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ABSTRACT

The preliminary results are presented of the exper-
imental determination of threshold reaction rates in
experimental samples made of Al, Co, Bi, In, Au et
al. placed both inside and on the surface of extended
thick W-Na target irradiated with 0.8 GeV protons.
The target consists of 25 alternating discs each 150
mm in diameter: 5 tungsten discs are 20 mm thick, 7
tungsten discs are 40 mm thick, and 13 sodium discs
are 40 mm thick. The relative position of discs is
matched with the aim of flattening the neutron field
along the target surface. The comparison is made of
the measured rates with results of their simulation us-
ing LAHET and KASKAD-S codes, and MENDL2,
MENDL2P, SADKO-2, and ABBN-93 databases. The
results are of interest both in terms of integral data
collection and demonstration the up-to-the-date predic-
tive power of codes applied in designing hybrid (ADS)
systems that use tungsten targets cooled with sodium
[1, 2].

Foreword

The quantitative information describing interaction
of accelerated proton with a target is necessary in de-
signing even demo ADS. Application of hadron-nuclei
process simulation should be tested by special experi-
ments in which irradiation conditions, target material
composition and location approximate the design type
to the limit. There are several projects, [1] for exam-
ple, where tungsten cooled by sodium is considered to

be used as target material.

Tungsten belongs to the most promising materials for
the multiplying targets of ADS facilities. Tungsten is
sufficiently feasible technologically, shows the necessary
set of nuclear-physics characteristics, and is devoid of
any chemical reactivity and biological toxicity (as con-
trasted with, for example, lead and mercury). It should
also be allowed for that the actual target designs involve
not only the neutron generators made of heavy mate-
rials, but also the cooling and heat-exchanging units.
Sodium is often regarded as a promising material for
those units, considering that the sodium-based tech-
nologies have been studied in sufficient detail and mas-
tered in designing and operating fast breeders.

This served as the basis for conducting experiment
with a micromodel of a target containing tungsten and
sodium. Comparison of experimental data obtained on
such micromodel with corresponding calculated values
will give us valuable information both for modification
of codes and databases and for assessment of calculation
accuracy of the target part of the relevant ADS facility
designs.

Experiment plan

The target with alternating adherent tungsten and
sodium discs was designed as such micromodel. The
location of these discs which was specially chosen facili-
tates the maximum flattening of the neutron field along

the target. Experimental samples made of 27Al, °°Co,
115In, 197Au, 209Bi, 63Cu, 65Cu, 93Nb, 64Zn, 191:;l (CFQ),



12@, 181 Tq, 169Tm which were manufactured by punch-
ing the corresponding foils or by molding fine powders
and represent experimental samples 10.5 mm in diame-
ter and 0.1-0.3 mm thick were placed inside the target
and on its surface.

The layout of tungsten and sodium discs is shown in
Fig. 1. All discs are 150 mm in diameter, disc thick-
ness and sequence is listed in Table 1. The tungsten
discs have special design providing insertion of special
bars with round recesses for experimental samples to
be placed inside the target. W (97.5%), Ni (1.75%), Fe
(0.75%), and less than 0.2 % of impurities are incor-
porated in tungsten discs. The average density of the
tungsten discs is 18.6 g/cm®. Sodium discs represent
metallic sodium placed into a steel container with 0.4
mm thick walls. Impurities content in Na is less than
0.02%. The discs are placed on a special adjustment
table which provides alignment of target and proton
beam axes with accuracy in the order of 1 mm.

The number of protons that hit the target, as well
as the proton beam shape, were determined using an
Al monitor placed along the beam at 5 cm in front
of the first disc. After irradiation, the monitor was
cut into separate fragments, most of which are 2x2cm
squares. The number of “Be nuclei produced in each
fragment was determined by 7y-spectrometric analysis.
Since the number of “Be nuclei produced in each of the
fragments is proportional to the number of protons that
traversed a fragment !, the results make it possible to
determine the number of protons that traversed each of
the fragments, whereupon the proton beam shape can
be restored. The monitor fragments are of large sizes
(smaller sizes involve a great count error in the total
absorption peak), so the beam shape was restored by
least squares method on assumption the beam shape
is described by the Gaussian along either of the z,y
coordinates.

Target irradiation was performed with 0.8 GeV pro-
tons over a period of 10 hrs at the mean intensity
7.2-10'° p/pulse using ITEP synchrotron. The pulse
repetition rate is 15 pulses per minute. After short
decay lag experimental samples were extracted from
the target’s surface and inside volume and packaged
into labeled polyethylene packages. Subsequent gamma,
spectra measurements were taken using several spec-
trometers. The absolute values for different threshold
reaction rates were determined using PCNUDAT de-
cay database after gamma-spectra processing with GE-
NIE2000 code.

