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Poxnenue neiitpoHos B p + Pb/U npu 2 3B

M ccHUBH s CBUHIIOB $I MHILEHb, OKPYXEHH 51 yp HOBBIM OJ HKETOM YCT HOBKH
«DHeprud IUTIC TP HCMYT IHs», OOMyd JI Chb IyYKOM HPOTOHOB HYKJIOTpoH JIDBD
OUSIU c aneprueii 2 ['sB. HeiliTpoHsl, 06p 3yioiuecs B CBUHLE U P 3MHOX IOIIMECS
B yp HE, PETUCTPUPYIOTCS C MOMOLIBIO P 3JIUYHBIX KTHB LHOHHBIX AETEKTOPOB. DKC-
MEPUMEHT JIbHbIE Pe3yJIbT Thl CP BHUB I0TCA C p cueT MU 1o Metony Moure-K pio,
BBINOJIHEHHBIMU 110 Tiporp MMe MOCNPX. P 3pirpeiB jMch IPOCTp HCTBEHHOE P C-
NpefesieHHe U ®HEepPreTHYecKre CIEeKTPhl HEMTPOHOB M NPOTOHOB, 0Op 3ymOIIUecs B
YCT HOBKE, U cedeHus (n,zn)- u (p,prn)-pe Kuuid. MogeaupoB HUE K YECTBEHHO
XOpOUIO ONKCHIB €T MPOJOJBHOE P CIpPEAeTIeHHE BBIXOJ IPOAYKTOB, OfH KO Ipel-
CK 3bIB €T Oojiee pe3KHil CIl 1 UX BBIXOJ C POCTOM P JUYC , YEM DKCIIEPUMEHT Jib-
HBIE PE3YIIBT THI

P Gor BbimosHeH BJI Gop Topuu (pu3MKH BhiCOKUX dHepruit um. B. U. Bekcnep
u A.M.b nuun OMAU.
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Neutron Production in p + Pb/U at 2 GeV

The «Energy plus Transmutation» setup consisting of a thick lead target sur-
rounded by a uranium blanket was irradiated with 2 GeV protons. The produced
neutrons were measured by means of activation detectors. The experimental results
were compared with Monte Carlo simulations performed with the MCNPX code.
The simulated quantities are spatial distributions and energy spectra of neutrons and
protons produced in the setup and cross-sections of (n,xn) and (p, prn) reactions.
Simulations describe qualitatively well longitudinal distributions of activation yields,
while they predict much steeper decrease of the yields with growing radial distance
than it was measured.

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

Transmutations of long-lived actinides and fission products from nuclear
waste, plutonium from nuclear weapons, or thorium (as an energy source) have
been investigated with the increasing interest in the last two decades. Different
concepts of transmutation also involve the Accelerator Driven Systems (ADS) [1]
based on a subcritical nuclear reactor driven by an external spallation neutron
source.

The spallation reaction is a process in which a light projectile (p,n, light
nucleus) with £ ~ 0.1 - 1 GeV interacts with a heavy nucleus (e.g., W, Pb)
and causes emission of a large number of hadrons. Spallation has two stages:
intranuclear cascade (INC) (including preequilibrium emission) and deexcitation
(evaporation or fission). In the case of a thick target, high-energy particles
(mainly neutrons) emitted from the nucleus in the course of intranuclear cascade
can induce further spallation reactions and generate internuclear cascade. For
some target materials, spallation neutrons with E, ~ 10 MeV can enlarge neu-
tron production by (n,xn) reactions. Globally, the incident particle induces the
production of a large amount of neutrons with wide energy spectra, which can be
used for transmutation of relevant nuclei.

«Energy plus Transmutation» (E+T) is an international project [2] for the
study of spallation reactions, neutron production and transport, and the transmu-
tation of fission products and higher actinides by spallation neutrons. The E+T
setup consists of a thick lead target with a subcritical, natural uranium blanket
surrounded by polyethylene shielding. Six irradiations of the E+T setup have
been performed until now, on the proton beam with the kinetic energies of 0.7,
1.0 [3], 1.5 [4-6], and 2.0 (this paper) GeV and deuteron beam with energies of
0.8 AGeV [7] and 1.26 AGeV [8].

This paper describes the measurement of the produced neutron field in the
experiment performed on the proton beam with a kinetic energy of 2 GeV and
the comparison of experimental results with Monte Carlo simulations performed
with MCNPX.



