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Neutron Emission in the Spallation Reactions of 1 GeV
Protons on a Thick Lead Target Surrounded by Uranium Blanket

A thick lead target surrounded by uranium blanket was irradiated with 1 GeV
protons. Measurement of the produced neutron field was performed by means of
threshold reactions in activation foils. The experimental results were compared with
Monte Carlo calculations performed with the MCNPX 2.6. C code.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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INTRODUCTION

Within the framework of a complex research of Accelerator Driven Systems
(ADS) [1], based on a subcritical nuclear reactor driven by an external spalla-
tion neutron source, several experiments were performed using the «Energy plus
Transmutation» setup [2-6], which is composed of thick lead target and uranium
blanket. The main aim of investigation on this setup is the transmutation of
fission products and higher actinides by spallation neutrons. This paper describes
measurement of spatial distribution of produced neutron field in the experiment
performed on the proton beam with kinetic energy of 1 GeV.

These protons were directed to the Pb target. Intensive neutron fluxes were
created in spallation reactions and then multiplied by fission inside the U blanket.
Our interest was focused on the high-energy neutron component that was mea-
sured by threshold reactions on Al, Au, and Bi foils placed in front of, inside,
and behind the target/blanket. The yields of (3 radioactive nuclei produced in
activation reactions in these foils were determined by means of ~y-spectroscopy
(for more details see [3]).

Our main goal is to check the accuracy of the corresponding Monte Carlo
simulations, which use various models of spallation reactions and cross-section
libraries of neutron induced reactions. We use the MCNPX code that is able to
simulate the course of spallation reactions and the propagation of high-energy
neutrons through thick target. While investigations of this energy domain were
not of high interest in the past because of their minor importance for classical
light-water nuclear reactors, they will be important for ADS as well as for radio-
isotope protection issues in future high-energy facilities. Reliable predictions
of the relevant physical processes strongly depend on the accuracy of available
nuclear data.

1. ENERGY PLUS TRANSMUTATION (E+T) SETUP

The E+T setup is divided into four sections of 114 mm in length separated
by 8 mm gaps, totally 480 mm. Each section is composed of a cylindrical Pb
target (diameter of 84 mm) and a natural uranium blanket with a hexagonal cross
section (side length of 130 mm). Each blanket section contains 30 uranium rods
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Fig. 1. 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. 2. Front view (left) and cross-sectional side view (right) of the «Energy plus Trans-
mutation» setup. Dimensions are in millimeters

(diameter of 36 mm, length of 102 mm). There is totally 28.66 kg of “*Pb and
206.4 kg of ®*'U. The front and back ends of every blanket section are closed by
aluminium plates of 6 mm in thickness (Fig. 1). The Pb target and the U rods are
sealed in an aluminium cover of 2.0 mm and 1.27 mm in thickness, respectively
(not pointed in Fig. 1).

This Pb/U-assembly is fixed on a wooden-metal rack (362 x 505 x 72 mm?)
and a textolite plate (400 x 1060 x 38 mm?>). The whole installation is placed in a
polyethylene shielding (granulated (CHs),,, p = 0.802 g.cm™2) of approximately
cubic size (1060x1060x 1110 mm?) with walls from wood (Fig.1). The inner
walls of this container are coated with a Cd layer (thickness of 1 mm) used for
absorption of thermal neutrons. The front and the back ends of the setup are
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Fig. 5. Beam profile in front of the target (left) and in the first gap (right) fitted with
Gaussian curve (measured by sets of SSNT detectors placed in two directions: from left
to right and from bottom to top)

without shielding. The influence of individual setup components on produced
neutron field was studied (Fig. 3), details are described in [8].

The E+T setup was irradiated with a 1 GeV proton beam for about six hours
(Fig. 4). The accuracy of the beam energy was 0.5%. The total beam flux
was measured by proportional chamber, Al and Cu activation foils. The beam
geometry (shape, location, direction) was determined by lead solid state nuclear
track (SSNT) detectors [7] and a set of Cu activation foils [3]. The central



Table 1. The parameters of 1 GeV proton beam

Irradiation Beam Vertical |Horizontal | Vertical | Horizontal | Range
time integral FWHM FWHM position | position | (from [9])

6 h 03 min | 3.30(07) - 10*® | 4.1(3) cm | 2.4(3) cm [0.3(2) cm | 0.3(2) cm | 55 cm

part of beam profile was fitted by the Gaussian distribution (as the tails are not
Gaussian) and we can conclude that the beam had approximately elliptical shape
and was parallel with target axis (Fig. 1). The average beam parameters obtained
independently by the above-mentioned methods see in Table 1.

