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1. INTRODUCTION

In this paper a deep penetration experiment conducted at the
Los Alamos WNR facility's Spallation Neutron Target /1/ is com-
pared with calculations using the HETC/KFA-1 /2/, and ANISN /3/
codes installed at KFA-IRE.

For such problems the most reasonable technique to detect neu-
trons experimentally is by counting decaying residual nuclei

of high energy interactions with suitable target materials.
Especially for accelerator environments, spallation reactions
on copper have been proposed by Routti /4/ as a means to extend
the known threshold-foil technique to higher hadron energies.
’The yield cross sections for many spallation products have a
threshold‘type energy dependence with threshold energies of

tens or hundreds of MeV.

The problem with these reactions, however, is that the spalla-
tion yield cross sections are basically not known above 20 MeV.
While the experiments can reveal clearly the exponential de-
crease of reaction rates with shielding thickness without any

prior knowledge of cross sections, the quantitative comparison
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between experiment and calculation suffers from the lack of
reliable cross section data for these spallation yield cross

sections.

We will demonstrate this deficiency by a comparison of experi-
mental and theoretically determined production cross sections
for some isotopes from natural copper. For more detailed infor-

mation see Ref. /5/.

I17. EXPERIMENTAL

Foils of 30 mm diameter and 1 mm thickness were irradiated in-
side the WNR target 1 bulk shield. They were imbedded into a
stringer assembly that was inserted into flight path 5 of the
facility. Foil materials studied were copper, cobalt, and
nickel, all of natural isotopic composition. The stringer
assembly loaded with iron foil containers and part of the WNR

bulk shield are shown in Figure 1 and Figure 2, respectively.

During irradiations, 3He-detector counts were recorded to cor-
rect for time variations of the proton-beam intensity and the

resulting neutron-flux intensity. The 3

He detector was posi-
tioned in a polyethylene cylinder at the flight path's end
(Fig. 1). This position was chosen to prevent interference from
neighbouring experiments. The irradiations were performed with
a tungsten target (4.45 cm diameter, 24 cm lengtﬁ) and a beryl-
lium reflected water moderator assembly in place. Typical pro-

ton beam currents were approximately 3 uA.

After irradiations the reaction products in all foils were de-
termined directly by counting in Ge(Li) gamma-ray spectrome-
ters. All foil activities were corrected for self absorption

in the foi1ls, for decay during irradiation utilizing the recor-

ded 3He—detector counts, and for decay during counting. They



are for the time at the end of bombardment. The final reaction
rates are normalized to the number of primary protons interac-

ting in the target and the number of foil nuclei.

These reaction rates have been multiplied by the distance to
the target squared and have been plotted versus depth in the
shield. Results for some spallation reactions on copper are

shown in Fig. 3 and 4.

111. HETC AND ANISN CALCULATIONS

|

Combined Monte Carlo and deterministic transport calculations
were performed for the experimental arrangement of Fig. 2 to
calculate the reaction rates for the measured reactions on cop-
per. Two important simplifications can be done due to the fact
that nearly all reactions used in the experiments have thre-

shold energies above 15 MeV:

1. It is not necessary to follow neutrons in energy below
715 MeV, i.e. it is adequate to use only the Monte Carlo
code HET/KFA-1 /2/ with a cut-off energy at 15 MeV and
neglect subsequent low enery transport calculations.

2. It is allowed to simplify the complex moderator-reflector
system surrounding the target (see Fig. 2) and simply
describe it as a homogeneous beryllium cylinder, because
in the shielding context the entire system is of interest
only for removing high energy particles. The low energy
particles stemming from moderations will not be measured
by the threshold detectors and can therefore be neglected

in the shielding calculations.

This simplifies our shielding calculation as compared to target

calculations considerably.
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Calculational Procedure

The particle histories were calculated with HET/KFA-1 down to
the lower energy limit of 15 MeV. The histories were started

by incoming protons of 800 MeV hitting the top surface of the
cylindrical tungsten target (Fig. 5). The particle fluxes in-

side the shield were determined in two different ways:

1. Straight forward Monte Carlo with HETC and SIMPEL analysis.
The code SIMPEL of the system /2/ derived neutron fluxes
and proton fluxes at different depths inside the shield
using track-length estimators.

