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1. INTRODUCTION
The investigations of high energy particles interac-

tion with nuclei in spite of a great deal of experimental 
and theoretical works are of great importance for study 
of peculiarities of nuclear reactions mechanism, atomic 
nucleus  structure  and  physics  of  elementary particles. 
Further research in the field of nuclear physics funda-
mentals is still being stimulated by necessity of the solu-
tion of a wide range of applied problems, in particular 
the application of charged particle accelerators for ener-
gy production, transmutation of long-lived waste of fuel 
cycle of nuclear power engineering, tritium production, 
production  of  isotopes  for  industry,  agriculture, 
medicine etc.

The problem of management of radioactive waste of 
nuclear  power engineering became recently  especially 
urgent due to further extension of nuclear energy contri-
bution  to  world  energy  production  and  outstanding 
problems of open nuclear fuel cycle.

One of  the most  prospective trends in  solving the 
problem of amount reduction of long-lived radioactive 
fission products (137Cs, 90Sr, 129I, 126Sn,…) and minor-ac-
tinides (Np, Pu, Cm,…) is transmutation  − that is it’s 
conversion into stable or short-lived nuclei in sub-criti-
cal (target / blanket) systems driven by accelerators of 
high energy charged particles (ADS-technology) [14]. 
The main advantage of ADS-technology is stable sys-
tem operation in a sub-critical mode.

Despite  the considerable  amount  of  theoretical  re-
searches the problem of choice of optimal neutron spec-
trum  for  transmutation  of  long-lived  fission  products 
and minor-actinides  remains  by now one  of  the most 
important. It is connected first of all with lack of valid 

evaluated nuclear data on interactions of neutrons with 
radioactive nuclei in wide energy range from some eV 
up to tens of GeV. For some nuclei even integral cross 
sections averaged over appropriate energy distributions 
are not available.

The principal aspects of ADS concept were widely 
discussed in theoretical papers but the experimental re-
search on development of such systems is rather scarce. 
In this regard the experimental research of various as-
pects of ADS on the basis of low energy accelerators – 
cyclotrons, microtrons, as well as deuterium or tritium 
ions accelerators − neutron generators of high intensity 
is of great importance.

The application of such accelerators integrated with 
sub-critical multiplying systems gives the opportunity to 
carry out the experimental research of various aspects of 
ADS-technologies and to outline future investigations at 
high-energy particle accelerators. Similar situation took 
place in nuclear power engineering when many pecu-
liarities of neutron-physical characteristics of nuclear re-
actors, first of all of nuclear power plants cores intended 
for special purposes, were investigated at critical bench-
marks.

2. DESCRIPTION OF “YALINA” FACILITY 
DESIGN AND EXPERIMENT PROCEDURE

First experimental investigations of ADS with ther-
mal neutron spectrum at the National Academy of Sci-
ences of Belarus were started in 1999 at the “YALINA” 
facility − sub-critical assembly with polyethylene mod-
erator and uranium dioxide fuel of 10% enrichment by 
235U driven by neutron generator operating both in con-
tinuous  and  pulse  modes.  The  obtained  results  have 
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shown  that  further  investigations  would  be  very 
prospective. The experiments at JINR (Russia, Dubna) 
accelerators performed in the framework of topical plan 
on electronuclear plants research are the continuation of 
this investigation program.

The interaction of  high energy particles  in  energy 
range of some MeV up to thousands MeV is very com-
plicated process involving participation of large number 
of  strongly  interacting  particles  (n,  p,  π-mesons)  in 
which  electromagnetic  interactions,  nuclear  reactions, 
formation and development of nuclear cascade are taken 
into account.

An  opportunity  of  investigation  of  various  ADS 
characteristics  at  sub-critical  target / blanket  systems 
driven by neutron generator of high intensity has been 
shown for the first time in Ref. [5]. The similarity of d2

σ/dΩdE  distributions  in  the  energy  range  En ≤ (15…
20) MeV [6,7] confirms a principal possibility of appli-
cation of proton accelerators Ep ≤ 100…150 MeV for in-
vestigations in the field of ADS-technology.

