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2. EXPERIMENT AND CALCULATIONS

The experimental investigations of the integral and differential characteristics of
the hadron field around the thick cylindrical target of natural lead (50 cm long and 8.2
cm in diameter) irradiated by protons with energy 650 MeV have been done at the JINR
phasotron. Neutron spectra have been measured at angles 45°, 75° and 105° to the beam
direction by a multisphere Bonner spectrometer (BSS) with Lil detector. The angular
distributions of specific activities of threshold activation detectors arranged around the
target as well as spatial distributions of the same values on the target surface have been
evaluated experimentally. The experimental techniques and the experimental conditions
are discussed in detail in [3, 4].

The numerical evaluations of neutron spectra from the target taking into account
the detailed experimental conditions have been done in two ways.

The first one was a combination of the LAHET Code System [5] — for the
nuclear cascade calculation at energies above 20 MeV and the MCNP4B code [6] — for
the neutron transport evaluation below this energy threshold. The full information about
neutrons ending their processing in the LAHET (falling below 20 MeV) has been then
used for description of the neutron source for subsequent calculations with the
MCNP4B code. The output data from the LAHET code have been transformed to the
necessary format and transmitted in parts to the MCNP4B as the input data. The
MCNP4B used the ENDF-B/VI cross-section library.

In the second way the calculations of neutron spectra has been performed with
the use of MCNPX code [7] that also contains the LAHET code for high-energy
calculations.

In both cases the Bertini model [8] for simulation of inelastic interactions of
high-energy hadrons with nuclei has been used.

The monodirectional proton beam (energy 650 MeV) with the Gaussian shape of
density distribution (¢ = 4.5 mm) profile has been assumed for the calculations. A 1.5
mm thick cylindrical layer of stainless steel covered the target on its side. The
calculated neutron spectra are energy dependent neutron fluences averaged over a

sphere with 30.48 cm diameter placed at 277 cm distance (radius) from the target centre



at the different angles. This volume corresponds to the volume of 12" spherical
moderator of the BSS. In fact the BSS readings were averaged over a set of volumes for
diameters starting from the 12’ down to the smallest one 2"". However, this assumption
should not bring a significant discrepancy between the experiment and the calculations
owing to the weak angular dependence of neutron flux within the solid angle of such
sphere as seen from the target.

The experimental geometry simulated in the codes input files is shown in Fig. 1.

3. RESULTS AND DISCUSSION

The results of comparison of the calculated and experimental spectra at three
angles with regard to the beam are presented in the Figs. 2-4. The results are normalized
to one beam proton. In addition to the Bertini intranuclear cascade model the other
accessible options — SEM and ISABEL models have been also tested in the calculations
of neutron spectra. All of them produced very similar spectra shapes and are not shown
in the graphs.

The relative statistical errors of the calculation results in the most important
energy range amount to 2+3%. As a whole, the agreement of absolute values and the
shapes of the experimental and calculated spectra are relatively satisfactory. The largest
discrepancies have occurred in the high-energy regions of the spectra and in the 5+20
MeV energy range. They can be explained by the following reasons of both the
experimental and the calculation nature.

First of all, the BSS response functions in high-energy regions weakly depend
on the neutron energy. As a result, the ability of the BSS technique of spectrum
unfolding is poor in this range due to the information deficit. It is an inherent
imperfection of the method while an improvement of the spectra unfolding in the high-
energy range would require well precise knowledge of the BSS response functions,
experimentally verified at neutron energies above 20 MeV. The use of a shadow bar
between the BSS and the target for the background subtraction also caused a certain
underestimation of the experimental spectra at high energies due to the insufficient

thickness of the bar. The use of a priori information about the smoothed spectrum shape



at the unfolding has brought a light correction in this shape too. However, the
discrepancy at high energies is not so important in practice because the contribution of
neutrons with energies above 30 MeV in the total fluence has not exceeded 5 %.

On the other hand there is a light underestimation in the results of fast neutron
calculations because of imperfect modelling of the evaporation process (neglect of the
neutron generation by protons with energies below 20 MeV) and due to the neglect of
photoneutrons. A consideration of the contribution of these processes might correct the
spectrum shape in the interval from 0.5 to 20 MeV.

The experimental and calculated fluences (neutron-cm™ per initial proton) in the
energy range from 3-107 to 650 MeV at the 277 cm distance from the target centre are
presented in Table. In our case a presentation of the differential data in terms of a
radiation source (neutron per sr) is not strict since the target cannot be considered as
punctual in the given measurement geometry.

The angular distributions of specific activities (measured in the experiment) of
activation detectors around the target have been simulated with the MCNPX code. The
specific activity of the detector is A”/(My[), where A” — the detector’s activity
extrapolated to the infinite time of the irradiation (s), My — the total amount of '2C
atoms in the detector volume, / — the average beam intensity during the irradiation time
(proton's™).  For the specific activities verification the energy depending neutron
fluences of secondary hadrons (neutrons and protons) averaged over the detector’s
volumes at 1 m distance from the target centre have been calculated for every 15°.
These spectra at every angle have been then separately convoluted with the
corresponding cross-sections of the Z’Al(h, x)'*F, 'C(h, x)''C and *Al(h, x)**Na
reactions with energy thresholds about 40, 20 and 6 MeV respectively. The total
activities of the '2C and Al detectors induced by hadrons were obtained as the sum of
two reaction channels. The uncertainty of the experimental reaction cross-section data
determines mainly the errors of the evaluated activities. The experimental errors were
estimates from 6 % in maximums of the distributions to 15 % in minimums of the
distributions [4]. The adopted cross-sections of the above reactions have been taken

from [9-11] and are shown in Figs. 5 and 6. The detector activation due to gammas and



n-mesons did not take into account at calculations because of their reaction cross-
sections negligibility.

