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° THICK-TARGET NEUTRON, y-RAY, AND RADIONUCLIDE PRODUCTION
FOR PROTONS ,BELOW 12 MEV ON NICKEL AND CARBON BEAM-STOPS

M. B. Chadwmk P.G. Young, and W.B. Wllson
University of California
. Theoretical Division
Los Alamos National Laboratory
‘Los Alamos, NM 87545
Tel. No. (505)667 9877

Abstract

Nuclear model calculations using the GNASH code
are described for protons below 12 MeV incident
on nickel and carbon isotopes, for beam-stop de-
sign in the Los Alamos Accelerator Production
of Tritium Low Energy Demonstration Accelera-
tor (LEDA) project. The GNASH calculations ap-
ply Hauser-Feshbach and preequilibrium reaction
theories and can make use of pre-calculated di-
rect reaction cross sections to low-lying residual
nucleus states. From calculated thin-target cross
sections, thick target 6.7 MeV and 12 MeV proton-
- induced production of neutrons, gamma-rays, and
radionuclides are determined. Emission spectra of
the secondary neutrons and gamma-rays are also
determined. The model calculations are validated
through comparisons with experimental thin—- and
thick-target measurements. The results of this
work are being utilized as source terms in MCNP
analyses for LEDA

1 Introduction

Nickel and carbon are currently being considered
for use as beam stop materials for the Los Alamos
Low Energy Demonstration Accelerator (LEDA),
for the Accelerator Production of Tritium (APT)
project. LEDA will demonstrate the feasibility of
producing a high-current proton beam for APT.
The energy to which protons will be accelerated
in LEDA is relatively low: an initial energy of 6.7
MeV is planned, with a possible increase to 12
MeV. Nickel and carbon are attractive beam-stop
materials since proton-induced neutron production,
which should be minimized as far as possible be-
cause of radiation protection considerations, is be-
low threshold at 6.7 MeV for the major nickel iso-
-topes (°%°Ni), and below threshold at 6.7 and 12
MeV for the major carbon isotope (}2C). - :

This report summarizes nuclear model calcula—
tions for protons incident on 5860.61.62.64Nj and
12,13¢ isotopes, for incident energies up to 12 MeV.
Calculations are performed using the GNASH code
[1], which applies Hauser-Feshbach equilibrium and
exciton preequilibrium theories. These calculations
are benchmarked against measured data, to val-

_idate the accuracy of the theoretical predictions.

After the calculation of these “thin target” cross
sections, thick-target neutron, gamma-ray, and ra-
dionuclide yields are determined for 6.7 MeV and
12.0 MeV incident energ1es

2 Proton reactions on Nickel

2.1 Experimental data

Experimental data for proton-induced cross sec-
tions on Ni isotopes below 12 MeV were obtained
from the CSISRS database from the National Nu-
clear Data Center at Brookhaven National Labora-
tory [2]. .
- The most 1mportant measurements for bench-
marking our model calculations are those of
Kaufman (1960), Levkovskij (1991), Tanaka

(1959,1972), Birjukov (1980), Blosser (1955), Su-

dar (1993), Antropov (1992), Johnson (1960), Sz-
elecsenyi (1993), Sevior (1983), and Qaim (1995)

[2]:

e Data for the p+Ni nonelastic cross section
(above 8 MeV).

e (p,n) excitation function data for 60’61’62’6“1Ni

(but no such data exists for 58N1)

¢ (p, a) excitation function data for

58,60,61,64
(but no such data exists for Ni). '

e An inclusive neutron emission spectrum for
8Ni(p, zn) at 22 MeV - a higher energy than
- of direct relevance here, but useful for testing



the model calculations, especially since gp,n)
excitation function data do not exist for 8Ni.

2.2 Summary of Model Calculations

The GNASH code has been described in Ref. [1].
At the energies studied here (< 12 MeV) equilib-
rium emission is the dominant reaction mechanism,
with relatively small contributions from preequilib-
rium emission. An optical model is used to deter-
mine transmission coefficients for use in the Hauser-
Feshbach GNASH calculations, as well as the reac-

