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The differential cross section in free n-p forward elastic scattering has been measured for incident
neutron energies of 378, 481, 582, 683, 784, 884, and 1085 MeV and for momentum transfer
0.01 &

~
t

~

&0,08 (GeV/c) . The experiment used a recoil-detector ionization chamber which served at
the same time as a gas target. Special care has been taken to obtain a precise absolute normalization.

PACS numbers: 13.75.Cs, 21.30.+y, 25.40.Dn

The study of the elementary proton-proton interaction
at intermediate energies, rather well known now after
the extensive measurements of spin observables' these
last years, has brought very interesting results, especial-
ly through phase-shift analyses (PSA) which have
shown resonancelike behavior for the F3 and 'D2 waves
in elastic scattering. It has often been suggested that
this behavior is determined by the excitation of the 533
resonance which largely dominates the proton-proton in-

teraction from 400 to 800 MeV. The situation is dif-
ferent from the neutron-proton interaction, which is

isospin-mixed I =0, 1 instead of I = 1 only for p -p.
Indeed, for the I=O part, the excitation of the 5 is for-
bidden by isospin conservation. This means that other
features could emerge in this I=O component of the
nucleon-nucleon interaction, while being invisible in the
8-dominated I=1 p-p channel. It would thus be of
great interest to undertake a detailed study of the n-p in-

teraction in this energy domain, and also at higher ener-

gies, where the excitation of the I= —,
' N* resonances is

expected to play a role in both the I =0 and I =1 com-
ponents of the N-N interaction.

Unfortunately, the experimental situation is much
worse for the n -p interaction than for the p -p case.
Data are scarce: The spin-averaged total cross section o,
is known, but, for elastic scattering, the differential cross
section and analyzing power are poorly known (especial-
ly at small transfers) and very few spin observables have
been measured. For inelastic channels, only a very limit-
ed set of data is available. Moreover, existing experi-
ments have often been done by quasifree scattering of
neutrons bound inside a deuteron (beam or target) in-

stead of with a free neutron beam. We have measured
free n~, ~-p elastic differential cross sections and analyz-
ing powers at small transfer, where, it must be noted,
there were no previous data. Analyzing powers have al-

ready been published. We present here cross sections at
incident energies T„=378, 481, 582, 683, 784, 884, and
1085 MeV. In the framework of the physical ideas ex-
plained above, we did this experiment to provide data for
PSA. It must be noted that our data are also essential to
determine the free n-p amplitude, which is an important
input in any microscopic calculation of nuclear reactions.

The experiment was performed at the SATURNE
synchrotron at Saclay. The incident neutron beam was
obtained by breakup of deuterons on a 20-cm-thick Be
target. This leads to a neutron energy width o =25 to 50
MeV between 378 and 1085 MeV. The beam was col-
limated in such a way that its diameter at the target did
not exceed 2 cm. We used an intensity of about 10
neutrons/burst, with a frequency ranging from 0.7 burst/
s at 378 Mev to 0.25 burst/s at 1085 MeV. In Fig. 1,
which shows a schematic picture of the apparatus, one
can see that the intensity of the beam was monitored by
means of a double left-right telescope of plastic scintilla-
tors. To obtain the absolute cross sections presented
here, we had to calibrate this monitor carefully. Not
having the possibility with our apparatus to measure the
charge-exchange reaction p(n, p)n, which is one way to
calibrate a neutron beam, we have used an original
method. Having demonstrated that nuclear difterential
cross sections for n - He and p- He can be considered as
equal within (I —2)% in the range of smaller transfers, "

we have used our detector IKAR to measure relative
n- He elastic-scattering cross sections with our uncali-
brated monitor. The comparison with the previously
measured absolute p — He elastic-scattering cross sec-4

tions' has thus given an absolute calibration of our de-
vice.

Let us briefly recall here the principle of the experi-
ment, of which a complete description will be given else-
where. The chamber IKAR is filled with CH4 gas at
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FIG. 3. Slope parameter b of the elastic-scattering dif-
ferential cross section vs energy.

event, the transfer —t by the formula (valid for elastic
scattering) —t =2mT„we can extract the absolute dif-
ferential cross section. Our results are presented in Fig.
2, where the (small) error bars are statistical only. The
other main sources of error are the background subtrac-
tion and monitor calibration. The uncertainty in back-
ground subtraction causes a 2.5% uncertainty in the
measured n-p yields. The absolute monitor calibration,
as stated above, is done by comparison of n- He yields
with previously measured absolute p- He cross sections.
The experimental diAerences between the two measure-
ments have been well studied and are not expected to in-
troduce large uncertainties. We estimate the uncertainty
in beam normalization to be between 2.5% and 6%, de-
pending on energy. Including other small uncertainties
in the determination of e%ciencies, target thickness, etc. ,
we obtain overall normalization uncertainties of the cross
sections presented in Fig. 2 of 4% to 7%, depending on
the energy.

In Fig. 2, we also present the results of the PSA made
by Amdt et al. and Bystricky, Lechanoine-Leluc, and
Lehar before the inclusion of our normalized data. For
Bystricky, Lechanoine-Leluc, and Lehar, a preliminary
unnormalized version of our data was included in the fit,
which somewhat constrains the slope. In these analyses,
the normalization of do/dt is mainly governed by the
size of the n-p total cross section o-„which is well
known. This means that the agreement of our data with
the PSA predictions indicates a good experimental con-
sistency between our normalization and those of the ex-
periments giving a, . It must be noted, however, that our
results at 378 MeV are higher than those predicted by
more than the experimental error.

In high-energy physics, Regge-pole theory' predicts
an exponential behavior of the elastic p-p cross-section
angular distribution at small transfers. Experimental re-
sults show that it is still true at our energies, and one
usually parametrizes the cross section using the slope pa-

rameter b of the diN'raction cone:

der/dt ~e

For the present experiment, fits for b have been done for
0.01 &

~
t

~
& 0.08 (GeV/c) . For fits made with dif-

ferent t ranges, b remains approximately the same, pro-
vided that the range is not so small that the fit is dom-
inated by experimental Auctuations. Figure 3 sho~s the
variation with incident neutron energy of b for the
difI'erential cross sections presented in Fig. 2, together
with the corresponding variation of the same quantity for
the p -p system.

It is interesting to see in Fig. 3 that the slope parame-
ter b does not diAer significantly in the p-p and n-p
cases. This means that the I =0 component, which
makes the diA'erence between the p-p and n-p interac-
tions, is negligible, or has the same behavior as the I =1
component for this observable. However, more experi-
mental studies are needed, especially at energies around
1 GeV or above, where the excitation of N resonances
becomes possible, and can contribute in both I=O and
I =1 terms.

Further investigations on the inclusion of our data in

PSA are in progress.
We would like to thank the SATURNE crew for their

very good support during the experiment.
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