Lcontrary to 7Be, the 22Na and 24Na nuclei may be produced
in the Al monitor due also to the neutrons emitted from the target
backwards.

Simulation of reaction rates

The measured reaction rates were simulated using:
o the LAHET Code System[3] components, namely:

1. the LAHET code to simulate high-energy
hadron interactions with nuclei and transport
in matter;

2. the HMCNP code to simulate the transport
of slow (E,, < 20) neutrons in matter.

The LAHET code was set to allow for multiple
scattering of primary protons and elastic scatter-
ing of neutrons above 20 MeV. The proton beam
parameters were specified to conform to the re-
sults of determining the beam shape?. The hadron-
nucleus interaction were simulated in terms of the
ISABEL model. The neutron cross sections from
the ENDF/B5 database were used in the HMCNP
code.

o the KASKAD-S code system [4] which uses a dis-
crete ordinate algorithm for coupled
charges/neutral particle transport calculations in
2D pencil beam problems®. The multigroup cross-
section library SADKO-2 for nucleon-meson cas-
cade calculations coupled with CONSYST/ABBN-
93 neutron and gammas cross-section libraries be-
low 20MeV is used.

The two code systems have yielded the neutron and
proton energy spectra at the experimental sample
locations.

e The package of nuclear databases with (p,x)- and
(n,x)-cross sections of the measured reactions, in-
cluding

1. the MENDL2 [5] cross section database for
the up-to 100 MeV neutron-induced reac-
tions;

2. the MENDL2P [6] cross section database for
the up-to 200 MeV proton-induced reactions;

In the cases where the high energy range (100 <
E < 800MeV), which can contribute much to the
measured reaction rates (Al, Co inside the target)
is missing in the above databases, the cross sections
from the databases were supplemented with the
cross sections borrowed from experimental works.

2The beam is of oz=1.6cm, oy=1.0cm dimensions and is
shifted 1.1 cm to the right.

3The beam was set as sum (superposition) of two beams cen-
tered at the target axis with ¢1=1.0cm and c2=1.6cm



Table 1: Disc sequence, thickness, and experimental samples layout.

Disc | Material | Thickness, Samples
number mm Inside Outside
Wi W 20 5A1%), Co 7Al, 131In, Bi, Au, Ta
Nal Na 3x40=120 - -
W2 W 20 5Al, Co | Al, '°In, Bi, Au, %9Tm, %3Cu, Ta,
65Cu, 93Nb, 64Zn, 19F, 12C, Co
Na2 Na 2x40=80 - -
W3 w 20 5A1, Co 7Al1, 'In, Bi, Au, Ta
Na3 Na 2x40=80 - -
W4 W 20 5Al1, Co Al T™™In, Bi, Au, Ta
Na4 Na 40 - -
W5 W 40 5Al1, Co 7Al, 115In, Bi, Au, Ta
Nab Na 40 - -
W6 W 40 5Al, Co Al T™™Tn, Bi, Au, Ta
Na6 Na 40 - -
W7 W 40 5Al, Co 7Al, 115In, Bi, Au, Ta
Na7 Na 40 - -
W8 W 40 5Al, Co Al T™™Tn, Bi, Au, Ta
Na8 Na 40 - -
W9 W 40+20=60 | 5Al, Co Al T™In, Bi, Au, Ta
Na9 Na 40 - -
W10 W 2x40=80 5Al1, Co Al, 'In, Bi, Au, Ta
W: 380 50 Al 34 Al, 10 *°In, 10 Bi, 10 Au,
Total Na: 520 10 Co 10 Ta, 1%°Tm, 3y, 55Cu, ?3Nb,
647n 19% 120, Co
900 142 samples**)

*) Al designates a single Al sample; 50 Al designates fifty Al samples, etc.
**) There are samples (made of Al) beside those specified in Table 1 for measuring the proton beam density distri-
bution across the front (Al) surface and control of the neutron field uniformity along discs that form the target.

The simulated reaction rates were obtained by inte-
gral multiplying the spectra by the respective reaction
cross sections

R=Rns+Rpz= )

i=n,p

¢i(E)oi . (E)dE

The differences between the simulated and experi-
mental reaction rates were estimated using the mean
squared deviation factor < F' >.

