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HYDROGEN SCATTERING CROSS SECTION, lH(n,n)lH

by

lL.eona Stewart

ABSTRACT

The status of the hydrogen scattering cross section is
reviewed with particular emphasis on standards applicationms.
The ENDF/B-V evaluation is described in detail and compared
with experimental data.

I. DESCRIPTION

The hydrogen scattering cross section is the only standard which presently
satisfies acceptable criteria for standards applications above 100 keV. That
is, it has no structure and is known with sufficient accuracy to be used as a
reference cross section. This cross section is highly recommended for the range
from a few keV to 20 MeV and, when used in conjunction with a 1/v cross section
up to a few keV, the energy range for applied programs can be well covered. The
total cross section is often referred to as '"the standard". This is not the
case, since the total cross section can only be used to check the integral of
the elastilc scattering angular distributions.

The recoil proton is usually the detected particle. If used in a proton-
telescope arrangement, some kind of radiator is employed whose thinkness limits
the recoil-proton range (and therefore the neutron energy to be investigated).
Whenever a telescope is used, the angular distribution of the protons becomes
the dominant factor in setting the accuracy to be associated with the use of
this standard. This is particularly important when the observed solid angle is

small.



II. STATUS

The total cross section for hydrogen is essentially equal to the elastic
scattering integral above a few hundred eV. The total cross section is well
known, but the angular distributions of the neutrons (and recoil protons) are
not well determined experimentally on an absolute scale at any incident neutron
energy up to 20 MeV.

The lH evaluation for ENDF/B-V (MAT 1301) is basically the same as Version
II1 and Version IV, except for the changes in interpolation rules and the ad-
dition of correlated error data in MF=33. This evaluation is well documented in
LA-4574-MS (1971), LA-6518-MS (1976), and LA-7663-MS (1979).

A. General Description of ENDF/B-V

For an extensive summary of the status of the hydrogen cross section in-
cluding historic advances, see the report to the INDC by C. A, Uttley.1 The
only comment which requires updating in that report refers to a lower 180° cross
section between 23 and 29 MeV reported by Drosg.2 Actually, Drosg's data were
"inferred" rather than "measured" and were later found to be in reasonable
agreement with the Hopkins-Breit analysis.

Since the ENDF file has been highly recommended for international use since
1972 and Uttley finds the Hopkins-Breit analysis gives excellent shape agree-
ment with a recent Harwell angular distribution measurement at 27.3 MeV3 when
combined with the Wisconsin results,4 only the ENDF evaluations are compared in
the following sections.

The theoretical analysis of fast-neutron measurements by Hopkins and Breit5
was used to generate the scattering cross section and angular distributions of
the neutrons for the ENDF/B-V file.6 The code and the Yale phase shifts7 were
obtained from Hopkins8 in order to obtain the data on a fine-energy grid.
Pointwise angular distributions were produced to improve the precision over that
obtained from the published Legendre coefficients.* The phase shifts were also

used to extend the energy range down below 200 keV as represented in the

original paper.5

*

For E, = 30 MeV, the difference in the 180° cross section is ~1% as calculated
from the Legendre coefficients3 compared to that calculated from the phase
shifts.



At 100 eV, the elastic cross section calculated from the phase shifts is
20,449 barns, In excellent agreement with the thermal value of 20.442 + 0.023
barns derived by Davis and Barschall.9 Therefore, for the present evaluation,
the free-atom scattering cross section is assumed to be constant below 100 eV
and equal to the value calculated from the Yale phase shifts at 100 eV giving a
thermal cross section of 20.449 b.

B. Total Cross Sections

Total cross—-section measurements are compared with the evaluation in Fig. 1
for the energy range from 10 eV to 0.5 MeV. Similarly, Figs. 2 and 3 compare
the evaluation with measured data from 0.5 to 20 MeV. The agreement with
the earlier experiments shown in Fig. 2 is quite good over the entire energy
range. The 1969 data of Schwartz10 included in Fig. 3, hbwever, lie slightly
below the evaluation over most of the energy range even though agreement with
the 1972 results of Clement11 is quite acceptable. The Wisconsin data12 are
compared from 1.5 to 20 MeV with ENDF/B-V in Fig. 4 along with the very pre-
cise value13 at 2.533 £ 0.003 MeV of 2.536 * 0.0015 barns. Data from KFK and
Harwell which are not shown in these figures also tend to support the ENDF curve
reasonably well. At the same time, it would be useful to have a few points meas-
ured with excellent precision as further checks on the phase-shift analysis.