2. EXPERIMENTAL RESULTS

The spatial distribution of the produced neutron field was measured by the
Activation Analysis Method (AAM) using mono-isotopic foils from 27Al, 7 Ay,
and 2%°Bi. Al foils had square size of 20x20 mm? with thickness of 0.4 mm,
Au foils had square size of 20x20 mm? with thickness of 0.04 mm, Bi foils had
square size of 25x25 mm? with thickness of 1 mm.

The first set of activation foils (Al, Au, Bi) was placed at the radial distance
R = 6 cm from the target axis at five longitudinal distances X = 0.0; 11.8;24.0;
36.2;48.4 cm from the target front (i.e., in front of the target, behind it, and
in the gaps between blanket sections). The second set (only Al and Au) was
placed in the first gap between the first and second blanket sections (i.e., at the
longitudinal distance X = 11.8 cm from the target front) at four radial distances
R = 3.0;6.0;8.5;10.7 cm from the target axis. In sum, there were eight Al, eight
Au (one foil belongs to both sets), and five Bi foils (Fig. 1).

Neutrons emitted in the course of spallation process in the target caused in
the foils nonthreshold (n, ) reaction and threshold (n, «), (n, xn) reactions. We
observed the products of threshold reactions with Elpyesn from 5 to 60 MeV,
which correspond to x from 2 up to 9 (Tables?2,3). The values of threshold
energies were calculated as the difference between outgoing and incoming particle
masses (using mass excesses values from [10]). In the case of the 27 Al(n, o)?*Na
reaction, the nuclear Coulomb barrier was taken into account and this Fijyesn Was
estimated from [11].

The yields (i.e., the numbers of activated nuclei per one gram of foil ma-
terial and per one incident proton) of observed isotopes are shown in the semi-
logarithmic scale in Fig. 6. The delineated errors are only of statistical origin
(given by the error of the Gaussian fit of the relevant « peaks). Experimental
errors, mainly the inaccuracies of the beam displacement, beam intensity, and
~-spectrometer efficiency determinations, contribute about 15%.



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

Foil *TAL 7 Au
Reaction (n, ) (n,v) | (n,2n) | (n,4n) | (n,5n)| (n,6n) | (n, ™)
Product 24Na 198Au 196Au 194Au 193Au 192Au 191Au
Fihresh, MeV| 5.5 — 8.1 23 30 39 46
Ti/2, h 15 65 148 38 18 5 3
X, cm Longitudinal yields, 10~¢.g=!. proton—!
0.0 2.31(4) | 89.0(6) | 4.37(6) 0.926(22)| 0.57(8) |0.377(18)| 0.13(4)
11.8 4.24(6) | 121.4(8) | 7.72(9) | 2.12(5) |1.72(10)| 1.10(3) | 0.46(6)
24.0 2.46(4) | 120.6(8) | 4.22(8) | 1.33(4) |1.02(12)| 0.72(4) | 0.44(6)
36.2 1.332(23)| 87.4(6) | 2.12(6) | 0.71(3) | 0.62(8) |0.411(23)| 0.25(4)
48.4 0.439(10)| 53.2(4) | 0.75(3) |0.334(17)| 0.29(7) {0.203(16)| 0.11(3)
R, cm Radial yields, 107¢.g~*- proton™*
3.0 12.86(14)(146.8(12)(20.17(17)| 6.09(8) |5.86(27)| 4.11(16) |1.88(19)
6.0 4.24(6) | 121.4(8) | 7.72(9) | 2.12(5) |1.72(10)| 1.10(3) | 0.46(6)
8.5 2.15(4) | 127.109) | 3.89(7) | 1.13(3) |0.89(13)| 0.51(3) | 0.27(5)
10.7 1.24(3) | 143.6(9) | 2.39(7) | 0.70(3) |0.67(16)|0.330(22)| 0.23(6)
Table 3. The experimental yields of nuclei produced in Bi foils
Foil 209Bj
Reaction (n,4n) (n,5n) (n,6n) (n,7n) (n, 8n) (n,9n)
Product 200Bj 205Bi 204Bj 203B4 20%Bj 201Bj
FEihresh, MeV 22 30 38 45 53 61
Ti/9, h 150 367 11 12 2 2
X, cm Longitudinal yields, 107%- g~. proton*
0.0 0.57765) | 0.466(10) | 0.405(9) | 0.317(16) | 0.324(6) | 0.198(11)
11.8 2311(18) | 1.58(4) | 0.993(9) | 0.700(18) | 0.630(10) | 0.316(16)
24.0 1.601(18) | 1.12(4) |0.753(12) | 0.557(19) | 0.512(7) | 0.299(14)
36.2 0.775(11) | 0.59(3) | 0.385(5) | 0.295(10) | 0.269(5) | 0.170(7)
48.4 0.364(9) | 0.298(22) | 0.205(4) | 0.182(8) | 0.169(3) | 0.103(6)