The results of experimental investigations of 129I, 237Np 
transmutation by relativistic protons (0.5 < Ep  < 7.4 GeV) 
are one more evidence of independence of the energy 
distribution of neutrons generated in spallation reactions 
in  extended  targets  of  heavy elements  Pb,  Bi,  Th,  U 
upon energy of primary proton beam [8]. It has been de-
termined  that  transmutation  rates  of  129I (n,γ) 130I  and 
237Np (n,γ) 238Np  related  to  one  neutron  generated  in 
neutron-producing lead target do not depend upon ener-
gy of protons. 

Just these considerations became a basic argument 
for  setting up the  nuclear  sub-critical  facility  “YALI-
NA” consisting of sub-critical assembly (Fig.1) driven 
by a neutron generator [9] operating both in continuous 
and pulse modes. The facility is intended for carrying 
out  the  experimental  investigation  of  physics  of  sub-
critical systems with external neutron sources. 
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Fig. 1.  Vertical cross section of the sub-critical as-
sembly: E1-E3 – experimental channels located in the 
core; M1-M4 -  channels for neutron flux monitoring;  
E5-E7 - experimental channels located in the reflector

The sub-critical assembly of “YALINA” facility is 
uranium-polyethylene  multiplying  system  with 
kmax < 0.98  located  inside  graphite  column  of  paral-
lelepiped  configuration  with  side  dimension  100  and 
120 cm  that  is  arranged  of  “reactor  graphite”  blocks 
with side dimension 20×20×50 cm3. The core of the as-
sembly is of parallelepiped configuration with side di-
mension 40×40×60 cm3 and consists of “bare” polyethy-
lene  sub-assemblies  where  fuel  pins  of  EK-10  type 
(UO2 of 10% enrichment by 235U) are located.

At the core center a neutron-producing lead target is 
located that  is  arranged of 12 blocks (in  height)  with 
side dimension 8×8×5 cm3 that reminds fuel subassem-
bly by shape and size. The core is surrounded by 50 cm 
thick graphite reflector and by 1mm cadmium layer. At 
the distances 5, 11, 18 cm from the core center three ex-
perimental channels E1-E3 with diameters D = 2.5 cm 
are situated for location of samples of radioactive tar-
gets or detectors for measurement of neutron flux func-
tionals. For the same purpose one radial channel E7 with 
diameter 2.5 cm is located in graphite reflector (Fig. 1).

The purposes of the experiments at the LHE of JINR 
at the sub-critical assembly “YALINA” (without nucle-
ar fuel load) were: 1) investigation of thermal and fast 
neutron fields characteristics in experimental  channels 
of  the  assembly by  various  energies  of  proton beam; 
2) calculation  of  neutron  spectra  with  application  of 
Monte-Carlo codes,  comparison of  calculated and ex-
perimentally  measured  functionals  of  neutron  flux; 
3) comparison  of  above  mentioned  characteristics  for 
sub-critical  assembly  “YALINA”  driven  by  neutron 
generator with En=14.5 MeV with those for identical as-
sembly driven by proton accelerator with various beam 
energies.

To  obtain  proton  beam  with  energies  420  and 
300 MeV a graphite moderator with side dimensions 20
×20×60 cm3 and 20×20×85 cm3, respectively, was locat-
ed in front of the sub-critical assembly. The setup of the 
experimental  installation  with  graphite  moderator  of 
proton beam is presented in Fig. 2.

Fig. 2.  Setup for the experiment on irradiation of  
sub-critical assembly “YALINA” by proton beam with 
energy 420 MeV
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For estimation of proton beam divergence after pass-
ing  the  graphite  moderator  the  aluminum  foil  in  the 
shape of band with 9 cm in width and 60 cm in length 
was located at front wall of the assembly (Fig.2).