2. HETC-ANISN surface coupling procedure via SIMPEL. Close to
the inner surface of the bulk shield a spherical segment.
was defined serving as a coupling surface between SIMPEL
and ANISN /3/. Here SIMPEL calculated a neutron surface
source, which was handed over to the one-dimensional
transport code ANISN. Starting with this source, ANISN
calculated the neutron fluxes inside the shield in
spherical geometry. The coupling procedure is described
in /5/. The transport cross sections used for the cal-

culations were taken from the LANL library /6/.

Both HETC and HETC-ANISN coupling calculated fluxes were folded
with corresponding reaction cross sections to obtain reaction
rates. Two sets of cross sections were generated using the

RUDSTAM formulas /7/ and the code ALICE /8/, respectively.
Geometry
The geometrical layout for the HETC calculations was described

using concentrical cylinders (see Fig. 5) with the following

zones and materials:
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Zone 1 was the tungsten target, zone 2 the beryllium reflector
- the simplifying assumption for the moderator-reflector system.
The radius of this reflector was set to the actual thickness

in the line of sight in the experimental arrangement for FP5
from the target center to the surface of the stringer. Zone 3

is a void region and zone 4 is the shield which consists of a

mixture of iron and concrete.

For the flux estimation from HETC histories SIMPEL used track
length estimators which were rings of 20 cm heights and thick-
nesses of about 3 cm. These volume detectors are denoted A, B,
C in Fig. 5. The advantage of such ring shaped detectors is the
strongly enhanced statistics due to the azimuthal symmetry as

compared to small detector boxes.

The'coupling surface of the neutron surface source used by
ANISN (denoted SQ in Fig. 5) was a spherical segment with
radius 122 cm. This segment was placed entirely into the bulk
shield. This geometry is hot azimuthal symmetric. For the ANISN
transport calculations beyond the coupling surface the bulk
shield was assumed to be composed of iron only with nuclide
density 8.44x1022 cm'3. This is assumed to be the better appro-
ximation to the environment of the monitor foils inside the

stringer than the iron/concrete mixture of the bulk shield.

IV. RESULTS

HETC and the HETC-ANISN coupling calculate particle fluxes for
energles between 800 MeV and 15 MeV at different depths inside
tthe shield. The proton flux is negligable as compared to the
neutron flux as Table I shows. Therefore, protons have been
neglected in all calculations following. Looking at the depth
dependence in Table I, a comparison of the HETC-ANISN coupling
and HETC results shows, that the high energy flux as calculated
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by HETC 1is not decreasing as fast as predicted by the HETC-ANISN
coupling while going further into the shield. The reason for
this behaviour could be that for the HETC calculation a mixture
of iron and concrete with an iron number density of 7.7x10%2

cm"3 was assumed, while for the coupling calculation pure iron

3

with a number density of 8.44x1022 cm ° was used to account for

the true material composition inside the stringer.
Flux Spectra

Fig. 6 shows a comparison of the flux spectra calculated by
HETC at two different depths inside the shield. At 23 cm the
spectrum is harder than at 103 cm depth. The reason could be
that the mixture of iron and concrete acts as a moderator. But-
it should be mentioned that at 103 cm depth the fractional
standard deviation values (FSD) for all. energy groups of the
spectrum are in the range of about 50 percent, indicating bad
statistics. To compare the predictions of the spectral behavi-
our of both procedures the spectrum calculated by the HETC-ANISN
coupling and the HETC spectrum are plotted in Fig. 7 at 23

cm depth. We have chosen this position because it is close to
the coupling surface SQ in Fig. 5 and good statistics can be
obtained with HETC itself. As expected, good agreement between
both spectra is obtained. Fig. 8 gives the spectra calculated

by the HETC-ANISN coupling at three different depth

In contrast to the spectrum behaviour calculated by HETC
(Fig.b6}, the HETC-ANISN coupling spectrum is harder at 103 cm
than at 23 em depth. Furthermore, Fig. 8 shows that the spectra
at 103 cm depth and in 203 cm are nearly identical. Therefore,
1t can be stated that the HETC-ANISN coupling spectra reach

equilibrium very fast.



