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95 MeV neutron scattering on hydrogen, deuterium, carbon and oxygen
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Abstract. Three neutron-deuteron scattering experiments at 95 MeV have been performed recently at The Svedberg
Laboratory in Uppsala. Subsets of the results of these experiments have been reported in two short articles, showing
clear evidence for three-nucleon force effects. In this paper, we present further discussion of the results. We obtained
excellent precision in the angular range of the nd cross section minimum. The data are in good agreement with
Faddeev calculations using modern NN potentials and including 3N forces from a 27-exchange model, while the
calculations without 3N forces fail to describe the data. CHPT calculations at next-to-next-to-leading order represent
an improvement compared to calculations with NN forces only, but still underestimate the data in the minimum region.
In addition to neutron-deuteron scattering data, neutron-proton and '?C(n,n) elastic scattering data have been measured
for normalization purposes, and '°O(n,n) data have been obtained for the first time at this energy. It was possible to
extract '>C(n,n’) and '°O(n,n’) inelastic scattering cross sections to excited states below 12 MeV excitation energy.
These data are shown to have a significant impact on the determination of nuclear recoil kerma coefficients.

1 Introduction

Nuclear properties and interactions can be understood
ab initio from the basic knowledge of the nucleon-nucleon
(NN) interaction. For this purpose, NN potentials, which are
based on meson-exchange theories, have been developed: the
most widely used ones are the Argonne AV18 potential [1],
the CD-Bonn potential [2,3] and the Nijmegen potentials [4].
After proper adjustment of the free parameters, these models
are able to describe very well a restricted pp and np data base
below 350 MeV [5].

In three-nucleon (3N) systems, quantitative descriptions
can be provided rigorously by using NN potentials in the
Faddeev equations [6]. However, theoretical considerations
indicate that the description of systems made of more than two
nucleons is not complete if three-body forces are not taken
into account: 3N forces can be represented by introducing a
3N potential in the Faddeev equations. As a first experimental
evidence, the *H and 3He binding energies can be reproduced
model-independently taking 3N forces into account [7], while
calculations using only NN interactions underestimate them
by typically half anMeV [2]. The “He binding energy can
also be described correctly with combined NN and 3N forces
[8], indicating that the role of four-nucleon forces is not
significant.

The ultimate goal of nuclear physics would be to have a
single consistent theory that could describe both nucleon and
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nuclear properties and dynamics. Chiral symmetry breaking
can be analyzed in terms of an effective field theory, chiral
perturbation theory (CHPT). This model can be applied to
describe consistently the interaction between pions and nucle-
ons, as well as the pion-pion interaction. Calculations made
within the CHPT framework at next-to-next-to-leading order
implicitly include 3N forces [9,10]. Calculations at the next
higher order were made recently [11, 12], allowing for instance
an excellent description of NN phase shifts.

Besides the *H and *He binding energies, a number
of observables that may reveal the effects of 3N forces
have been identified. We will concentrate our discussion to
nucleon-deuteron scattering in the energy range 65-250 MeV.
At these energies, significant 3N-force contributions are
expected in the elastic scattering angular distribution [13,
14] as well as for various spin-transfer observables in elastic
scattering [6] and observables in the break-up process in
various kinematical configurations [15,16]. In particular, for
elastic nucleon-deuteron scattering, Faddeev calculations
including a 3N potential with parameters adjusted to the triton
binding energy predict that 3N forces affect substancially the
differential cross section in the minimum region of the angular
distribution [13]. Around 100 MeV, this effect is of the order
of 30% in the minimum region.

Thus, a robust way to investigate 3N forces is to mea-
sure the proton-deuteron (pd) and neutron-deuteron (nd)
elastic scattering differential cross sections. Numerous pd
elastic scattering experiments have been performed [18-26].
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A coulomb-free signal can be obtained by performing nd
scattering experiments [27-31]. In general, for both pd and nd
scattering, in the energy range 65-150 MeV the data show the
expected effects of 3N forces in the cross section minimum,
while at higher energies, the effects tend to be too large to be
accounted for by present theories. This might be due to the
lack of a full relativistic treatment in the calculations [32,33].
At 95 MeV, the energy of the present work, relativistic effects
are not expected to contribute significantly.