tion cross section. For neutrons and protons, the

optical potential of Harper et al. [3] is used, which
is a potential developed for Ni. For deuterons, the
global potential of Perey was used [4], and for alpha
particles the potential of Strohmaier and Uhl was
used [5]. Gamma-ray transmission coefficients were
obtained from the formalism of Kopecky and Uhl
~ [6]. Continuum nuclear level densities were taken
from the Gilbert-Cameron formalism [7], using the
Cook systematics [8], matched continuously onto
low-lying discrete levels taken from the ENSDF
compilations [2]. In most cases the default level
~density parameters were found to provide satisfac-
tory cross section predictions. However, the default
level density and pairing parameters were modified
to improve agreement with data for the following
nuclides: %8Ni, a=6.0; 61Cu, a=7.5, A=1.0. The
preequilibrium matrix element for damping transi-
tions was taken as 175 MeV3, chosen to optimize
the preequilibrium spectra measured for higher-
incident reactions (e.g. the 65 MeV Ni(p, zp) data
of Sakai [2]).

2.3 Calculations compared to data

The experimental data summarized in Sec. 2.1 are
important for guiding the model calculations (for
" instance, as mentioned above, in two cases the level
densities were adjusted to improve agreement with

data), and to validate the GNASH code’s predic-

tions. o _

At the lower incident proton energies, in many
cases there are just three reactions that are domi-
nant: (p,p'), (p,a), and (p,n). No measurements
exist for the (p,p’) channel below 12 MeV, since
the residual nucleus is the same as the (stable) tar-
get nucleus and activation methods cannot be used.
However, since our calculations predict the total
nonelastic cross section rather well (See Fig. 1), if
our calculations account for measured (p,n) and
(p,@) data, then one can be confident that the

(p,p') channel is also determined accurately. v
Below we summarize features seen in the com-
parisons with measurements shown in Figs. 2-6:

p+98Ni In Fig. 2, the alpha emission channel is
seen to describe the data well. No data exists
for the (p,n) excitation function, but Fig. 2
shows that the neutron emission spectrum at
22 MeV is described fairly well. The preequi-
librium spectrum is somewhat overpredicted,
but this has only a minor impact below 12
MeV. - '

p+8Ni In Fig. 3, the alpha and neutron emis-
sion channels are seen to describe the mea-
‘surements fairly well. The structure seen in
the (p,n) excitation function between 8 and 10
MeV is due to the effects of level densities and

~ transmission coefficients in the competition be-

tween neutron and proton emission. The data

do not show such a marked structure, though

the fluctuations in the measured values are too E

great to be sure that no structure exists. -

p+5INi In Fig. 4, both the (p,n) and (p, @) chan-
nels are described fairly well, though the agree-
ment was obtained by increasing the °!Cu
level density from its default value (see above).
We could have further increased the $'Cu
level density to increase neutron emission (and

lower alpha emission) above 9 MeV. However,
neutron emission in elemental nickel is impor- -

tant from this isotope below 6.7 MeV (since
neutron production from the major isotopes is
below threshold here), but above this energy it
is relatively unimportant due the opening-up

~ of neutron channels in the abundant 58°Ni
isotopes. :

p+92Ni In Fig. 5, the (p,n) excitation function is

seen to agree reasonably well with the data.
There is a hint of an overprediction of this ex-

- citation function below 7 MeV. But we were

unable to decrease our results since at these
low energies the reactions are taking place pre-
dominantly in the discrete-level region, so that
level density parameters have no influence.

p+54Ni In Fig. 6, our calculations of the (p,n)

- and (p,a) channels are seen to describe the .

measurements well.

Calculated neutron production from the five iso-
topes is shown on the left side of Fig. 7. The neu-

tron production cross sections are multiplied by




the fractional isotopic abundances and shown on
the right side of Fig. 7, to indicate the important
‘sources of neutron production in elemental nickel.
- From this it is clear that below 6.7 MeV, neutron
production only occurs from the minor isotopes
(616264Ni). Between 6.7 and 12 MeV, neutron pro-

duction from °Ni becomes dominant, with 52:58Ni

~ also being significant.

Estimates of the accuracy of our - calculated neu-
tron production can be obtained by noting that
from the r.h.s. of Fig. 7, neutron production in
elemental nickel is most important from 2Ni be-
low about 7 MeV and from %°Ni between 7 and 12
MeV, and that comparisons with measurements for
these reactions in Figs. 3, 5 indicate accuracies of
better than 25%. Thus we expect our calculations
of neutron production (both think and thick target)
to be accurate to better than 25%

2.4 Tflick-target calculations

From our calculated (thin-target) proton-induced
cross sections, we determined thick-target yields of
neutrons, gamma-rays, and radionuclides. To do

this, GNASH calculations were performed for all

incident energies below 12 MeV on a 0.1-MeV grid,
and the results appropriately averaged according
to the slowing down calculated using the stopping
powers of Anderson and Ziegler {9].