The  experimental  results  and  calculated  ones  ob-
tained  with  application  of  codes  based  on  statistical 
(Monte-Carlo) methods of nucleon-meson cascade cal-
culations  [10,11]  have  shown  that  after  passing  the 
moderator main part of protons gets to the central part 
of neutron producing lead target. Monitoring of the in-
tensity of proton beam incident to the target was per-
formed by measurement of  27Al (p, 3p3n) 22Na reaction 
rate [12].  For this purpose the aluminum foil with di-
mension 10×10 cm2 was located at the proton accelera-
tor profilometer in front of lead target.

For each of pointed values of proton energy two ex-
periments have been carried out. In the course of first 
experiment  the  activation  detectors  with  Indium  foil 
were placed inside three experimental channels located 
along OZ axis at distances R = 5, 11, 18 cm from the 
target center at step of 5 cm. Forth experimental channel 
is perpendicular to OZ axis and passes through a point 
with coordinate Z = 25 cm. The rate of the reaction 115In 
(nth,γ) 116In was measured. 

In the course of second experiment there were mea-
sured  the  rates  of  the  reactions  27Al (n,p) 27Mg 
(En=2.5 MeV),  47Ti (n,p) 47Sc  (En=3 MeV),  46Ti (n,p) 46Sc 
(En= 4 MeV), 48Ti (n,p) 48Sc (En=5 MeV), 65Cu (n,2n) 64Cu 
(En=11 MeV),  209Bi (n,xn) 210-хBi (x = 4…10) (En= 20…
70 MeV) having different thresholds.

Calculated energy distributions (spectra) of neutrons 
generated in neutron-producing lead target located at the 
core center and irradiated by proton beam with energies 
300, 420 and 660 MeV are presented in the Fig. 3.
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Fig. 3.  Calculated spectra of neutrons from lead target  
by 660, 420 and 300 MeV protons irradiation

It is seen from Fig. 3 that spatial distributions of par-
ticles′ flux  inside  polyethylene  moderator  will  be  the 
same differing by absolute value only. That it is really 
so is seen from Fig. 4 where experimentally measured 

dependence of  115In (nth,γ) 116In reaction rate  upon dis-
tance  r at central plane of the assembly (Z = 0 cm) is 
presented.

It is seen that radial distribution of thermal neutron 
flux looks similar for various energies of protons and 
neutrons. Neutron flux density is ten times lower at the 
border of core as compared with that at the center.

The measurements of (n, xnyp)-type threshold reac-
tions rates are of special interest from the point of view 
of spatial and energy distribution of neutron flux density 
measurements in multiplying media.

The reaction rate R (proton-1⋅atom-1) is related to the 
neutron flux as follows [13]:

∫
∞

≡
Eth

dEEER .)()( ϕσ

Here,  ϕ(E)  is  neutron  flux  (n/(cm2⋅ MeV ⋅ proton), 
Eth is  threshold neutron energy for the observed reac-
tion.

The results  of  measurements  of  threshold reaction 
rates 48Ti (n, p) 48Sc, 209Bi (n, xn) 210-хBi for primary pro-
tons with energies 660, 420 and 300 MeV and compari-
son with results  of calculation are presented in Fig. 5 
and in the table.

As it follows from presented results the threshold re-
action rates decrease towards periphery of the core de-
creasing to  be  more  significant  than that  of  radiation 
capture reactions. Such reaction rates behavior is a con-
sequence of  reduction of  high-energy neutron number 
due to both elastic and inelastic interactions with medi-
um nuclei.
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Fig. 4.  Dependence  of  115In (nth, γ) 116In  reaction 
rate upon distance from the assembly center (Z=0 cm) 
for  process  with  lead target  irradiated  by  protons  of  
660, 420 and 300 MeV, neutrons from (D,T) reaction  
and neutrons from 252Cf fission spectrum (statistical un-
certainty of measurements is less than 5 %)
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Fig. 5.  Comparison of experimentally measured and 
calculated rates of the reaction 48Ti (n, p) 48Sc