In the context of the nd scattering experiments, we
obtained elastic scattering angular distributions for carbon
and oxygen at 95 MeV. Differential cross sections for neutron
inelastic scattering on carbon and oxygen to excited states
below 12 MeV excitation energy could also be extracted [34].
These data are relevant for medical treatment of tumors with
fast neutrons as well as in dosimetry, since the human body
contains significant amounts of carbon and oxygen. Recoil
nuclei from elastic and inelastic scattering are expected to
account for more than 10% of the cell damage, the rest being
mainly due to neutron-proton (np) scattering and neutron-
induced emission of light ions [35,36]. The oxygen data may
also be relevant for future incineration of nuclear waste in
subcritical reactors fed by a proton accelerator, where the
nuclear fuel might be in oxide form.

2 Results for np and nd scattering

By detecting either the scattered neutron or the recoil pro-
ton/deuteron, we were able to cover the angular range from
15 to 160 degrees in the c.m. system. By using two different
detector setups, MEDLEY [37] and SCANDAL [38] in vari-
ous configurations, we could keep the systematic uncertainties
under control. Additionally, by measuring the np scattering
differential cross section and, in the case where scattered
neutrons were detected, also elastic scattering in carbon (i.e.,
the '>C(n,n) reaction), the systematic error due to uncertainties
in the normalization factors was minimized.

The np data are shown in figure 1. The absolute scale was
adjusted to the Rahm et al. data [39] (filled triangles) which
were in turn normalized to the well-known total np cross
section [40]. The excellent agreement with both previous data
and calculations based on NN potentials allows us to validate
the quality of the nd data since the np and nd differential cross
sections were measured under essentially the same conditions.
Besides, the np data give supplementary information about the
np angular distribution at 95 MeV (for previous data, see, e.g.,
refs. [39,40]). In many experiments, neutron cross sections are
measured relative to the np cross section [40], i.e., it is used
as a cross section standard. Neutron-proton scattering plays
an important role in nuclear physics, since it can be used to
validate NN potentials and to derive a value of the absolute
strength of the strong interaction. The extensive database of
np differential cross sections is not always consistent and, not
unrelated, there are still problems with the determination of a
precise value of the 7NN coupling constant [5,41,42].

The nd results at 95 MeV in the minimum region (80° <
Ocm. < 160°) are shown in figure 2, and are compared with
theoretical predictions based on Faddeev calculations [13]
using the AV18 NN potential [1] combined with two different
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Fig. 1. The present and previous Uppsala data for np elastic scattering
at 95 MeV. The dots and squares are the results of our nd experiments
[28,29], and the triangles were obtained from previous np experi-
ments by Rahm et al. [39] and Johansson et al. [40]. The data are
compared with a calculation using the CD-Bonn NN potential [2].
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Fig. 2. The present nd data (filled dots) in the angular range 80° <
O.m. < 160°. The solid, dashed, and dotted curves were obtained from
Faddeev calculations with the Argonne AV18 potential [1] without
3N forces, with the Tucson-Melbourne (TM99) 3N potential [43],
and with the Urbana IX 3N potential [44], respectively. The gray
band was obtained from chiral perturbation theory at next-to-next-
to-leading order [9].

3N potentials (Tucson-Melbourne [43] and Urbana IX [44]),
as well as predictions from CHPT [9]. It is quantitatively
illustrative to compute the reduced y? between our data and
the calculations for the nd differential cross section in the
minimum, i.e., all data points shown in the figure. When no
3N forces are included, the y? is larger than 18. The best
description is given by the CD-Bonn potential (version 1996)
with the TM99 3N force, with a y? of 2.1. With the AV18
potential (shown in the figure), the nd differential cross section
is slightly better described with the TM99 3N potential (y*> =
2.3) than with the Urbana IX potential (y*> = 3.5). The CHPT
prediction gives a x? of 6.5. Note that the deviations from one
may be partly due to the normalization uncertainties in the data
[29,34].