Results for total neutron, gamma-ray, and ra-
dionuclide production are given in Table 1. Our re-
sults for radionuclide production agree well with
those in the compilation of Young and Rose [10],
which provides results below 10 MeV for the pro-
duction of Co and Cu isotopes, with the exception
of the 5®Ni(p,n)®°Cu cross section where the Young
and Rose results are approximately five times
larger. In discussions with Dr. F.C. Young we have
learned of an error (overprediction) in their work
for this reaction. Our results for neutron produc-
tion from elemental nickel at 12 MeV is somewhat
higher than the measurement of Daruga and Matu-
sevich [11] at 11.5 MeV of 74e-6 neutrons/proton
(experiment is approx 50% smaller, with an 18%
uncertamty) However, since 60N1(p,xn) is the ma-
jor comtributor to the elemental nickel result at
this energy (Fig. 7), and our thin-target calcula-
tions describe the data well (Fig. 3), we are con-
fident in the validity of our thick-target calcula-
tions. Furthermore, Borchers et al. have measured
thick target zero-degree meutron spectra on 53Ni
at 12 MeV, and our results are in good agreement.
They find, for neutrons above their detector thresh-

old of 0.7 MeV, a total forward-angle neutron pro-
duction of approx. 1.6e-6 neutrons/proton.sr (1.e7
neutrons/sr-xC), compared to our calculated value
of 1.3e-6 neutrons/proton.sr. »

Angle-integrated thick target neutron spectra are
shown in Fig. 8 for elemental nickel at 6.7 and 12
MeV, and for 3Ni at 12 MeV. These neutron spec-
tra are isotropic to a good approx1mat10n at these
energies.

3 Proton reactions on Carbon

Since the 2C(p,n) threshold is at 19.6 MeV, thick-
target neutron productlon for protons is due en-
tirely to reactions on B, However, our calcula-
tions include both 2C and 13C since 12C is an im-

- portant source of gamma-rays and radionuclides.

Details of the optical model and level density pa-
rameters for our GNASH calculations on carbon
are described in Ref. [12]. In addition to Hauser-
Feshbach and preequilibrium reaction mechanisms,
13C(p, n) direct reaction cross sections to low-lying
states in 1N were evaluated from measurements
and included incorporated into the GNASH calcu-
lations [13, 14, 15, 16]. This proved to be important
for correctly determmmg the magmtude of neutron
production.

Thick-target neutron, gamma-ray, and radlonu—
clide production for 12 MeV protons was obtained
from our GNASH calculations, and appropriately
weighted according to isotopic composition for el-

emental carbon. Results for the production cross N
_ sections are presented in Table II. The calculated

results for the total neutron production as a func-
tion of incident energy are shown in Fig. 9. Agree-

' ment with the measurements of Bair et al. (1981)

[14] and Daruga and Matusevich (1970) [11] is
seen to be good near 12 MeV. Differential neu-
tron spectra measurements at 12 MeV by Borchers
(1964) [17], at 0 and 90 degrees, are also shown in
Fig. 9, and the agreement with our calculations is
seen to be good. Our results for the thick-target
13C(p,n)'3N reaction agree well with those shown
in Young and Rose’s compila,tion below 10 MeV
(10]. |
Note that Fig. 9 indicates the neutron source
to have a considerable anisotropy - this is largely
due to the kinematical c.m. to lab transforma-
tion which has a significant effect for carbon (be-
ing light), resulting in an enhanced emission at for-

“ward angles. Integrating the neutron spectra over

all emission energies gives an angular variation for



0°: 90° : 180° of 1 : 0.42 : 0.23. For this rea-
son, the angle-energy correlated distribution of the
thick-target neutron source is provided for subse-
quent transport calculations, rather than assuming
an isotropic source. ‘

4 Conclusions

Nuclear model calculations using the GNASH code
provide a reliable way to determine thich-target
neutron, gamma-ray, and radionuclide production
for beam-stop design in APT. In addition to pre-
dicting the production cross sections, the model
calculations also predict emission spectra and an-
gular distributions of the light secondary ejectiles,
allowing them to be used as a source term for subse-
quent MCNP transport calculation [18]. We expect
our predicted thick-target results to be accurate to
better than 25%.

