APPLICATION OF ACCELERATORS IN RADIATION TECHNOLOGIES

COMPARISON OF NEUTRON-PHYSICAL CHARACTERISTICS
OF URANIUM TARGET OF ASSEMBLY "QUINTA" IRRADIATED
BY RELATIVISTIC DEUTERONS AND **C NUCLEI

M.Yu. Artiushenko®, A.A. Baldin?, A.1. Berlev?, V.V. Chilap®, O. Dalkhajav*, V.V. Sotnikov?,
S.1. Tyutyunnikov?, V.A. Voronko', A.A. Zhadan*
'National Science Center “Kharkov Institute of Physics and Technology”, Kharkov, Ukraine;
2Joint Institute for Nuclear Research, Dubna, Russia;
ScpTP “Atomenergomash”, Moscow, Russia;
*Institute of Physics and Technology, Ulan Bator, Mongolia
E-mail: voronko@kipt.kharkov.ua

At the present time disposal of spent nuclear fuel and fuel supply problem are two main reasons preventing wide
distribution of nuclear power. One of the ways to solve this problem is using Nuclear Relativistic Technologies
aimed at forming of maximum hard neutron spectrum in natural or depleted massive uranium targets irradiated by
high energy (2...10 GeV) beams of relativistic particles. This paper describes the neutron generation in massive
natural uranium target (assembly "QUINTA", my ~ 500 kg) irradiated by beams of relativistic deuterons and **C
ions with energies of 2 and 4 AGeV at the accelerator Nuclotron (JINR, Dubna). The reactions "*U(n,f), **U(n.y),
and *°Co(n,x) were investigated using activation technique. Comparison of obtained experimental results in depend-

ence on energy of incident beam and type of particles was carried out.

PACS: 28.41. Kw, 28.50. Ft

INTRODUCTION

The increased in the past two decades interest in the
study of subcritical accelerator-driven systems (ADS)
for the purpose of using them to solve applied problems
led to theoretical and experimental studies in this field
in the world's leading nuclear centers. At the present
time the powerful multipurpose accelerator centers such
as SNS, USA (~1.3 MW power) [1], J-PARC, Japan
(~1 MW) [2], the PSI, Switzerland (~0.75 MW) [3]
have been operated. They have different departments in
structure that study materials, transmutation of radioac-
tive waste, medical radioisotopes production, etc. These
centers use proton accelerators with energies of about
1 GeV (or less) for neutron generation. Meanwhile, a
number of experiments have studied neutron production
in thick targets (JINR, LANL, KEK, and ITEP) and
found that more energy accelerators should be used for
more effective neutron generation. In particular, the
group of V. Yurevich (JINR, Dubna) performed the
cycle of experimental studies [4, 5] and analysis of
available experimental data of neutron energy spectra
that produced in thick targets. It was shown that for
thick targets secondary nuclear interactions in the target
give additional contribution to neutron emission. Neu-
tron multiplication with simultaneous weakening of the
charged particle release makes thick target, especially as
neutron sources. The ratio of total energy expended on
the neutron formation to particle beam energy shows
weak growth with beam energy and does not depend on
type of particle primary beam. The effect of average
neutron energy increasing per unit of beam energy with
increasing of beam energy has also been noted. That
could be used for further neutron multiplication when
using a quasi-infinite target. In this context, a more effi-
cient use of beam energy for neutron production will
significantly increase the value of optimum beam parti-
cle energy.
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During the last 5 years at JINR in the framework of
collaboration "Energy and Transmutation of RAW" the
nuclear physical characteristics of neutron fields gener-
ated in massive uranium target irradiated by deuterons
with energy 1...8 GeV have been studied [6]. One of
the main collaboration objectives is to study of depend-
ence of neutron generation in the uranium target on
primary beam energy. This paper describes experiments
on the irradiation of uranium assembly, surrounded by
the lead blanket (assembly "QUINTA") by deuteron and
12C nuclei beams with energies 2 and 4 AGeV at the
"Nuclotron" accelerator of JINR.

The purposes of this work are:

1. To perform the monitoring of deuteron and *2C
nuclei beams.

2. Using the activation technique to obtain the spa-
tial distribution of density of radiative capture reactions
28U(n,y), fission reactions "*U(n,f), **Co(n,x) reactions,
spectral indices in the volume of uranium target, as well
as the total number of capture and fission reactions.