2. EXPERIMENT

The E+T setup consists of three main parts: a cylindrical Pb target (diameter
of 84 mm), a deep-subcritical (ke = 0.202 [9]) "2*U blanket (of a hexagonal
cross-section with a side length of 130 mm), and (CHs),, shielding with inner
Cd layer (Fig. 1). The target/blanket part has a length of 480 mm, which is
divided into four sections of 114 mm in length separated by 8 mm gaps (Fig. 2).
It is placed in a polyethylene shielding of approximately cubic size (=~ 1 m?).
The inner walls of the shielding are coated with a Cd layer (thickness of 1 mm).
The front and the back ends of the setup are not shielded. The whole assembly
mass is 950 kg, thereout 28.66 kg weighs the Pb target and 206.4 kg weighs the
U blanket. For detailed setup description and discussion about the influence of
individual setup components on the produced neutron field, see [9].

The E+T setup was irradiated with the 2 GeV proton beam (left part of Fig. 3)
from the Nuclotron accelerator at the Veksler and Baldin Laboratory of High
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Fig. 1. Front view (left) and cross-sectional side view (right) of the «Energy plus Trans-
mutation» setup. Dimensions are in millimeters
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Fig. 2. The placement of activation foils: side view (left), cross-sectional view in the first
gap (right). Dimensions are in millimeters
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Fig. 3. The course of irradiation. Each point represents one pulse of protons measured by
a proportional chamber (left). Profile of the 2 GeV proton beam is measured by SSNT
detectors (in vertical direction) and fitted with a Gaussian curve. Solid curves represent
fit and its errors in the position in front of the target. Dotted curves represent fit and its
errors in the position in the first gap between target sections (right)

Energies at JINR, Dubna. The beam energy was determined with an accuracy of
0.5%. The total beam flux was measured by proportional chamber, Al and Cu
activation foils. The beam geometry properties (shape, location, direction) were
determined by lead solid-state nuclear track (SSNT) detectors and a set of Cu
activation foils (details of these methods can be found in [10,11]). The beam had
approximately elliptical shape and was parallel with the target axis. The central
part of the beam profile was fitted with the Gaussian distribution (Table 1, right
part of Fig. 3).

The produced neutron field was probed by nonthreshold (n,y) reaction and
threshold (n, @), (n,z/n) reactions in 27Al, °7Au, and 2°Bi foils. The foils
had square size of 20 x 20 mm (Al, Au) and 25 x 25 mm (Bi) with thickness of
0.4 mm (Al), 0.04 mm (Au), and 1 mm (Bi).

Two sets of activation foils were placed in the gaps between target/blanket
sections, first to measure longitudinal distribution and second to measure radial
distribution of the produced neutron field (Fig. 2). The first set was placed at
the radial distance R = 5.2 cm from the target axis at four longitudinal distances
X = 11.8,24.0,36.2,48.4 cm from the target front (i.e., in the gaps between
blanket sections and behind it). The second set was placed in the first gap

Table 1. The parameters of 2 GeV proton beam

Irradiation Beam Vertical [Horizontal | Vertical | Horizontal | Range
time integral FWHM| FWHM | position | position |(from [12])

7 h 43 min |1.25(6) x 10"*| 5.4(3) | 3.8(3) [0.3(2) cm|-1.4(2) cm| 132 cm




between the first and second blanket sections (i.e., at the longitudinal distance
X = 11.8 cm from the target front) at three radial distances R = 5.2,8.2,10.7
cm from the target axis.

The activities of the activated foils were measured off-line by HPGe ~ spec-
trometer at the Dzhelepov Laboratory of Nuclear Problems of JINR, Dubna, and
at the Department of Nuclear Spectroscopy at the Nuclear Physics Institute of the
Academy of Sciences of the Czech Republic in Rez. The measured ~y spectra,
covering a region approximately from 50 up to 3000 keV, were processed by the
DEIMOS32 code [13] that provides a Gaussian fit of « peaks. The fitted peak
areas were corrected for standard spectroscopical corrections. The final obtained
value for each produced isotope is the yield, i.e., the number of activated nuclei
per one gram of activated material and per one incident proton.

