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in a distorted-wave Born-approximation descrip-
tion of stripping reactions. For the proton-domi-
nant case a result of Pd(8) = ;Pp(-8) was found,
and for the deuteron-dominant case the result
was Pd(8) =Pp(8). The present work would seem
to favor the latter description, provided no radi-
cal difference occurs for the predictions with
l&0.
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ELASTIC SCATTERING OF 600-MeV PROTONS BY He
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The differential cross section for elastic scattering of 600-MeV protons from He has
been measured for laboratory angles between 4' and 44, The data are analyzed in
terms of the diffraction approximation of Glauber.

When high-energy particles for which the
wavelength is considerably less than the internu-
cleon spacings are used in nuclear structure
studies, new information may be obtained which
is not forthcoming from lower energy data. Re-
cently at Brookhaven' the scattering of 1-BeV
protons from 'He was measured, and a diffrac-
tion pattern was observed with a pronounced min-
imum at a square of the momentum transfer A'

=0.24 (BeV/c)2. Various models were applied
to interpret these data. Using the strong-absorp-
tion model, the assumption of a sharp surface
for the helium nucleus was required. ' In the op-

tical model a Saxon-Woods potential with a small
diffuseness was necessary to fit the data. ' Both
assumptions are at variance with the nearly
Gaussian charge distribution for ~He as estab-
lished from electron scattering. '~ Czyi, and
Lesniak' and Bassel and Wilkin' have pointed out
that a more correct description of the scattering
process is the diffraction approximation of Glau-
ber. Using a Gaussian single-particle density
distribution in this approximation, the magni-
tude of the measured cross section as well as
its basic features are well reproduced.

In spite of the success of the diffraction ap-
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FIG. 1. Sehematie diagram of the experimental ar-
rangement.

proximation, a number of questions remain to
be answered, e.g. , the importance of spin ef-
fects, the necessity of including nucleon-nucleon
correlations, and the momentum dependence of
the ratio of real to imaginary part in the elastic
nucleon-nucleon scattering amplitude. In order
to clarify some of these problems, a program
has been initiated at the National Aeronautics
and Space Administration Space Radiation Ef-
fects Laboratory to study cross sections, polari-
zations, and (p, 2p) reactions for 600-MeV pro-
tons interacting with light nuclei. In the present
communication, we report the results of elastic
scattering of protons from He.

Figure 1 shows the experimental arrangement.
The external 600-MeV proton beam was brought
to a focus on the helium target by the beam
transport system (not shown). The intensity of
the incident beam was monitored by an argon-
filled ion chamber (AIC) and by scattering the
particles from aluminum into a pair of range
telescopes (M, and M, ). The absolute number of

incident protons was obtained by CH, -foil activa-
tion using the reaction "C(p, pn) "C (cr =30.2 mb). '
The beam direction was monitored with two split
ion chambers (SIC 1 and SIC 2). The helium tar-
get was of conventional design and consisted of a
4-in. -diam Mylar cylinder with vertical axis of

symmetry. Protons scattered from the helium

were detected by two independent multiple-coun-
ter range telescopes which were mounted on a
precision scattering table. Counters 1 and 2 de-
fined the scattering volume of the helium target
and the solid angle subtended by the range tele-
scope. The angular acceptance (full width at
half-maximum) was 68 =0.75' except for angles
greater than 8 =32', where 48 =2'. Since the ob-

ject of this experiment was to study the details
of the elastic differential cross section, it was

particularly important to exclude inelastic events.
We have therefore used range telescopes consist-
ing of five additional scintillation counters (3-7)
placed at the end of the proton ranges in order
to monitor continuously the range of the protons
as a function of scattering angle. The overall
energy resolution was always better than 20
MeV, which is the threshold for the appearance
of inelastic protons from the breakup of the al-
pha particle. The effective proton energy at the
target center was measured to be 587.5 MeV.
The efficiency of the range telescopes as a func-
tion of proton energy was obtained by placing the
telescopes at zero degrees and measuring the
transmission from zero to total absorption for
570-, 500-, and 430-MeV incident protons. The
respective efficiencies were 22, 33, and 46%.

A Monte Carlo calculation for the penetration
of protons through a copper slab was performed.
Known reaction cross sections in the energy
range from 10 to 600 MeV were used. Different
reasonable assumptions for the angular distribu-
tion and energy spectra of the reaction products
were used. The Monte Carlo calculations agreed
within 10% with the experimentally observed ab-
sorption curves. It was necessary to give con-
siderable attention to the problem of accidental
coincidences. Since the duty cycle of the syn-
chrocyclotron is presently about 10 3, it was
necessary to limit the number of incident pro-
tons to less than 10'/sec. Accidental coinci-
dences generally amounted to only a few percent
but were as large as 20% for scattering angles
smaller than 15'. The experimental results are
presented in Fig. 2. The errors shown for each
data point are the standard deviations of the rel-
ative cross section. The error in the absolute
cross section due to uncertainties in the efficien-
cy of the telescopes, the "C(g,pn)"C cross sec-
tion, and the helium target thickness is esti-
mated to be less than + 20%.

