
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Table 7. The basic types of measurement, measurement systems and detectors types

No.| Basic types Basic measurement Brief description

of measurement systems (detectors of measurement
types, techniques) systems (detectors
types, techniques)

1 Spatial and energy Activation samples; 53 reactions at each
distributions SSNTD; measurement point;
of neutrons 7 spectrometers; 7 reactions at each

microionization measurement point;
chambers HPGe;
3He detectors

2 Spatial distribution SSNTD 7 reactions at each
of fission reaction rates measurement point
and fragment masses

3 Spatial distribution Samples from spent Sets of samples at each

of (n,7) and (n,xn)
reactions rates

fuel isotopes;
~ spectrometers;
radiochemistry

measurement point;
HPGe

13




Table 7. Continuation

No.| Basic types Basic measurement Brief description
of measurement systems (detectors of measurement

types, techniques) systems (detectors
types, techniques)

4 Spatial distribution Sets of heat-insulated | Heat-insulated uranium
of energy release uranium samples with | samples with different
in the target thermal sensors enrichment levels

(natural; 2-3% and
5-6%) — three
samples at each
measurement point

5 Equilibrium (Pu accu- | Sets of samples from Seven samples contain-
mulation and burn up) | natural uranium ing 23°Pu (from 0
distributions in the tar- | containing 239py; to 6%) at each
get volume v spectrometers; measurement point;

radiochemistry HPGe

6 Beam power Systems Solution of direct
amplification for thermophysical of heat exchange

measurements (item 4); | problem.

system for fission rate | Volume integration of

measurement (item 2) the number of fission
events

7 Prompt and delayed Neutron multiplicity 15 boron counters in
neutron spectra, measurements based a polyethylene moder-
neutron multiplicity on BF3 counters; ator. 12 3He coun-

system of neutron mul- | ters in a polyethylene
tiplicity measurement | moderator
«Isomer-M» based on
3He counters;
precision spectrometer | Neutron spectra in the
based on >He ion | energy range up to
chamber with a Frisch | 5 MeV
grid;
stilben detector;
LaBrs3(Ce) detector @3 x 3 inch
8 Beam monitoring Aluminum foils;
SSNTD;
system
for on-line beam mon-
itoring based on ion
chamber and scintilla-
tion telescope
9 Decay rates for targets | Standard set

after irradiation

of dosimetry devices

14




Figures 5, 6 show the results of calculations of the influence of replacement
of uranium by lead in most of the volume of the target «<EZHIK-U» obtained
using MCNPX 2.5 in the variant of Bertini cascade model for 5 GeV incident
protons. Results of calculations of neutron flux densities and energies for two
variants of reflectors surrounding the target, those from graphite and lead, are
presented.

The analysis of Figs.5,6 demonstrates that results of measurements per-
formed in the volume and on the surface of the left upper part (along the beam,
see Fig.4) of the target «<EZHIK-U» can be correctly correlated with data on the
equivalent symmetric target with a mass of about 8 t.

The scientific program of the proposed project includes activities in four basic
directions which represent a complex of self-consistent mutually complementary
experiments, together with numerical and theoretical studies.

Direction 1 («Integral Data»). The first direction includes sets of integral
experiments with the target <EZHIK-U». Proton energies in the range from 1 to
10 GeV and deuteron energies from 1 to 5 GeV/nucleon shall be used.

These experiments include:

1) study of neutron spectra at various points in the target volume in the
presence and absence of graphite reflector (below, different target configurations);

2) study of spatial distributions of fission rates and transmutation cross sec-
tions of actinide fission fragments at different target configurations for determi-
nation of optimal transmutation regimes;

3) study of spatial distributions of radiative capture (n,7y) and (n,xn) re-
actions in samples from long-lived isotopes of spent fuel placed in measurement
channels;

4) measurement of heat release distribution in the target volume depending
on the target configuration and different enrichment by easily fissionable isotopes;

5) study of spatial distributions of equilibrium between 23°Pu production
and fission for determination of the value and time of achieving equilibrium
concentration of this isotope for different target configurations;

6) obtaining power amplification coefficients depending on the characteristics
of the neutron spectrum inside the target as determined by its configuration and
beam particle type and energy;

7) study of prompt and delayed neutron multiplicity and spectra depending
on the target configuration as well as beam particle type and energy;

8) improvement and optimization of on-line and off-line methods for mon-
itoring intensity, geometric characteristics, and the Nuclotron beam position on
the target;

9) study of integral decay rates for targets irradiated with different doses.