If one is restricted to using beam-stop material of
elemental composition, neutron production in car-
bon is an order of magnitude smaller than nickel

at 12 MeV, and a factor of 4 smaller at 6.7 MeV.

Gamma-ray production is also smaller for carbon
at 12 MeV, though it becomes larger than in nickel
by about a factor of 2 at 6.7 MeV. If it were possible
to obtain pure %8Ni as a beam-stop material, at 6.7
* MeV no neutron production occurs, and gamma-
ray production is small. At 12 MeV, pure *3Ni ex-
hibits comparable levels of neutron and gamma-ray
production to our predictions for elemental carbon.

Therefore, this study suggests that carbon may
be the optimal choice for the LEDA beam stop, par-
ticularly if a beam energy of 12 MeV is anticipated,
though for lower beam energies an isotopically-

enriched 58Ni beam-stop would be most attractive.
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Thick-target yields for p + Ni-58
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Thick-target yields for p + Ni-60
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Thick-target yields for p + Ni-61
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Thick-target yields for p + Ni-62 '
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Thick-target yields for p + Ni-64

o 3 ok ok ok o e o o e ke o o o ok ok ke ok ok ok ok ok o 3 ok o ok o ok ok ok ok sk ok

“Cu-

Product 6.70 MeV 12.00 MeV Product 6.70 MeV 12.00 MeV Product 6.70 MeV 12.00 MeV
neutron 0.00E+00 1.78E-05 neutron 0.00E+00 3.47E-04 neutron 1.25E-04 9.52E-04"
gammas "1.41E-04 2.94E-03 gammas 1.85E-04 3.09E-03  gammas 2.49E-04 3.29E-03
H- 1 1.04E-04 1.35E-03 H - 1 1.19E-04 1.03E-03 H- 1 7.41E-05 5.53E-04
H- 2 0.00E+00 5.96E-11 H - 2 0.00E+00 3.26E-09 H - 2 1.00E-15 1.61E-06
He- 4 9.14E-09 1.46E-05 He- 4 2.25E-07 3.98E-05 H- 3 0.00E+00 4 ,22E-16
Fe- 54 0.00E+00 1.16E-11 Fe- 56 0.00E+00 1.16E-11 He- 4 5.81E-07 7.06E-05
Co- 55 9.14E-09 1.46E-05 . Co- 57 2.26E-07 3.98E-05 Fe- 57 0.00E+00 1.62E-12
Co- 57 0.00E+00 1.98E-08 Co- 59 0.00E+00 1.28E-13 Co- 57 0.00E+00 3.93E-10
Ni- 57 0.00E+00 5.96E-11 .Ni- 59 0.00E+00 3.26E-09 Co- 58 5.81E-07 7.06E-05
Cu- 58 0.00E+00 1.78E-05 Cu- 60 0.00E+00 3.47E-04 Ni- 59 0.00E+00 4.22E-16
Ni- 60 '1.00E-15 4.94E-05