Yields are shown in the semi-logarithmic scale in Fig. 4 and Tables 2, 3. The
delineated errors are of statistical origin given by the error of the Gaussian fit of
v peaks. Experimental errors, mainly the inaccuracies of the beam and activation
foils displacements, beam intensity, and y-spectrometer efficiency determinations
contribute another 30% [9] as a systematic error, which mainly change the ab-
solute values and less the shape of spatial distribution.
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Fig. 4. Longitudinal (left) and radial (right) distributions of the experimental yields of
nuclei produced in Al, Au, and Bi foils. The lines connecting experimental points are
delineated to guide readers’ eyes



Table 2. The experimental yields of nuclei produced in Al and Au foils

Foil 2TAl 197 Au
Reaction (n, ) (n,7) (n,2n) (n, 4n) (n, 5n) (n, 6n)
Product 24Na 198 Ay 196 Ay 194 Ay 193 Au 192 Ay
Fihresh, MeV 5.5 — 8.1 23 30 39
T2, h 15 65 148 38 18 5
X, cm Longitudinal yields, 107¢.g=*- proton™'; R = 5.2 cm
11.8 14.15(38) 381(5) 18.9(8) | 5.14(24) | 1.26(22) | 2.10(29)
24.0 8.46(23) 395(5) 12.2(6) | 3.54(28) | 0.93(37) | 2.28(32)
36.2 3.35(13) | 271.6(33) | 6.21(36) | 1.86(17) | 0.43(15) | 1.24(23)
48.4 1.98(9) 145.0(17) | 2.52(20) | 0.97(10) | 0.20(7) 0.58(6)
R, cm Radial yields, 107 %.g7*- proton™'; X = 11.8 cm
5.2 333(4) 16.4(5) | 4.71(27) 2.08(28)
8.2 400(5) 10.0(6) | 2.67(20) 1.22(39)
10.7 654(7) | 7.58(34) | 1.80(11) 1.15(27)

Table 3. The experimental yields of nuclei produced in Bi foils

Foil 209Bj
Reaction (n, 4n) (n, 5n) (n, 6n) (n,mn) (n, 8n) (n,9n)
Product 206Bj 205Bj 204p;j 203Bj 202Bj 201gj
FEihresh, MeV 22 30 38 45 53 61
Ti/9, h 150 367 11 12 2 2
X, cm Longitudinal yields, 107%-g!. proton™!; R = 5.2 cm
11.8 29.1(6) 36(6) 11.33(14) | 10.08(22) | 4.19(7) | 2.23(31)
24.0 21.95(38) | 23.1(26) | 8.61(10) 7.94(19) | 3.91(9) | 1.69(23)
36.2 12.13(33) | 15.6(21) 4.82(9) 4.28(14) | 2.16(6) | 1.13(18)
48.4 6.84(24) 5.0(12) 2.97(5) 2.80(12) | 1.49(5) | 0.65(13)

The spatial distributions of yields have similar shapes for all threshold reac-
tions. The longitudinal distributions of yields change for one order of magnitude
and have maximum in the first gap between target/blanket sections. The radial
distributions of yields decrease with increasing distance from the target (beam)
axis.

In the contrary, the yields of nonthreshold reaction (**7Au(n,v)!®Au) only
slightly change. The moderation and scattering of neutrons in the polyethylene
shielding created an intensive, homogeneous field of neutrons with £ < 1 keV.
These low-energy neutrons give major contribution to (n,<y) reaction in all Au
foils in the setup. Therefore, the radial distributions of yields of 18 Au are almost
flat. In the case of the longitudinal distribution, the contribution of low-energy



neutrons from moderator is decreased behind the target, because the target/blanket
is not shielded from its ends, see Fig. 1. Therefore, the yield of 1%3Au is lower
in this position.

3. SIMULATIONS

The Monte Carlo simulations of neutron production in the E+T setup were
performed with the MCNPX code version 2.6.C [14]. The influence of possible
inaccuracies in the description of the E+T setup geometry on the produced neutron
field is negligible [9].

All combinations of INC (Bertini, Isabel, Liege INCL4, CEM) and evapo-
ration models (Dresner, ABLA) available in MCNPX 2.6.C were used. Bertini
and Isabel INC models include the Multistage Preequilibrium Exciton Model for
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Fig. 5. Simulated neutron spectra (produced in the first target section) in log-log scale. In
the lower figure, focus presentation for the domain 1-100 MeV is in semi-log scale



description of preequilibrium emission of particles (only nucleons, photons, and
charged pions were taken into account in the presented simulations) and it can be
switched on/off, see Fig. 6, right. The CEMO03 model uses its own preequilibrium
model (the improved Modified Exciton Model) without user-possibility to adjust
it. The Liege INC model does not include any preequilibrium model.