Comparison of experimentally measured and calcu-
lated rates of the threshold reactions (in brackets - ab-
solute values of measurement uncertainty)

Reaction r, 
cm

E, 
MeV

Reaction rate 10-24, 
1/proton

Experiment Calculation

(n,7n)203Bi

5
660 3.48⋅10-4

(2.09⋅10-5)
1.01⋅10-4

(5.05⋅10-6)
420 5.11⋅10-5

(1.59⋅10-6)
2.44⋅10-5

(2.44⋅10-6)
300 3.25⋅10-5

(2.71⋅10-6)
1.03⋅10-5

(1.55⋅10-6)

11
660 5.71⋅10-5

(3.99⋅10-6)
4.40⋅10-5

(3.52⋅10-6)
420 1.74⋅10-5

(1.19⋅10-6)
1.82⋅10-5

(2.18⋅10-6)
300 1.62⋅10-5

(1.08⋅10-6)
9.26⋅10-6

(1.57⋅10-6)

18
660 2.90⋅10-5

(2.03⋅10-6)
2.58⋅10-5

(2.58⋅10-6)
420 8.48⋅10-6

(1.19⋅10-6)
1.15⋅10-4

(1.61⋅10-5)
300 7.22⋅10-6

(9.02⋅10-7)
6.67⋅10-6

(1.33⋅10-6)

(n,6n)204Bi

5
660 2.92⋅10-4

(2.62⋅10-5)
1.30⋅10-4

(6.50⋅10-6)
420 5.43⋅10-5

(1.06⋅10-6)
3.10⋅10-5

(3.10⋅10-6)
300 2.24⋅10-5

(2.59⋅10-6)
1.25⋅10-5

(1.88⋅10-6)

11
660 7.29⋅10-5

(7.29⋅10-6)
5.54⋅10-5

(4.43⋅10-6)
420 2.35⋅10-5

(4.68⋅10-7)
2.24⋅10-5

(2.69⋅10-6)
300 1.73⋅10-5

(1.73⋅10-6)
1.11⋅10-5

(1.89⋅10-6)
18 660 4.33⋅10-5

(4.33⋅10-6)
3.29⋅10-5

(3.29⋅10-6)
420 1.29⋅10-5

(2.98⋅10-7)
1.50⋅10-5

(2.10⋅10-6)
300 1.04⋅10-5

(1.73⋅10-6)
8.72⋅10-6

(1.74⋅10-6)

3. CONCLUSION
Comparison of calculated and experimentally mea-

sured threshold reactions rates gives the opportunity to 
verify nuclear data used in calculations (first of all cross 
sections of  the threshold reactions).  The experimental 
data on (n, xnyp) reactions rates are of special impor-
tance  for  evaluation  of  nuclear  data,  further  develop-
ment of models and codes intended for the calculation 
of charged particles transport and for investigations in 
the field of hybrid electronuclear systems aimed for en-
ergy production and long-lived fission products and mi-
nor-actinides transmutation. It allows to avoid in the fu-
ture  the  expensive  and  time  consuming  experiments 
with application of accelerators, generators and other in-
stallations for simulation of various parameters of sub-
critical systems. Experimentally measured reaction rates 
demonstrate the independence of neutron flux radial dis-
tribution in system “neutron producing target – modera-
tor” upon energy of primary proton beam and type of 
external neutron source.

Moreover  the  investigation  of  energy  spectrum of 
neutrons in experimental channels of sub-critical assem-
bly is  necessary for  determination of  optimum condi-
tions  for  transmutation  of  long-lived  radioactive  iso-
topes (for example, minor-actinides) [14].
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вич, Б.А. Марцынкевич, Т.Н. Корбут, В.С. Бутцев

Представлены теоретические и экспериментальные доказательства подобия спектров нейтронов, образу-
ющихся в подкритических системах, управляемых внешними протонным и нейтронным пучками.
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