These studies will be accompanied by numerical and theoretical simulations
in combination with activities in Direction 3 described below.
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The basic types of measurement systems and detectors that will be used for
execution of the scientific program of the project are given in Table 7.

Direction 2 («Constants»). Carrying out a series of constant measurements
with thin samples, using proton energies from 0.6 to 10 GeV and deuteron energies
from 1 to 5 GeV/nucleon.

It is planned to perform a series of experiments for obtaining data on en-
ergy dependence of fission cross sections of the required set of target nuclei by
relativistic protons and deuterons; delayed neutron yields and fission products.

For reliable simulation of electronuclear systems it is necessary to know the
characteristics of corresponding reactions in both thin and thick (= 2000 g/cm?)
targets.

Particularly, dielectric track detectors will be used to measure the cross sec-
tions of fission reactions induced by primary and secondary particles.

This method is practically the only one that provides measurement of fis-
sion cross sections for intensive primary and secondary particles fluxes. Track
detectors with different registration thresholds distinguish fragments from proton
and neutron induced fission. The mass spectrum of fission fragments can also be
studied.

All data obtained within the second direction «Constants» should be converted
into complete nuclear data files according to the existing standards provided for
basic computer codes.

Direction 3 («Simulation»). Improvements of physical models, the database
of constants, and computer programs by taking into account neutron multiplicity
in extended fissionable media, especially in the energy range above 10 MeV shall
be achieved.

The task of obtaining neutron characteristics of the electronuclear method
under study applies to two areas in physics: interaction of high-energy beams
with matter and reactor physics.

An appropriate account of high-energy fission channels is of great importance
for calculating neutron fields and heat release in such systems, because the results
obtained using existing numerical models differ greatly (several times) from very
limited experimental data obtained with small targets; for quasi-infinite fissionable
matter the deviation is expected to be more pronounced.

The complex of theoretical and numerical activities in the field of multiple
particle production in a quasi-infinite fissionable target irradiated by a high-energy
beam will be performed in the framework of the third direction («Simulation»).

The theoretical activity and simulations performed to support planning of
experiments in the framework of the project and subsequent processing of results
of measurements will make a reliable basis for creation and further develop-
ment of models, methods, and algorithms. The activity in this direction should
provide reliability of simulations for designing future prototypes of experimental-
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industrial RNT setups after the proof of principle by the proposed electronuclear
scheme [11].

Direction 4 («Materials»). Investigation of relativistic beam impact on struc-
tural and fuel materials.

Within this direction we plan to carry out measurements of integral gas
(>*He) production rates in interaction of relativistic beams and fast neutrons with
the structural elements and fuel. Radiation damage depending on the energy and
type of primary particles will also be studied.

The activities within this direction are performed in parallel with the activities
within the first and second directions. For this activity it is necessary to provide
the minimal possible Nuclotron beam size in front of the target.

CONCLUSIONS

The physical program will be performed in the framework of a large scientific
and technical cooperation including Joint Institute for Nuclear Research (Dubna),
Center of Physical and Technical Projects «Atomenergomash» (Moscow), State
Research Center Institute of Physics and Power Engineering (Obninsk), JINPR-
Sosny NASB, IF NASB (Minsk), and participants of the «Energy plus Transmu-
tation» and «<GAMMA-3» collaborations. Positive experience of joint activities in
2008-2009, including long-term fruitful experiments at JINR, as well as success-
ful experience of performing a complex of experimental studies initiated by the
Center of Physical and Technical Projects «Atomenergomash» at JINR, the Pe-
tersburg Nuclear Physics Institute of RAS and the GAMMA-3/E+T Collaboration
ensure successful realization of the proposed research program. It is very impor-
tant that JINR offers unique capabilities for performing projected experiments,
namely, operating the relativistic particle accelerator Nuclotron, providing the re-
quired amount of fissionable materials, developing measurement methods, as well
as hosting the international team of highly qualified scientists and technicians.
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