The experimental and the calculated angular distributions of specific activities
are compared in Figs. 7 and 8. It is obvious that the contributions to the detectors
activity from neutrons and protons strongly differ depending on the angle except of the
7 Al(h, x)**Na reaction distinct by a very small proton cross-section as compared to the
neutron one. The statistics of calculations at 0° have been insufficient (particularly for
protons), thus these data are not indicated in the graphs. As a whole, the calculated and
the experimental angular distributions show fair agreement with the exception of the
back angle 165° where the estimation of low energy albedo protons from the target may
be understated.

In the same way the longitudinal distributions of specific activities of the
aluminium foil and of the polyethylene film wrapped around the target has been
calculated. The reactions C(h, x)''C, ?’Al(h, x)**Na and '*C(h, spall)’Be (energy
threshold about 30 MeV) were considered. The spectra of hadrons coming out from the
target have been averaged over each eighth part of its surface and on the front and back
ends of the target. The experimental longitudinal distributions and the calculated ones
are presented in Figs. 9 and 10. The calculations correctly describe the experimental
distributions of the specific activities of irradiated detectors. The quantitative
differences in the activities remain within the limits of total uncertainty of the
comparison. It can be seen in the graphs that the proton contributions to the activities
grow with the energy decrease that results in flattening of the distribution in that region.

The results of the present detailed study confirm a sufficient reliability of both
aforementioned codes for the estimation of the physico-technical characteristics of

subcritical assemblies driven by a high-energy (here 650 MeV) proton beam.
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Table. Comparison of experimental and calculated ﬁéﬁi;on fluences at the different
angles

105°

(1.2640.07)-10”

(1.01340.002)-10°
(1.053+0.276)-10°

Angle 45° 75°
Experiment (1.4040.05)-10° (1.4240.06)-10”
Calculation by:
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Bam6nesckuii B. I1. u np. E3-2002-273
CpaBHEHHE pacyeToB C SKCNEPHMEHTAILHBIMH JaHHBIMU

0 Pa3BUTHIO SACPHOTO KacKaja, HHAYLIHPOBaHHOTO NPOTOHAMH

¢ sHepruei 650 MsB, B ToNCTOlH CBMHLIOBOH MHILIEHH

NOJKPUTHYECKOH cOOpKH

OnucaHbl pacyeTsl MEXBANEPHONO Kacka/a, pa3BUBAIOLIETOCS B TOJICTOM CBUH-
LOBOH MHMILIEHH, 06/Ty4aeMoii Iy4KOM NPOTOHOB ¢ dHeprueit 650 MsB. [axHas pa-
6oTa BbINONHEHA B paMKax mpoekTa SAD (Co3maHHe ynpamrisieMO#H TPOTOHHBIM
YCKODHTENEM MONKPHTHYECKOH COOPKH Ha OCHOBE METAUIOOKCHIAHOIO YpaH-ILLy-
TOHHEBOTO TOIUIMBA). Pesynbrarl pacyeroB MO pazIMYHBIM NPOTpamMMaM CIIEK-
TPAILHO-YIJIOBBIX IIOTOKOB HCHTPOHOB M3 MMILEHH B IMHPOKOM AHANA30HE IHEP-
M, 2 TAKX€E YIJIOBBIX M MPOCTPAHCTBEHHBIX PACIpEe/ICHHI BTOPHYHBIX aJpOHOB
CPaBHMBAIKCh C PE3YAbTaTaMH 3KCIEPUMEHTOB, MPOBEACHHBIX Ha IyYKEe IIPOTOHOB
¢asorpona JIAII OMAM. IlomyueHo Xopollee Corache paCYETHBIX U 9KCIIEPUMEH-
TIBHBIX JaHHBIX.

Pa6ora BhimonHeHa B OTAENEHHH PagHMaUMOHHBIX H PaTHOGHOIOrHYECKHX
uccienoanuit OHUSIN.

Ipenpunr O6beNMHEBHOIO HHCTHTYTa SOEPHBIX HccenoBanuii. dy6Ha, 2002

Bamblevski V. P. et al. E3-2002-273
Comparison of Evaluation and Experiment

for Nuclear Cascade Induced by 650 MeV Protons

in Thick Lead Target of a Subcritical Assembly

The evaluations of nuclear cascade generated within a thick lead target irradi-
ated with the 650 MeV proton beam are described. The experiments have been
performed at the proton accelerator of the Joint Institute for Nuclear Research
within the framework of the project SAD (MOX fuelled Subcritical Assembly
in Dubna). The calculated (with differnt codes) neutron spectra in a wide energy
range as well as the angular and spatial distributions of secondary hadrons
from the target are verified by the respective measurements. The agreement be-
tween the calculated and experimental data proved quite satisfactorily.

The investigation has been performed at the Division of Radiation and Radio-
biological Research, JINR.
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