Reaction Rates

Calculated results that can be combared with the experiments
are the threshold reaction rates. They were calculated by fol-
ding the group dependent neutron fluxes with reaction cross
sections. Reaction rates were generated for two positions at

23 cm and 103 cm. In Table II the calculated and measured rates
for the reactions on foils of natural copper are shown. Agree-
ment within a factor of two between measured and calculated
reaction rates is found for the Rudstam cross sections. It
should be mentioned, however, that both the measured reaction
rates and the calculated fluxes contain uncertainties of up to
50 percent (see spectrum results in Figs. 6-8). Much larger
differences between measurement and calculation up to more than
a factor of 10 are found if reaction cross sections generated

by the code ALICE /8/ are used to calculate the reaction rates.

V. DISCUSSION

In comparing experiment and calculation the most serious source
of uncertainty are the neutron cross sections for the produc-
tion of residual nuclei in the monitor foils. It is simplisti-
cally assumed that at high energies (above 20 MeV) spallation
cross sections for protons and neutrons are identical. The com-
mon description of this process as an intranuclear cascade and
a subsequent evaporation process is in favour of this ide

equal response to both nuclecns. Therefore, cross sections for
proton induced reactions which are much easier to obtain expe-
rimentally than neutron cross sections were compiled and trea-
ted like neutron cross sections to calculate the reaction rates
at. different positions in the shield. Sources of cross sections
were the Rudstam /7/ formulas, which are semiempirical parame-
terizations of experimental results up to 1964, the modifica-

tions by Silberberg and Tsao /9/, more recent experiments on

633



634

/12/ and Greenwood /13/ and

tions with ALICE /8/.

th /10/, Grittner /11/, Williams
. finallv nreeaguilibrium calcula-
1d, Ilnally, preequillibr ium calcuila

For one example part of the compilations is shown in Fig. 9.

The Silberberg/Tsao cross sections were not included in the

o'
[t
o}
o
/)]
o

ecause their gen
)

ot
(o]
wm

& AdAoavia
L% aevilia on .

ral shape follows Rudstam's curves
h

e
+tion tno hot
C1 Cc 00T

P
tween experiments and ALICE calculations for the production of
57

w
aidaea In FPi Q +he acoreement ho-~
s1i4aes i 2 > ement be

.

«Q

1 b
4 - 3a ke

WIIT &Ry s TTm

Co from copper is reasonable close to the threshold energy.

At higher energies they disagree significantly with ALICE pre-

dicting a steep decrease.

Rudstam's curve is systematically too

b - n.’\L___l___A..l Mmoo 8 o~ =+ < - FUP PR, . | T R P N 1 = = d - 2 ..\_ R
10w, S1l1Pperneryg/i1s4do0° s pre .l tion would hit the last [()1 1L OL
Greenwood's experiment. The resulting large difference between

the reaction rates
cross

reaction rate in Table I1

sections 1s found in Table

calculated from both Rudstam's and ALICE's

[ =
1T for °’Co. The exper imental

should be closer to the reaction rate

obtained by folding the calculated neutron flux with ALICE's

P

cross sections. But

1

es
limits as compared to the

The discussion shows that

two or three or more from

ret . .

alone. The total disagreement between ALICE‘s and

5g/Tsag s) cross

cross sections seem to be the upper
se

more recent experimental cross

we can only argue within factors of
these monitor reaction cross sections

Rudstam's (ot

ation effort obsolete. ALICE seems to follow the gene-

ral shape of the experimental results better than the Rudstam

ormulas,

-+ “H

s
L

-

1 V3

Me

2]

H4

3
)
~J

<
o]
Lol
rt
C
joF
[
i

but still with large discrepancies. Under this aspect

here is a strong need for cross section measurements especial-

a re

b
{

P [ R Not uanti
ualta pase. NOUL ulitl

}..a
-

i1ab

‘..4

cross sechtions have been obtained with reasonable uncertainties

(of at least better than a factor of 2) and sufficiently narrow

energy spacings at the threshold energies, more accurate compa-

risons between experiment

and calculations cannot be expected.