3. To compare the experimental results depending
on beam energy and type of accelerated particles.

1. EXPERIMENT AND METHODS

The experimental setup "QUINTA" [6, 7] consists of
uranium target ("™U m =512 kg), surrounded by lead
blanket with thickness of 10 cm. Uranium target con-
tains five sections. Before irradiation detector plates
with sets of activation and track detectors were placed
in the gaps between sections, as well at the front and
rear end of the target. At the entrance of beam in the
assembly the lead shielding has beam input window
with size of 150x150 mm. Beside this first section also
has input window with diameter of 80 mm. Natural ura-
nium activation detectors with thickness of 1 mm and
diameter of 8 mm were used in the experiment to obtain
spatial distribution of "U fission reactions and neutron
capture reactions on “*®U. Activation detectors were

ISSN 1562-6016. BAHT. 2016. N23(103)


mailto:voronko@kipt.kharkov.ua

placed on six detector plates (Z =0, 123, 254, 385, 516,
647 mm). Each plate except the first one contained 5
detectors at following distances from center R = 0, -40,
-80, -120, +80 mm.

Gamma spectra of irradiated samples were measured
with HPGe detector. Energy and efficiency calibration
of the detectors was performed using a set of conven-
tional radioactive sources (**Mn, *'Co, *°Co, %Y, **Ba,
137CS, 1390e, 152Eu, 228-|-h).

The number of neutron radiation capture reactions
was determined by the yield of y-line with energy of
277.6 keV accompanying decay of 2*°Np:

238U(n,7)239U ﬂ— ﬁ‘239Npﬂ- 9239PU.

The number of fissions was determined by yield of
gamma-lines 743.36, 364.49, 529.9, and 293.3 keV of
fission fragments ¥'zr, **1, | and *Ce respectively.
Cumulative yields (CY) of these fragments remain ap-
proximately constant in a wide range of neutron ener-
gies from the fission-spectrum neutrons to neutrons with
energy 22 MeV [12]. We used the next values of CY:
97Zr —5.7%, ' — 3.6%, I - 6.3%, *Ce — 4.3%.

Additionally *°Co activation detectors ~ 3 mm thick
and ~ 15 mm diameter were used to study neutron spec-
trum characteristics. Six *°Co detectors, that were placed
one on each plate at the distance R = +40 mm from cen-
ter of the target, were used in each irradiation. It should
be noted that products of threshold reactions *°Co(n,x)
with Ey, from ~1 to ~100 MeV were observed in the
measured y-spectra of cobalt detectors. Obtained spatial
distributions of reaction density were used to analyze
the neutron spectrum produced in the uranium target of
assembly "QUINTA".

Monitoring of deuteron and '2C nuclei beams was
carried out by activation of aluminum and copper foils
in the reactions Z’Al(d,x)*Na, #AI(**C,x)**Na,
$4Cu(d,x)**Na and %‘Cu(*’C,x)**Na. Cross sections of
these reactions for given beam energy were chosen by
averaging and interpolation of known experimental val-
ues [8 - 10]. Techniques of beam monitoring has de-
scribed in detail in paper [8]. Obtained total intensities
of incident particles and used cross sections are shown
in Table 1.

Table 1

Cross sections of the reactions 2’Al(d,x)**Na,
2TAI(*?C,x)*Na, **Cu(d,x)**Na, **Cu(**C x)*Na, and
total intensities of incident particles

S | Energy, | CS(Al), | CS(Cu), Total
3 | AGeV mb mb intensity
’ 2 14.6 6.0 2.2:108
4 14.0 6.3 6.1-10"
. 2 19.4 9.5 2.1-10%
C 10
4 19.0 9.5 6.2:10