61 1.25E~04 9.04E-04

Thick-target yields for p + Ni-nat
ok ok ok K ARk Rk R Ko

Product 6.70 MeV 12.00 MeV Product 6.70 MeV 12.00 MeV Product - 6.70 MeV 12.00 MeV
neutron 1.34E-04 1.16E-03 neutron 2.11E-04 1.53E-03 neutron 8.16E-06 1.69E-04
gammas 2.36E-04 3.76E-03 gammas 4.41E-04 4,76E-03 gammas © 1.61E-04 3.03E-03
H- 1 3.47E-0QS 3.09E-04 H - 1 1.92E-06 5.87E-05 H- 1 1.04E-04 1.21E-03
H- 2 0.00E+00 3.34E-08 H- 2 0.00E+00 1.49E-07 H- 2 1.13E-17 2.16E-08
H - 3 0.00E+00 7.97E-12 H- 3 0.00E+00 8.14E-09 H- 3 0.00E+00 7.44E-11
He- 4 2.29E-07 3.06E-05 He- 4 6.85E-08 1.16E-05 He- 4 8.05E-08 2.23E-05
Fe- 58 '0.00E+00 1.40E-13 Co- 60 0.00E+00 7.04E-13 Fe—- 54 0.00E+00 7.95E-12
Co- 59 2.29E-07 3.06E-05 Co- 61 6.85E-08 1.16E-05 Fe- 56 0.00E+00 3.02E-12
Ni- 60 0.00E+00 7.97E-12 . Ni- 62 0.00E+00 8.14E-09 Fe- 57 0.00E+00 1.83E-14
Ni- 61 0.00E+00 3.49E-08 * Ni- 63 0.00E+00 1.78E-07 Fe- 58 0.00E+00 5.03E-15
Cu- 62 1.34E-04 1.16E-03 Cu- 63 0.00E+00 4.95E-05 Co- 55 6.24E-09 9.94E-06
: Cu- 64 2.11E-04 1.43E-03 Co- 57 5.88E-08 1.04E-05
Co—- 58 6.57E~09 7 .98E-07
Co- 59 . 8.23E-09 1.10E-06
Co- 60 0.00E+00 6.41E-15
Co- 61 6.23E-10 1.06E-07
Ni- 57 0.00E+00 4.07E-11
Ni- 69 0.00E+00 8.51E-10
Ni- 63 0.00E+00 1.62E-09
- Cu- 58 0.00E+00 1.21E-05
Cu- 60 0.00E+00 9.04E-05
Cu- 61 1.42E-06 1.02E-05
Cu- 62° 4.82E-06 4,17E-05
Cu- 63 0.00E+00 4.50E—07
_ . . u- 64 . 1 1.3
Table I. Thick-target production (per-proton) of neutrons, gammas, and radlonuchcfes or 6.7 an 12 0

MeV protons on pure nickel isotopes, and on elemental nickel.

 Thick-target yields for p + C-12
o ok ok ok 3 ok ok 3k 3 e o e o o ke e o ok ok e ook ko e ok ko ok keok o

Thick-target yields for p + C-13

33 o o o 2 o o e o ok e o e e o e o ke e o e ke ook ok ok ok ok ok ok

- Thick-target yields for p + C-nat

ok Rk o KK ok Aok K o o KA ok ok ok

Product 6.70 MeV 12.00 MeV Product 6.70 MeV 12.00 MeV Product 6.70 MeV 12.00 MeV
gammas 3.52E-04 1.89E-03 neutron 1.91E-04 1.61E-03 neutron 2.10E-06 1.78E-05
H- 1 3.52E-04 2.41E-03 gammas 7.47E-04 2.40E-03 gammas 3.56E-04 1.90E-03
. He- 4 0.00E+00 1.38E-03 H - 1 7.44E-04 2.74E-03 H- 1 3.56E-04 2.41E-03
Be- 8 0.00E+00 6.64E-10 H - 2 1.70E-04 9.91E-04 H - 2 1.87E-06 1.09E-05
‘ ) He- 4 3.79E-06 2.26E-04 He- 4 4.17E-08 1.37E-03
Li- 6 0.00E+00 3.01E-06 Li- 6 0.00E+00 3.31E-08
Be- 8 0.00E+00 1.31E-11 Be- 8 0.00E+00 6.56E~-10
Be- 9 0.00E+00 2.99E-16 Be- 9 0.00E+00 3.29E-18
B - 10 3.79E-06 1.63E-04 B - 10 4.17E-08 1.79E-06
c - 12 1.86E-04 2.10E-03 N - 13 1.93E-06 5.30E-06

N - 13 1.75E-04 4.82E-04

Table ‘II. Thlck-target production (per-proton) of neutrons, gamimas, and radionuclides for 6.7 and 12. O
- MeV protons on pure carbon isotopes, and on elemental carbon.



Figure 1: The calculated p + Ni nonelastic cross section compared with measurements.
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Flgure 3: The excitation function for the reaction 6°N1(p, ) reaction (Lh.s.), and the 60Nl(p, n) reaction
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Figure 4: The excitation function for the reaction 5!Ni(p, a) reaction (Lh.s.), and the 61Nir(p,n) reaction
(r.h.s.), compared with measurements. :
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Figure 5: The excitation function for the reaction $2Ni(p,n) compared with measurements.
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'Figure 6: The excitation function for the reaction 54Ni(p, o) reaction (Lh.s.), and the %Ni(p,n) reaction
(r.h.s.), compared with measurements. ' : ’
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Figure 7: Neutron production as a function of incident proton energy for various Ni isotopes. (Lh. s. ), and
these same values multiplied by the fractional natural isotopic abundances (r.h.s.).
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Figure 9: Calculated thick-target neutron productmn and spectra for protons on natural carbon, compared
with measurements.
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