The experimental data together with the results of
simulation using the LCS and KASKAD-S codes are
presented in Figs. 2 and 3. Also presented is the mean
squared deviation factor < F' >.

Conclusions concerning the con-
vergence of the calculated and ex-
perimental values

The LCS convergence

From Fig. 2 it follows that many of the reaction
rates are predicted to a satisfactory accuracy (almost
a half of the calculated values differ by less than 30%
from the experimental data). At the same time, Fig. 2
demonstrate also some systematic deviation of the LCS
calculations from experiment, namely,

1. the calculated data are much (up to factor 2) un-
derestimated at the first three points of line C (tar-
get axis);

2. the calculated data are somewhat (up to factor 1.5)
overestimated at the last point of line C;
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Figure 1: Layout of W and Na discs and experimental samples.

3. many of the calculated data tend to being overes-

timated at the first point of line S (target surface);

. the 1®In(n,p)!'5Cd reaction rate is much (up yo
factor above 5) overestimated.

The systematic deviations can tentatively be explained
as follows:

1. As seen from Fig. 2 for %°Co—°%Co and

27 A1—24Na reactions, protons contribute much to
the reaction rates at the first points of line C. The
the line S is located right on the proton beam
axis, the beam geometry parameters affect much
the proton fluxes at the points. Therefore, the ac-
tual significant deviation of the calculated reaction
rates from experiment at the first points of line C,
together with the minor deviations at the subse-
quent points of that line and at the points of line
S, suggest that the Gaussian beam shape used in
the calculations should be regarded as but an in-
sufficiently adequate approximation.

. The main contribution to the reaction rates at the
last point is from the fast energy range neutrons

whose energies exceed 20 MeV. The contribution
from slow neutrons and secondary protons is un-
derestimated because that poit is at the greatest
distance from the target front surface. The de-
viation of calculations from experiment at that
particular point may be accounted for a probable
LAHET code inadequacy in the production and
subsequent transport of the pre-equilibrium energy
range neutrons.

. At the first point of line S the main contribution

to the reaction rates is from the neutrons and sec-
ondary protons produced in hadron-nucleus inter-
actions with emission backwards and sidewards.
A small underestimation of the reaction rates ob-
served for some reactions at that particular point
suggests that the LAHET code simulates rather
inadequately the nuclean emission backwards.

. The '59Cd (T}/»=53.46h) production reaction

rate has been determined experimentally, whereas
the code simulation has given 15Cd as a sum of
all states (ground+isomeric). Therefore, the ob-
served differences are not indicative of inadequate
code simulation.
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Figure 2: The experimental and the LCS calculated reaction rates. The dashed line is the neutron contribution.
The mean squared deviation factor < F' > is also shown. The presented reaction rates have been normalized to the

proton beam power.

It should be noted that the convergence of the exper-
imental and simulated reaction rate data found here is
better than the convergence of the like data on the cross
sections for production of residual nuclides (see, for ex-
ample, [7]). This fact is accounted for by the integral
character of the reaction rates.

The KASKAD-S convergence

Fig. 3 shows the KASKAD-S—simulated reaction rates
together with experimental data. The displayed results
single out two data groups of a very different levels of
agreement between the simulated and experimental re-

sults, namely, the target surface (line S) data and the
target axis (line C) data.

Group (1) exhibits a comparatively good agree-
ment of the simulated and experimental data (the
rates of all reactions, other than 27Al(n,p)>"Mg and
15T (n,p)tP Cd, diverge from the experimental data by
a factor of less than two). So, it is possible to conclude
that, as a rule, the predictive power of the KASKAD-S
code at the target points enough far from proton beam
axis is about the same as the LAHET code predictive
power.

Group (2) exhibits much worse agreement between
the calculated and experimental results (all the simu-
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Figure 3: The experimental and the KASKAD-S calculated reaction rates. The dashed line is the neutron contribu-
tion. The mean squared deviation factor < F' > is also shown. The presented reaction rates have been normalized

to the proton beam power.

lated reaction rates diverge from experiment by a factor
of above two). An essential disagreement along line C
can be explained similarly to the LAHET underesti-
mation of reaction rates in the first points of line C,
that is, by unadequate specifying of the beam geome-
try. The fact is that the KASKAD-S code simulates
hadron cascade transport in 2D r, z geometry. That is
why the axial symmetry of the proton beam is assumed
in simulations. However, the real proton beam is not
axially symmetric and the r,19, z geometry calculation
must be met to accurately simulate hadron transport
in the vicinity of the target axis. A new 3D S,, code
called KATRIN is under development with a view to

resolving the problem.
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