2. RESULTS AND DISCUSSION

Fig. 1 shows radial density distributions of 22U(n,y)
and "U(n,f) reaction rates, as well radial dependences

of 5353” /5?3*“ spectral index for three detector plates

(Z2=0, 254, 647 mm) obtained in the experiments with
12C and deuteron beams of 2 AGeV energy. Reaction
rates are given per one accelerated particle, one gram of
"y, and 1 GeV of beam energy.
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Fig. 1. The radial distributions of density of 2®U(n, 7) neutron capture reaction rate (left), "*U(n, f) fission reaction
rate (center) and spectral indices (right) for deuterons and **C nuclei with energy of 2 AGeV for detector plates
Z =0, 254, 647 mm
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This figure shows that yields of radiative capture
and fission reactions for detector plate Z =0 in case of
deuterons are about 25% higher in comparison with case
of *2C nuclei. For detector plates Z = 254, 647 mm the
difference between yields reduces, but in the case of
deuterons yields are always larger. The radial depend-
ences of spectral index for all detector plates are about
identical for both deuterons and *2C nuclei. The values
of spectral index change from ~ 0.5 to ~ 2.

For the 4 AGeV energy incident particles all radial
distributions agree within experimental errors with the
corresponding distributions shown in Fig. 1 for the
2 AGeV energy incident particles.

This suggests that, firstly, with Z increasing neutron
spectrum softening occurs, secondly, the neutron spectra
for both types of incident particles and both energies (2
and 4 AGeV) are approximately identical.

Based on obtained spatial distributions of neutron
capture reactions on 2*®U and fissions of "U in the ura-
nium target of assembly "QUINTA" the total number of
2%9py production and the total number of "™U fissions
were determined at the volume of uranium. Table 2
shows the experimental (obtained by interpolation of
experimental points on uranium volume) integral num-
bers of ?**Pu nuclei and integral number of "*U fissions
for deuterons and *°C nuclei with energies of 2 and
4 AGeV. The results are shown per 1 accelerated parti-
cle and 1 GeV of beam energy.

Table 2
Total number of >*Pu nuclei and total number
of fissions in uranium target of "QUINTA"

Iso-

tope | Energy AGeV 29y "ty(n,f)

d 2 11.3+0.6 9.6+0.7

4 10.5+0.6 | 9.5+0.7

1 2 87+0.7 | 7.5+0.8
C

4 7.8+0.7 7.7+0.8

In total five Runs of irradiation by deuterons with
four energies (0.5, 1, 2 and 4 AGeV) [6] and **C nuclei
with two energies (2 and 4 AGeV) have been held dur-
ing the research of neutron-physical characteristics of
uranium target of assembly "QUINTA". Fig. 2 shows
the results of total number of produced *°Pu nuclei and
total number of fissions for four deuteron energies and
two '°C nuclei energies per 1 accelerated particle and
1 GeV of beam energy. Data for deuterons are averaged
over the results of several Runs.
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We can see that with increasing of primary particle
energy the number (per unit of primary beam power) of
radiative capture reactions and fissions does not change
for deuterons and for 2C nuclei within the experimental
error. It should be noted that in case of 2C nuclei the
total number of fissions and especially the total number
of captures is markedly lower than in case of deuteron
irradiation. Perhaps this is due to usage of understated
values of monitor reactions cross sections for **C nuclei.
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Fig. 2. Total number of ?°Pu nuclei (top) and total
number of fissions (bottom) in the uranium target
of assembly "QUINTA" at deuteron energy
Eq=0.55, 1, 2, 4 AGeV and **C nucleus energy
Eioc=2 and 4 AGeV

Thus, we do not observe the neutron yield increase
with growth of energy of primary accelerated particles
predicted by V. Yurevich. Presumably this is due to
insufficient size of uranium target, which is not quasi-
infinite.

Fig. 3 shows the radial distributions of total number
of ?°Pu production and uranium fissions (per unit of
beam power) for each of the five sections of the urani-
um target and for the whole target at different energies
of 2C ion beam.
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Fig. 3. Dependence of integral distributions of reactions (n, y) — (left) and (n, f) — (right) on the uranium target
for C nuclei with energies of 2 and 4 AGeV
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These distributions were obtained by integrating the
corresponding radius of the target. That is, each point on
the graph (see Fig. 3) shows the total number of fissions
or the number of (n, y) reactions in the cylindrical vol-
ume of the corresponding radius of the section of urani-
um target. It should be noted that those values have sub-
stantially linear dependence in radial direction. In case
of deuterons similar curves are observed [6]. It is clear
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that such dependence should go to the plateau with in-
creasing of the uranium target radius. This condition
corresponds to quasi-infinite target condition. Thus,
obtained dependencies confirm that uranium target of
assembly "QUINTA" is not quasi-infinite.