The yields of threshold reactions appear to have common shapes.

e The radial distributions of the yields of all isotopes produced in threshold
reactions decrease nearly exponentially with increasing perpendicular distance
from the target (beam) axis.
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Fig. 6. Longitudinal (left) and radial (right) distributions of the experimental yields of nuclei
produced in Al, Au, and Bi foils. The lines linking experimental points are delineated
to guide the eyes. The plot below right shows examples of cross sections of observed
reactions (fitted data for Al and Au [11], for Bi [12])

e The longitudinal distributions of the yields of all isotopes produced in
threshold reactions change for one order of magnitude and have clear maximum
observed in the first gap between blanket sections.

The yields of neutron capture show different shape.

e The radial distribution of 8 Au is almost constant. The reason for such
a behaviour is the polyethylene shielding that moderates high-energy neutrons
outgoing from the setup at first and then partly scatters low-energy neutrons back.
Herewith, the moderator creates an intensive homogeneous field of low-energy
neutrons (see Fig.3) that is predominant in production of '®®Au. Therefore, the
radial distribution of %8 Au is constant.

e The longitudinal distribution of '98Au is mainly influenced by the poly-
ethylene shielding as well. However, the contribution of low-energy neutrons
from moderator is decreased in front of the target and behind it, because the
target/blanket is not shielded from front and back ends (see Fig.2). Therefore,
the yields of ®®Au are lower in these positions.
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Ratios between yields at the end of target and in the first gap as a function
of reaction threshold energy are shown in Fig. 7 (left). These ratios increase with
increasing threshold energy. This indicates that the resulting neutron spectrum
becomes harder at the end of the target than at its forepart.

Ratios between yields at R = 3.0 cm and at R = 10.7 cm as a function of
reaction threshold energy are shown in Fig.7 (right). In contrast to the latter,
these ratios are not dependent on threshold energy. This is the sign that the
shapes of fast neutron spectra are similar in both positions.

3. SIMULATIONS

The Monte Carlo simulations of neutron production in the E+T setup and of
activation reactions in the foils were performed with the MCNPX code version
2.6. C [13,14]. The influence of possible inaccuracies in the description of E+T
setup geometry (in the MCNPX input file) on high-energy neutron component is
negligible; low-energy neutron component is strongly influenced [8]. Following
possibilities are available in MCNPX 2.6. C to describe spallation reaction:

o the intra-nuclear cascade (INC) of spallation reaction can be described with
the Bertini INC model, Isabel INC model, Liege INC model, or CEMO03 model
(which works alone);

e the multistage pre-equilibrium exciton model (included in INC models) is
the only model used for the pre-equilibrium emission of particles (only nucleons
and charged pions were taken into account in our simulations);
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MCNPX simulation (Bertini+Dresner)

e the equilibrium emission of particles can be described with Dresner or
ABLA evaporation models.

3.1. Neutron Spectra, Yields of Activation Reactions. At first, we have used
the default option, i.e., Bertini+Dresner. The simulations of neutron flux show
that the neutron spectrum is harder at the end of target when compared to its
beginning and that the neutron spectrum has similar shape inside target as well
as farther from it (Fig.8). We drew the same conclusion from the experimental
results (see Fig. 7).