The LA150 data library was used as the source of evaluated cross-sections.
To reach high enough statistics, from 1-10¢ to 1107 events were simulated in
each case.

The simulated produced neutron spectra ®,,(F) can be seen in Fig. 5. The
largest differences between various INC+evaporation models were found in three
regions: between ~ 10~% and ~ 10~ ! MeV, between 5 and 30 MeV, and above
700 MeV (near to the beam energy).

We concentrated on the domain of tens of MeV (Fig. 5, bottom) as the
observed threshold reactions have threshold energies there. Two separated regions
can be found in this domain: in the first region the simulations differ significantly
when different evaporation models are used, in the second region when different
INC models are used, see Fig. 6, left. This can be interpreted as the evidence
of the border between intranuclear cascade and evaporation phase of spallation
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Fig. 6. Top and left bottom: Ratios of simulated neutron spectra from Fig. 5. Right
bottom: Ratios of simulated neutron spectra when the preequilibrium models were not and
were used. Differences do not exceed 15%
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Fig. 7. Relative comparison of experimental and simulated (spectra simulated with Liege
INC+ABLA and convoluted with TALYS+MCNPX cross-sections) Au yields in longitu-
dinal (left) and radial (right) directions (normalized to the first foil in each set)

reaction as they are described in the used models. This point appears to be around
40 MeV, which corresponds to the nuclear potential well depth (separation energy
plus Fermi energy).

The simulated yields were obtained by means of folding of neutron and
proton spectra with relevant cross-sections. The cross-sections of several observed
reactions are known with high enough accuracy at least in the energy region up
to 40 MeV. The knowledge of most cross-sections is insufficient or they have not
been studied at all.

To enable calculations of yields of other observed isotopes and improve
existing cross-sections, the TALYS code version 0.79 [15] (up to E,, = 150 MeV)
and MCNPX (for E, > 150 MeV) were used for calculation of corresponding
(n,zn) and (p, prn) reactions cross-sections (as the isotopes observed in activation
samples can be produced in indispensable amount by protons as well [9]).

Comparison with experimental yields shows a reasonable agreement in longi-
tudinal direction, see Fig. 7, left. In the contrary, the ratios between experimental
and simulated yields considerably increase with increasing radial distance from
the target axis, see Fig.7, right. Similar trend was observed at the 1.5 GeV proton
experiment [5], whereas the radial distribution is described well by MCNPX for
0.7 and 1.0 GeV proton experiments [3].

The reason could be in the evaluated cross-section libraries or intranuclear
cascade+evaporation models. It looks that they do not describe correctly the an-
gular distribution of the produced high-energy neutrons for proton beam energies
bigger than some value between 1.0 and 1.5 GeV. Similar observations have been
done on both thick and thin targets [16], when it was found that simulations
underestimate the neutron production for backward angles.

Interesting is that the experimental results of the 1.26 AGeV deuteron experi-
ment agree well with the MCNPX simulations. This indicates that the discrepancy
in radial direction starts closer to the 1.5 GeV proton beam energy.



CONCLUSION

In the framework of the «Energy plus Transmutation» project, we studied
neutron production in the spallation reactions of 2.0 GeV protons directed to
the thick lead target with the uranium blanket surrounded by the polyethylene
moderator.

The produced neutron field was measured by means of activation detectors.
We observed isotopes produced in (n,zn) reactions with threshold energy up
to Fihresh ~ 60 MeV. The maximum intensity of the high-energy neutron field
produced in the spallation target is located in the region between the first and
second target/blanket sections.

The experimental results were compared with Monte-Carlo simulations per-
formed using MCNPX 2.6.C. MCNPX describes well the shape of the longitu-
dinal distributions of the yields of threshold reactions. The simulations predict
much steeper decrease of the yields with growing radial distance than it was
measured. Similar trend was observed at the 1.5 GeV proton experiment. The
reason could be in the LA150 evaluated cross-section libraries or intranuclear
cascade+evaporation models included in MCNPX.
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