As result of y-spectra processing of irradiated Co ac-
tivation detectors the yields of different **Co(n,x) reac-
tions were obtained.
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Fig. 4. Axial distribution of reaction rates *Co(n,p)>°Fe (left) and *Co(n,x)**V (right) for deuteron energies
Ey;=2and 4 AGeV

As an example, Fig. 4 shows the axial distributions
of reaction rate *°Co(n,p)*°Fe and **Co(n,x)**V for deu-
terons with energy E4 = 2 and 4 AGeV. The maximum
cross section of *°Fe production is Epa ~ 13 MeV [10].
While the maximum cross section of **V production is
Enex ~ 160 MeV [11]. The figure analysis shows, that
the number of neutrons with energies above 100 MeV
increases with increasing of deuteron energy from 2 to
4 AGeV, but at the same time the number of neutrons
with energies less than < 30 MeV decreases.

48V / 59Fe

0.90 T T T T )
0 2 4 6 8 10
Deuteron Energy
Fig. 5. Dependence of the reaction rate ratio
*Co(n,x)**V/*Co(n,p)*Fe from deuteron energy

This fact is indirect confirmation of the fact that neu-
tron spectrum becomes harder with increasing of deu-
teron energy in uranium target of assembly "QUINTA".
Similar results were also obtained in previous target
irradiation by three deuteron energies 1, 2, 4 AGeV.

Fig. 5 shows dependence of reaction rate ratio
*Co(n,x)*®*V/*Co(n,p)*°Fe from deuteron energy. This
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figure shows that reaction rate ratio increases with in-
creasing of energy of primary deuteron beam. As for C
nuclei case, we could not determine the reaction yields
*°Co(n,x) reliably due to insufficient intensity of prima-
ry beam (see Table 1).

CONCLUSIONS

Based on the measured spatial distributions of densi-
ty of radiative neutron capture and fission reactions, the
total number of above reactions in the volume of urani-
um target of assembly "QUINTA" was obtained. Within
experimental error, total number of reactions ***U(n,y)
and total number of reactions "*U(n,f) do not change
both for deuterons (energy range from 1 to 8 GeV) and
for *C nuclei (24 and 48 GeV). That is we didn’t note
increase of the neutron yield as from thermal neutrons
and above as from neutrons with energy above than
1 MeV. Probably, this is due to the fact that irradiated
uranium target is not quasi-infinite (R ~ 15 cm and av-
erage density ~ 12 g/cm®). Using activation cobalt de-
tectors it was found that neutron spectrum hardening in
the uranium target of assembly "QUINTA" was ob-
served with increasing of deuteron energy. For this type
of particles and their energy range such experiments
were performed for the first time.
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CPABHEHHUE HEMTPOHHO-®U3UYECKUX XAPAKTEPUCTHK YPAHOBOM MUILIEHH
YCTAHOBKH «KBUHTA» ITPU OBJIYUYEHUU PEJISATUBUCTCKAMM JEMTPOHAMMU
U SIZIPAMM “C

M.1O. Apmiowenko, A.A. Baroun, A.U. Bepnes, B.B. Yunan, O. [anxaxcas, B.B. Comnuxos,
C.U. Tiomionnukos, B.A. Bopouko, A.A. /Kaoan