We have analyzed the data within the frame-
work of the Glauber approximation in which the
incident nucleon is assumed to interact succes-
sively with one or more nucleons in the target
nucleus, with the same interaction as for free
nucleon-nucleon scattering. At small momen-
tum transfers, single scattering dominates the
cross section. At larger momentum transfers,
a minimum and secondary maximum in the elas-
tic cross section are produced by the destruc-
tive interference between the single and double
scattering amplitudes. At still higher momen-
tum transfers, minima are produced from inter-
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FIG. 2. Comparison of the experimental data with
predictions from the Glauber approximation. The
curves labeled 1, 2, 3, and 4 are the calculated differ-
ential cross sections: if only single scattering (1);
single and double (2); single, double, and triple (3);
and finally also quadruple scattering (4) is included.

ference of highejL order terms in the multiple
scattering. The depth of the first minimum is
connected with the relative phase between single
and double scattering amplitudes and therefore
to n, the ratio of real to imaginary part of the
nucleon-nucleon scattering amplitude. We have
followed Czyz and Lelniak's application' of the
Glauber approximation, where the P-'He differ-
ential cross section is calculated using the
Gaussian single-particle density distribution for
He4,

4
Ig I'= g p e p(-xr '/R'), .

0 . 0 jj —1

and the parametrized form of the nucleon-nucle-
on scattering amplitude (assumed to be the
same for P-P and P-n),

f(P, d) = [(i+n)/4ntPa exp(-sad ).

P is the momentum of the incident proton; 6,
the momentum transfer; 0, the total nucleon-nu-
cleon cross section; e, the ratio of the real

part to imaginary part of the amplitude; and a
is the slope of the elastic nucleon-nucleon cross
section.

In order to calculate the P-'He cross section,
we have used the values R =1.25 fm, a = 4.3
(BeV/c) ', and c =3.9 fm' from literature.
The value a is an average obtained from fitting
p-p and p-n data near 600 MeV. The value Io. l

= 0.43 + 0.05 was chosen to fit the minimum in
the cross section. Bugg et al." recently mea-
sured the total cross sections happ and opd and
deduced at our energy happ =+0.48 and np„= -0.19
at zero momentum transfer.

The result of the calculation is shown in Fig.
2. The curves labeled 1, 2, 3, and 4, are the
calculated differential cross sections: if only
single scattering (1); single and double (2); sin-
gle, double, and triple (8); and finally also quad-
ruple scattering (4) is included. We find that
for small momentum transfers where the theory
is most reliable, the agreement with the data is
good. The absolute magnitude, the slope, and
the location of the minimum of the differential
cross sections are well reproduced. Beyond the
minimum the calculation overestimates the mul-
tiple scattering contributions.

More recently, the effects of nucleon-nucleon
repulsion in the He nucleus have been investi-
gated within the framework of the Glauber ap-
proximation, and it was shown that such effects
would change the theoretical cross section at
larger momentum transfers in the right direc-
tion. '~"
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of an intermediate-width peak observed in the
scattering of neutrons by Fe. Distributions of
the fine-structure resonance parameters are
compared with theoretical distributions derived
from the doorway hypothesis alone, i.e., without
the introduction of additional models or assump-
tions.

Structure having an intermediate width has
been observed' in the energy dependence of the
differential cross section and polarization of neu-
trons scattered from Fe at energies between
0.35 and 0.965 MeV. These data, measured with
about 20-keV resolution width at five scattering
angles, show fluctuations of width 20 keV clearly
superimposed on two peaks —each of which has a
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FIG. 1. Total neutron-scattering cross section for
Fe. Upper: integrated differential cross sections.
Lower: values (points and solid curves) from Smith
(Ref. 8) and (dashed) a fit to the total cross section in
the region between 0.36 and 0.65 MeV obtained from
the reduced K matrix discussed in the text. The
dashed curve shows only the s-wave contributions to
the total cross section.

An investigation of the fine structure in the region of an intermediate resonance ob-
served at Ez = 0.36 MeV in the scattering of neutrons from Fe reveals properties con-
sistent with the interpretation of this resonance as a doorway state in the compound nu-
cleus.

Phase-shift analyses of differential cross sec- width of approximately 150 keV. The total scat-
tions and polarization data have shown that defi- tering cross section obtained from these data is
nite values of spin and parity can be assigned to shown in Fig. 1. Also shown in Fig. 1 are values
the intermediate-width structure observed in of the total cross section measured with a resolu-
various nuclear cross sections. '~ Although this tion width of about 1 keV. '
is a necessary condition for the identification of Consider first the angular and polarization dis-
these intermediate resonances as doorway states, ' tributions. To smooth out most of the narrower
a more definitive test of the doorway-state mod- fluctuations, the measured cross sections and po-
el can be obtained by investigating the proper- larizations were averaged numerically over a 75-
ties of the fine structure4~' of a doorway state keV interval and a phase-shift analysis of the en-
that are predicted by the model. Lejeune and 7

Mahaux' have shown that the distributions of the 6—

fine-structure resonance parameters observed 5—

in the total neutron cross section of Pb "are in 4—

fairly good agreement with theoretical distribu-
tions derived from the doorway-state hypothesis,
combined with a "picket-fence" model. The

I I I ( I I

present report describes the results of an inves-
tigation of the fine structure in the neighborhood