At this time, no attempt has been made to estimate the effect of errors on
the energy scale in ENDF/B. It is clear, however, that a small energy shift
would produce a large change in the cross sectlion, especially at low energies.
For example, a 50-keV shift in energy near 1 MeV would produce a change in the
standard cross section of approximately 2%%. Therefore, precise determination
of the incident neutron energy and the energy spread could be very important in
employing hydrogen as a cross-section standard, depending upon the experimental

technique.

C. Angular Distributions

Unfortunately, few absolute values of the angular dependence of the neutrons
(or recoil protons) exist and even the relative measurements are often restricted
to less than half of the angular range. The experiment of Oda14 at 3.1 MeV is
not atypical of the earlier distributions which, as shown in Fig. 5, does not
agree with the phase-shift predictions. Near 14 MeV, the T(d,n) neutron source
has been employed in many experiments to determine the angular distributions. A

composite of these measurements is compared with ENDF/B-V in Fig. 6 Note that



most of the experiments are in reasonable agreement on a relative scale, but 10%
discrepancies frequently appear among the data sets. The measurements of Cam-
bou15 average more than 57 lower than the predicted curve and differences of 5%
or more are occasionally apparent among the data of a single set. Figure 7
shows the measurements of Galonsky16 at 17.9 MeV compared with the evaluation.
Again, the agreement on an absolute basis is quite poor.

Elastic scattering angular distributions at 0.1, 5, 10, 20, and 30 MeV are
provided in Ref. 3 as Legendre expansion coefficients. Using the Hopkins-Breit
phase-shift program and the Yale phase shifts, additional and intermediate en-
ergy polnts were calculated for the present evaluation.6 As shown in Figs. 4 and
5, the angular distributions are neither isotropic below 10 MeV nor symmetric
about 90° above 10 MeV as assumed in earlier evaluations. In this evaluation,
the angular distribution at 100 keV is assumed to be isotropic since the cal-
culated 180°/0° ratio 1s very nearly unity, that is, 1.0011., At 500 keV, this
ratio approaches 1.005. Therefore, the pointwise normalized probabilities as a
function of the center-of-mass scattering angle are provided at the following
energies: 10_5 eV (isotropic), 100 keV (isotropic), 500 keV, and at 1-MeV in-
tervals from 1 to 20 MeV.

Certainly the Hopkins-Breit phase shifts reproduce reasonably well the
measured angular distributions near 14 MeV. It is important, however, that
experiments be made at two or three energies which would, hopefully, further
corroborate this analysis. Near 14 MeV, the energy-dependent total cross sec-
tion is presently assumed to be known to ~1% and the angular distribution to
2-3%., At lower energies where the angular distributions approach isotropy,

the error estimate on the angular distribution is less than 1%.

III. CONCLUSIONS AND RECOMMENDATIONS

A. Measurements

1. Precision total cross section measurements are needed at a few energies.

(Experiments are currently under way by W. P, Poenitz, ANL).

2. Angular distributions on an absolute basis are needed at a few energies.
This experiment should be performed near 14 MeV using T(D,n) or D(t,n)
neutrons when the assoclated alpha particle will provide the absolute

flux monitor. Other energy points would also be useful.



B. Evaluations

Several years have passed since the Hopkins-Breit phase-shift analysis was
performed. Recent phase-shift analyses carried out by Bohannon et al.57 in 1976
and by Arndt et al.s8 in 1977 agree reasonably well with each other and with
Hopkins—~Breit and the LLL constrained set. These analyses emphasize the need for
precise angular distribution measurements which cover a wide angular range in
order to improve the precision obtainable for the value of 6(1P1).

It is very doubtful whether a new phase-shift analysis using the existing
relative angular distribution measurements would provide data with better accu-
racy than already quoted for the Yale phase-shift analysis. It may be worth-
while, however, to perform a simultaneous charge-independent analysis of the n-p
and p-p systems since p-p experimental data cover a wide energy range and the

charged-particle measurements have very small associated errors.

C. Standard's Use

It should be pointed out that errors involved in using hydrogen as a stan-
dard depend upon the experimental techniques employed and therefore may be sig-
nificantly larger than the errors placed on the standard cross section itself.
The elastic angular distribution measurements of neutrons scattered by hydrogen,
which are available today, seem to indicate that 0(0) is difficult to measure
with the precision ascribed to the reference standard. If this is the case,
then the magnitude of the errors in the 0(8) measurements might be indicative of
error assignments which should be made on hydrogen flux monitors. That is, it
is difficult to assume that hydrogen scattering can be implemented as a standard
with much higher precision than it can be measured. Even though better agree-
ment with many past measurements can be reached by renormalizing the absolute

scales, such action may not always be warranted.
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