[Mpobiema yrunuzamuy oTpabOTaHHOIO SIEPHOrO TOIUIMBA M OTPAHUYEHHOCTH 3aI1aCOB ChIPbS Ha CETOAHSIIHUN
JeHb SBJISIOTCS ABYMS OCHOBHBIMU NPHYMHAMH, HPEMATCTBYIOLIMMH IIHMPOKOMACIITA0HOMY PacHpOCTPaHEHHIO
aTOMHOW sHepreTuku. OJHUM W3 MyTeH pelIeHHs NaHHBIX NPoOJieM SBISETCS HCIOIb30BaHHUE SACPHBIX PENATH-
BUCTCKHX TE€XHOJIOTHH, KOTOpBIE MpeiararoT UCIOIb30BaHUEe MAaKCHUMAaJIbHO KECTKOTO CIIEKTpa HEHMTPOHOB B Mac-
CHBHBIX MHUILICHAX U3 IPUPOIHOr0 WM 00EIHEHHOTO ypaHa, 00Jy4aeMbIX My4KaMH PEIATHBUCTCKUX YaCTHI BBICO-
kux sHepruii (2...10 I'3B). [lannast paboTa onuchIBaeT UCCIeOBaHNE IeHEpallii HEUTPOHOB B MPOTSHKEHHOM MU-
uieHu u3 npupoaHoro ypana (ycranoka "KBUHTA", my ~ 500 kr), oGiydaemMoii mydykamMu pPesITUBUCTCKHUX JEH-
TporoB 1 sxep 2C ¢ sueprusivu 2 u 4 [3B/uyki. Ha yekoputerne «Hyknorporm» (OUSN, Jy6ua). C moMompio ak-
THUBAITMOHHON METOJMKH OBUTH MCCIICIOBAHBI CKOPOCTH PEaKIIHIA: "U(n,f), 238U(n,y), 59Co(n,x). IpoBeneHo cpaBHe-
HHeE MTOJTY4eHHBIX SKCIIEPUMEHTAIBHBIX PE3yIbTaTOB B 3aBUCHMOCTH OT SHEPTUH ¥ BUJIa HAJIETAIOIUX YaCcTHII.

MOPIBHSHHS HEUTPOHHO-®I3UYHUX XAPAKTEPUCTHUK YliAHOBOi MIIIEHI YCTAHOBKH
«KBIHTA» ITPU OITPOMIHEHHI PEJISITUBICTCBKAMMU JEMTPOHAMM TA SIIPAMH “C

M.IO. Apmiowenko, A.A. Banoin, A.I. Bepnes, B.B. Qinan, 0. /lanxaxncas, B.B. Comnikos, C.I. Tromionnuxos,
B.A. Boponko, A.A. ’Kaoan

[Ipobnema yrmimizamii BiAMpa-OBaHOTO AASPHOTO MATHBA Ta OOMEKEHICTh 3allaciB CHPOBUHHU Ha ChOTOAHINTHI I
JIeHb € JBOMa OCHOBHHMHU NPHYMHAMH, [IO MEPEIKOIKAIOTh MHPOKOMACIITAOHOMY HOIIMPEHHIO aTOMHOI eHepre-
Tukd. OIHUM 13 NUISXiB BUPIMIEHHS JaHUX IPoOIeM € BUKOPHUCTAHHS SACPHUX PESATHBICTCHKUX TEXHOJNOTIH, SKi
NPOIOHYIOTh BUKOPHUCTAHHS MAKCHMAaJIBHO JKOPCTKOr'O CIIEKTpa HEUTPOHIB Y MACHBHHX MIIICHAX 3 IIPUPOTHOTO abo
301IHEHOr0 ypaHy, IO OMPOMIHIOIOTHCS ITYYKaMU PENSTUBICTCHKUX YaCTHHOK BHCOKHX eHepriii (2...10 I'eB). Jlana
poboTta ommMCye MOCTiIKEHHA TeHepamii HEHTPOHIB Yy MPOTSKHIA MilleHI 3 TPUPOTHOrO ypaHy (ycTaHOBKA
"KBIHTA", my ~ 500 kr), sika OnpOMiHIOBanacs IMydKaMH PENSTHBICTCHKHX JCHTPOHIB Ta syep ~-C 3 eHeprisMu
2 ta 4 T'eB/nykin. Ha npuckoproBaui «Hykmorpon» (OIS, JlyOHa). 3a 1ONOMOrow akTHUBAILIHHOI METOAMKU OyIu
mocmipkeni mBuakocti peaxiit: "U(N,T), 22U(n,y), **Co(n,x). TIpoBeeHO MOPIBHAHHS OTPHMAHNX SKCIIEPUMEHTA-
JMBEHUX PE3YABTATIB 3aJISKHO BiJl €HEPTil Ta BUAY HANITAI0OUNX YaCTHHOK.
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