3 Results for 12C(n,n) and 1°0(n,n) scattering

Differential cross sections for elastic and inelastic neutron
scattering on carbon and oxygen must be well known for a
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Fig. 3. Elastic neutron scattering on carbon at 96 MeV. The angle 6
is the neutron scattering angle in the laboratory. The experimental
data are from refs. [34,45-47]. The elastic scattering differential
cross section is shown in the top panel, and in the bottom panel,
the differential cross section was multiplied with the solid angle
element and with the energy of the recoil nucleus. The area under
this plot is proportional to the nuclear recoil kerma coefficient for
elastic scattering.

precise evaluation of the damage caused by fast neutrons in
human tissue. Figures 3 (carbon) and 4 (oxygen) illustrate how
recoil kerma coefficients are obtained from the differential
cross sections. The elastic neutron scattering data at 96 MeV
are from Mermod et al. [34], Klug et al. [45], Salmon [46] and
Osborne et al. [47]. The theoretical curves are predictions from
the Koning and Delaroche global potential [48], the Watson
global potential [49], Amos et al. [S50], and Crespo et al. [51]
(see refs. [34,45] for details). In the top panels of the figures,
the differential cross sections (in logarithmic scale) are plotted
as functions of the neutron scattering angle in the laboratory.
In the bottom panels, the distributions have been multiplied
with the solid angle element 27sin6 and weighed with the
energy of the recoil nuclei Eg, thus illustrating the angular
probability distributions for the neutrons to cause cell damage.
As the solid angle vanishes at zero degrees, these distributions
are no longer forward-peaked. Back-scattered neutrons trans-
fer more energy to the nuclei than forward-scattered neutrons,
and therefore the energy of the recoil nuclei increases with
the neutron scattering angle. From these distributions, which
peak at about 16°, we can deduce that, for elastic scattering,
most of the damage is caused by neutrons scattered between
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Fig. 4. Elastic neutron scattering on oxygen at 96 MeV. The angle
6 is the neutron scattering angle in the laboratory. The experimental
data are from ref. [34]. The elastic scattering differential cross section
is shown in the top panel, and in the bottom panel, the differential
cross section was multiplied with the solid angle element and with the
energy of the recoil nucleus. The area under this plot is proportional
to the nuclear recoil kerma coefficient for elastic scattering.

10 and 30°, but there is still a significant contribution up to 60°.
With this way of plotting, the recoil kerma coefficient (and
the cell damage due to elastic scattering) is proportional to
the area under the distribution [34]. There are large variations
among the different models, it leads to an uncertainty in the
the recoil kerma coefficients of at least 10% for the theoretical
calculations, while the experimental uncertainty reached with
the present data is about 5%. For elastic scattering on carbon,
most models are inaccurate in the region 25-35°. For oxygen,
the prediction closest to the data is provided by the Koning
and Delaroche potential. For inelastic scattering on carbon and
oxygen at 96 MeV to collective states up to 12 MeV excitation
energy, the main contribution to the kerma from inelastic
scattering is between 30 and 60°. The data obtained in this
angular range (not shown in the figures) tend to be signif-
icantly underestimated (by about 50%) by the calculations
[34]. Although the contribution from inelastic scattering is
small compared to other processes, the disagreement between
calculations and data for inelastic scattering is still responsible
for a significant (about 8%) discrepancy in the recoil kerma
coeflicient for the sum of elastic and inelastic reactions below
12 MeV excitation energy.
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4 Conclusions

The np and nd elastic scattering differential cross sections
at 95MeV have been extensively and accurately measured.
The data agree well with predictions based on NN and 3N
potentials, provided that 3N forces are taken into account for
nd scattering. This represents an important step to validate
the approach in which NN and 3N potentials or effective field
theories are used in ab initio models, which can be applied in
systems of more than three nucleons.

As by-products of the nd experiments, elastic and inelastic
neutron scattering differential cross sections on carbon and
oxygen have been measured at 95 MeV. Experimental recoil
kerma coefficients were obtained and shown to be quite
sensitive to the differential cross sections in the angular range
25 —70°. This is relevant for the evaluation of deposited doses
for applications such as dosimetry and fast neutron cancer
therapy.

This work was supported by the Swedish Nuclear Fuel and Waste
Management Company, the Swedish Nuclear Power Inspectorate,
Ringhals AB, the Swedish Defence Research Agency and the
Swedish Research Council.
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