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The H(n,n) Cross Section in the 20 MeV to 350 MeV Range

Introduction

Absolute measurements of neutron-induced cross sections are difficult to perform, since the
absolute fluence of a neutron beam cannot easily be measured. This is contrary to charged
particle-induced reactions where, e.g., the proton beam intensity can be determined by measuring
the beam current. On the other hand, the neutron total cross section can be determined to high
accuracy (better than 1 %) by a measurement of the sample-in to sample-out ratio, without
knowledge of the absolute beam intensity. Such a simply measured cross section does not exist
for protons.

For hydrogen, the differential elastic scattering cross section can be directly related to the
total cross section, since no other channels of importance are open below the pion production
threshold at about 280 MeV (the capture and Bremsstrahlung cross sections are very small). The
pion production channel can be neglected up to about 350 MeV, at which it contributes only
0.5 % to the total cross section. The total cross section is known from several measurements
(e.g., refs. [1,2]) to within 1 % for the energy region considered here.

The differential H(n,n) cross section has been used as a standard relative to which other
neutron emission cross sections, e.g., elastic or inelastic scattering, have been measured in the
several MeV region. It has furthermore been used as a standard for neutron fluence measure-
ments, most often by detection of the recoil proton with a telescope detector. The first case
corresponds to detection of the scattered neutron at small angles, while the latter is associated
with large angle scattering in the center-of-mass system. Thus, a good knowledge of the angular
distribution in both hemispheres is desired for this reaction. Since the most important use of this
cross section is for neutron fluence measurements, precision data at the backward angles are
especially required.

The H(n,n) standard

In 1991 the differential H(n,n) cross section was for the first time accepted by the
NEANDC/TNDC as a primary standard for cross section measurements in the 20 MeV to
350 MeV range [3]. To that end the VL40 phase-shift solution of Arndt et ai, at Virginia
Polytechnic Institute and State University (VPI&SU) was adopted as the best source for
numerical values [4]. VL40 is an energy-dependent partial-wave representation of combined
(pp + np) elastic scattering data below 400 MeV. Above 350 MeV it was, however, felt that the
inelastic cross section is no longer negligible. VL40 was determined by fitting a number of
parameters to the existing pp and np database of about 2000 and 3000 data points, respectively.
No uncertainties are given for the VL40 cross sections, but in ref. [3] they were+ estimated to
rise from a level of around 1 % at energies below 50 MeV to a "few" percent at higher energies.
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The cross sections obtained from the VL40 solution can be accessed through the Scattering
Analysis Interactive Dial-in system (SAID) at VPI&SU through telnet: vtinte.phys.vt.edu with
login PHYSICS and password QUANTUM. A users guide can be found via WWW on
http://nn-online.phys.vt.edu/~CAPS/

New data and recently discovered problems

Since 1991 new precision data at 96 and 162 MeV have come from the Svedberg
Laboratory in Uppsala [5,6]. These data tend to be steeper than previous data in the very
backward direction, i.e., 150° to 180°, and prompted the Uppsala group to perform a detailed
study of the world H(n,n) database [7]. It was then discovered that there were severe
discrepancies between data sets, both with respect to the shape of the angular distributions and
to the normalization of the data.

The existing data seem to fall into two main "families" with respect to the angular shape.
The first one is dominated by the Bonner data [8], which have a flattish angular distribution at
backward angles. The second one, which includes the data from Uppsala, as well as the Hiirster
data from Paul-Scherrer-Institute [9], have a steeper angular shape. Unfortunately, the Hurster
data are missing in Arndt's database, and thus the backward cross section is mainly determined
by the Bonner data. Another problem is that if the Bonner data contain a systematic error, it
would affect the entire result since the large amount of data give a high weight and correlations
are not taken into account in the Arndt procedure. It is not possible today to judge which family,
if any, is the correct one, and therefore these findings should not lead to a change of the existing
standard. However, attention has to be paid to the fact that the uncertainties might be larger than
previously assumed, especially close to 180°.

The discovered discrepancies are illustrated in figures 1, 2, and 3 which show the
differential H(n,n) cross section at around 100, 160 and 320 MeV. As can be seen, the two
families of data diverge more and more when approaching 180°.

The direct relation between the total cross section and the differential scattering cross
section mentioned above requires, however, that the full angular distribution be measured. This
is realistically not the case. In fact most data are taken in the backward hemisphere, i.e., 120°
to 180°, by detection of the energetic recoil proton. Therefore, most data below 300 MeV are
given as relative cross sections only. Above 300 MeV the simultaneously measured reaction
n + p - d +it° is most often used for normalization. Since this reaction is as difficult to measure
as the np scattering, cross sections are derived from the isospin-related p + p - d + 7i+ reaction
by correcting for Coulomb effects and multiplying by a factor of 0.5 to take the assumption of
isospin invariance into account. This cross section has, however, undergone dramatic changes
over the years. Also if only the most recent data (after 1975) are considered, the spread is of the
order of ±10 %, which probably reflects the uncertainty that should be assigned to the average
of these data. In addition, the methods used to convert the p + p - d + TC cross section to that of
the corresponding n + p reaction is only correct to first order. Niskanen and Vestama [10] have
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recently estimated the magnitude of isospin symmetry breaking effects for this case. They find
that at 300 MeV, i.e., just above the threshold, the higher order correction is about +10 %,
whereafter it falls to about -3 % at 500 MeV, and then rises rapidly up to about +7 % at
600 MeV.