The yields of nuclei produced in the activation foils were calculated directly
with MCNPX and compared with experimental yields.

e The shapes of longitudinal distributions of yields are described well, see
Fig.9 (left). A quantitative agreement between experimental and simulated yields
of threshold reactions is also good, the absolute differences are less than 30%.
(The only exception is the first point for 2°°Bi, where a problem appeared with
the foil location and this value suffers from a significant systematic error.) About
two times higher experimental yields than simulated ones were observed in the
case of ""8Au. It is probably caused by not sufficiently precise description of
setup shielding.

e In the cases of '“6Au and '9*Au, the ratios between experimental and
simulated yields slightly grow with increasing radial distance from the target
axis. This trend is a bit bigger for 1“Au. The shape of radial distribution of
24Na is described very well. A quantitative agreement for all three isotopes is
good, the absolute differences are less than 40%.

3.2. The Influence of Physics Models on Simulated Yields. As mentioned
above, except the default description of spallation reaction by Bertini+Dresner,
there are other INC+evaporation models available in MCNPX. The yields were
calculated using all combinations of these models and compared with experimental
yields. Figures 9 and 10 show following relations:
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Fig. 9. The comparison of experimental and simulated (Bertini + Dresner) yields of isotopes
produced in activation foils in longitudinal (left) and radial (right) directions

e 195Au — simulation using Bertini+Dresner gives almost the same results
as Isabel+Dresner; the same holds for Bertini+ ABLA compared to Isabel+ABLA;

o 9Au and 2°°Bi — simulation using Bertini+Dresner gives almost the
same results as Bertini + ABLA; the same holds for Isabel+Dresner compared to
Isabel + ABLA.

Taking into account threshold energies and cross sections (see Tables 2, 3,
and Fig. 2, below right), we conclude that evaporation models (Dresner and
ABLA) have dominant influence for neutron energies up to ~ 25 MeV. The INC
models (Bertini and Isabel, which also include the pre-equilibrium model) are
dominant for higher energies. This is not valid for the Liege INC model that has
considerable influence on the evaporation part of neutron spectra.

Anyway, the simulations using combinations of all available physics mod-
els show approximately the same trends as the Bertini+Dresner combination
(Fig. 10). Absolute differences from experiment are up to 50%, whereas Licge+
Dresner seems to fit the best for '6Au and 2*Na, CEMO03 for '9*Au, Bertini+
Dresner for 2°°Bi. However, the relative variances between various model com-
binations are up to 50%. Because of this fact, we decided to pay attention to
agreement between experimental and simulated shapes in longitudinal and radial
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distributions. Therefore, ratios for '?Au, ®*Au, and ?*Na (from Fig. 9) were
normalized to the the first foil in each set (Fig. 11). The shapes in longitudinal
direction agree well, but slight discrepancy in radial direction shows systematic
dependence on threshold energy, as mentioned above.

Similar trend was observed at the 1.5 GeV proton experiment, where the
discrepancy between experimental and simulated values also increases with grow-
ing radial distance from the target axis, but much more strongly, even up to a
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few times [2]. The detailed analysis of the experiments performed with pro-
ton beams (0.7, 1.0 (this paper), 1.5, 2.0 GeV [2]) and deuteron beams (1.6,
2.52 GeV [6]) could reveal the exact identification of the sources of differences
observed between experimental data and simulations.

CONCLUSION

We studied high-energy neutron production in the spallation reactions of
1 GeV protons in the thick lead target with the uranium blanket surrounded by
the polyethylene moderator. The shape and the intensity of produced neutron
field were measured by means of threshold reactions in activation foils.

Due to the hard part of the neutron spectrum in the Pb/U-assembly, we
observed isotopes produced in threshold reactions with Eljyesn up to ~ 60 MeV.
The maximum intensity of the fast neutron field (£, > 1 MeV) produced in
the spallation target was observed in the first gap between blanket sections. The
energetic spectrum becomes harder at the end of the target.

The evaporation models (Dresner and ABLA) used in Monte Carlo simula-
tions have dominant influence for neutron energies up to ~ 25 MeV. The INC
models (Bertini and Isabel) are dominant for higher energies.

MCNPX describes qualitatively well the shape of the longitudinal distribu-
tions of the yields of threshold reactions. Differences in absolute values are less
than 50%. This is valid for all combinations of intra-nuclear cascade models with
evaporation models included in the 2.6.C version. In contrast to the latter, the
simulations predict a bit steeper decrease of yields with growing radial distance
than was measured. This effect grows with the threshold energy. Similar trend,
but much more distinctive, was observed at the 1.5 GeV experiment. Presently,
we are not sure of the reason for this disagreement.
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