VI. CONCLUSION

The deep penetration experiment at the WNR helped to generate
an experimental data base for a well defined spallation physics
environment to be compared with predictions of the HETC/KFA-1,
SIMPEL and ANISN codes. The experiment's position perpendicular
to the beam axis excluded primary protons and most of the high-
energy neutrons beyond the evaporation neutron energies. This
made especially the HETC calculations more elaborate, because
most of the histories are in forward direction or are confined
within the target/reflector volume. To get enough statistics
perpendicular to the beam axis 122 cm away from the target
calls certainly for more CPU time, but without making all sim-
plifying assumptions and taking full advantage of the approxi-
mate symmetry of the WNR target, CPU time would be unreasonably

large.

The direct comparison between experiment and calculation was
based on the measured reaction rates, any unfolding of the ex-
perimental data would have introduced additional sources of un-
certainty beyond cross sections. The agreement is not too sa-
tisfactory, but as the compilation of reaction cfoss sections
for natural copper targets shows, cross sections for the pro-
duction of nuclei in the detector foils alone are the largest
source of uncertainty, larger than Monte Carlo statistics,
coupling between codes or proton contributions. The results
presented show that experiment and both HETC and ANISN calcu-
lations do compare to some extent, but the overall uncertain-
t.ies introduced by the cross section for the specific reaction
excludes conclusions as to how to improve the calculational

model.
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Basically one has to conclude that cross sections for the de-

tection reactions studied have to be measured first with rea-

sonable accuracy to provide a reliable base for comparing ex-

periment and calculation. The lack of experimental cross sec-

tions above 20 MeV is certainly due to the fact that accelera-

tors with variable particle energies between 1 GeV and 20 MeV

are not available. The proposed COSY synchrotron that will pro-

duce protons between 2.5 GeV and 40 MeV would be the ideal

facility to measure the required cross sections.
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Table I: Total Flux per cm

2

and per incident proton

Depth in Position HETC HETC-ANISN coupling
Shield in Fig. 5 protons neutron neutrons
23 cm A 6.38x1079  1.48x107° 1.85x107°
103 cm 0 1.70x1078 8.60x10™ 7
203 cm c 0 0 1.90x10711
Table II: Comparison of calculated and measured reaction rates
Cu-nat Experiment Rudstam ALICE
Run 1 HETC-ANISN HETC HETC-ANISN
coupling coupling
d = 23 cm
Fe-59 2.1x10733  4.7x10733  3.5x10733  3.7x10733
Co-58 2.8x10732  4.5x10732  3.2x10732  9.3x10732
Co-57 1.4x10732  1.2x1073%2  0.8x1073%2  5.0x10732
Co-56 2.0x10733  2.4x10733  1.5x1073%3  16.0x10733
Mn-52 3.5x1073%  6.3x1073¢%  3.6x1073% 60.0x1073%
Mn-54 3.9x10733  5.3x1073%3  3.3x1073%  14.0x10733
v-48 0.5x1073%  1.0x1073¢%  1.1x1073%  20.0x1073%
| d = 103 ¢cm
Fe-59 1.1x1073%  2.7x1073%  2.8x1073%  1.8x10733
Co-58 1.8x10734  2.6x1073%  2.5x1073%  4.6x10734
Co-57 9.5x1073%  7.5x1073%  6.9x1073%  27.0x1073%
Co-56 1.7x1073%  1.5x1073%  1.3x1073%  9.4x1973%
Mn-52 2.8x1073%  4.1x1073®  3.2x1073%  38.0x10730
Mn-54 3.2x1073%  3.3x1073%  2.8x1073%  g.7x10735%
v-48 1.0x107 36 1.4x1073%  0.9x1073%  13.0x10730
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FOIL CONTAINER

Fig. 1: The stringer assembly used to insert foil packages into
the bulk shield of the WNR facility's Target I (LANSCE).
Individual foil containers and foil positions are
indicated. The 3He monitor at the left is imbedded

into PE rings and serves as a flux monitor.

Outer Yacuum Pipe N

\\“ ‘.
FPS &

PE Rings

e e s

Inner Yacuum Pipe

USRS ST

i}
g I
lron Rings /,, ‘ —_ Target
FP{——— — —— =1 _
AT
e it Moderator,
S o = IReflector
Lk = \ Assembly
/
—
FP3=-

Concrete

S \\
Steel

Fig. 2: Schematic scetch of the WNR target to the south. The
stringer of Fig. 1 was inserted into Flight Path &

(FP 5) for irradiations. Target, moderator and reflector

are described in more detail in /5/
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Fig. 6: HETC calculations
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647