The conclusion from this is that for most angular distribution data no normalization is given
below 300 MeV, and above that it is uncertain to the 10 % to 15 % level. As a consequence,
Arndt in his analysis uses a floating normalization for all differential data, which instead are
normalized to his phase-shift solution. At an early stage this solution was, however, affected by
the uncertain normalization of the data, although it is an average over many data sets. The
normalization is performed by a x2 minimization procedure, which in case of large shape
discrepancies could lead to inconsistencies between the differential data and the total cross
section, since the solid angle element vanishes at 0° and 180°. Therefore, it seems urgent that
a few measurements be performed to high precision on an absolute scale, which means either that
most of the angular distribution has to be covered for a reliable normalization to the total cross
section, or the data have to be measured with a tagged neutron beam. The first method has been
chosen by the Uppsala group by extending the previous data at 96 MeV and 162 MeV down to
about 70°, which gives a normalization uncertainty at the two energies of about 1.5 % and 2.3 %,
respectively [11,12]. The second method is being used in a precision study at the Indiana
University Cyclotron Facility [13], where the backward-angle cross section will be measured at
190 MeV using a tagged neutron beam produced at the cooler ring.

Conclusions and recommendations

In spite of all the difficulties and inconsistencies discovered in the H(n,n) database, we
recommend that the VL40 results continue to serve as the primary cross section standard in the
energy range 20 MeV to 350 MeV. There is no firm basis for changing the standard until most
of the questions raised have been resolved. In addition, more recent phase-shift solutions from
Arndt give similar cross sections to those of the VL40 results, since not much new data have
been added after 1991.

One should, however, assign to this standard somewhat larger uncertainties than previously
assumed. To our judgement, the uncertainties could be as large as ±10 % close to 180° in the
energy region above 100 MeV, which essentially corresponds to the deviations between the
different data sets. Considering these large discrepancies between the data close to 180°, it might
be more favorable to use the cross section at 150° instead. Here the data do not differ so much,
and a recoil detector can easily be positioned at an angle of 15 ° in the laboratory system. Below
100 MeV the database is scarce, especially in the backward hemisphere. Therefore more data
are needed, both to improve future phase-shift solutions and to give a better possibility for
estimating the uncertainties.

Moreover, since no judgement of the quality of the experimental data is made in Arndt's
procedure, he should be encouraged to include also the published data above 200 MeV from PSI
in the backward hemisphere [9]. As soon as the more recent and more extensive additional data
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set from PSI is released [14], this should also be included. The recent measurement now under
analysis by Ullmann [15] of the ratio of the 170° and 140° cross sections should also be taken
into account.

To facilitate the use of VL40 as a standard for the community, pointwise data in 5° steps
from 20 MeV to 350 MeV are included in the IAEA/NDS standards file. This file can be
accessed via ftp using the address, iaeand.iaea.or.at and the username, standards.

Concern was expressed regarding a cross section standard at energies higher than 350 MeV,
which are of importance for some upcoming applications. Arndt has other phase-shift solutions
that extend up to over 1 GeV, but the problem is that there are updates made four times a year,
with slight changes in the cross section as a result. It is therefore important that experimentalists
using the H(n,n) cross section for normalization at high energies numerically give the value of
the reference used, for possible later adjustment. A solution to this problem might be to use the
JENDL High Energy File, which is available in ENDF/B-VI format and is well documented [16].

Finally, we would like to encourage experimentalists to perform more precision
measurements of this cross section, which is so important from a fundamental point of view, as
well as for many applications. We here point out the excellent opportunities that would open up
if the planned 1.5 GeV proton linac of the Neutron Science Research Center at JAERI is built.
With dedicated experimental equipment, this facility would be capable of giving answers to the
open questions.
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H(n,n) at 96 MeV
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Fig. 1 Measurements of the differential H(n,n) cross section near 100 MeV compared with
the VL40 solution of Arndt [3].
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1H(n,n) at 162 MeV
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Fig. 2 Measurements of the differential H(n,n) cross section near 160 MeV compared with
the VL40 solution of Arndt [3].
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1H(n,n) at 320 MeV
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Fig. 3 Measurements of the differential H(n,n) cross section near 320 MeV compared with
the VL40 solution of Arndt [3].

NEXT PAGE(S)
left BLANK


