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The differential elastic-scattering cross sections of 1-BeV protons on hydrogen, heli-
um, carbon, and oxygen have been measured. The nuclear data exhibit diffractionlike
structure associated with the multiple scattering of protons by nucleons inside the nu-
clei. The experimental technique provides a new and powerful method for studying nu-
cleon-nucleon correlations inside the nucleus.

The success of the Brueckner! theory in cal-
culating properties of nuclear matter can be
considered as strong evidence that nucleons
inside the nucleus exist as entities not too dis-
similar to free nucleons. The obvious ques-
tion to the experimenter is, then, what kind
of measurement will probe the motions of in-
dividual nucleons inside the nucleus. The an-
swer in a general sense is very well known:
(1) The wavelength of the probe must be com-
parable with or smaller than the characteris-
tic spacings of nucleons inside the nucleus;

(2) the energy resolution of the measuring sys-
tem must be smaller than or comparable with
the spacings of the energy levels of the nucle-
us under investigation. In particular, it is
useful to be able to separate the elastic from
the inelastic scattering.

Until just recently the only probe which sat-
isfied the above criteria was the high-energy
electron. Elastic electron scattering experi-
ments have provided a large amount of data
concerning the single particle or density dis-
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tribution of nucleons.? In principle, inelastic
electron scattering provides a measure of nu-
cleon correlations inside the nucleus; in prac-
tice the radiation (bremsstrahlung) effects are
so large that they obscure the desired nucle-
ar effect.

This Letter presents the first results of a
program undertaken at the Brookhaven Cosmo-
tron using high-energy protons that satisfy the
above two criteria. However, because both
the mass and the interaction mechanism with
the nucleon are different for the proton than for
the electron, new and interesting experimental
data were expected. In particular, it was hoped
that from the inelastic data, effects of nucle-
on correlations could be extracted because
the proton radiation cross section is small
compared with the purely nuclear cross sec-
tion.

A description of the apparatus, method of
data reduction, together with the measured
p-p elastic scattering at 1 BeV is in press.?

It will suffice for this discussion to state that
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the measurements reported here were carried
out at 1 BeV with an energy resolution of 3
MeV and an angular resolution of ~0.1°. The
exact incident momentum as obtained from a
calibration of the spectrometer bending mag-
nets was 1.696+0.015 BeV/c.

A plot of the helium data is shown in Fig. 1.
The point at 0° marked “optical point” has a
value equal to (koq/4m)?, where & is the wave
number of the incident proton and o7 is the
measured total cross section. Total cross sec-
tions for helium, carbon, oxygen, and other
nuclei have been measured using the same ap-
paratus and are reported in a separate paper.*
The solid line through the points is a best (least-
squares) fit to the data points using a Saxon-
Woods potential,

_ V+iW
" 1+expl(r-r,)/al’

with 7, set equal to 1.60 F, the rms radius ob-
tained from fitting a Gaussian distribution to
the electron data.® The fitting of the proton
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FIG. 1. 1-BeV proton elastic scattering from ‘He,

in the center-of-mass system. The solid line is an op-

tical-model fit to the data using a Saxon-Woods poten-
tial with the parameters given in the text. The calcu-
lated total cross section is 156 mb, in good agreement
with the measured value of 152+ 8 mb. The dashed
line is an optical-model fit using a Gaussian potential
with rms radius=1.60 F, V=-70 MeV, and W=200
MeV. The calculated total cross section with these
Gaussian parameters is 206 mb.

data is performed using a modified form of
Auerbach’s ABACUS-2 code,® and a best fit is
obtained with the following parameters:

7,=1.60 F (fixed), V=-30 MeV,

a=0.31F, W=153 MeV.

Note that with these parameters the shape of
the potential describing the proton-He inter-
action exhibits a very sharp transition region
at the nuclear surface and is in marked disagree-
ment with the Gaussian charge distribution de-
rived from the electron data.” If we require

in the fitting of the proton data that the poten-
tial be Gaussian, a reasonable fit to the forward-
scattering data can be obtained. This is shown
as the dashed line in Fig. 1. Note, however,
that (1) the sharp minimum at 24° is not repro-
duced by the fit, and (2) as the scattering an-
gle increases, the calculated scattering from
the Gaussian potential falls below experiment
by two or three orders of magnitude. Physic-
ally this comes about because the Gaussian
potential provides a smooth transition at the
nuclear surface for the incident proton wave,
which tends to wash out sharp diffraction ef-
fects and causes the reflection of protons for
angles away from the forward direction to be
minimized.

The solid line marked oy F?(gR) is the Cou-
lomb scattering calculated from the Mott for-
mula and multiplied by a Gaussian form fac-
tor obtained from electron-scattering data.

It is seen that the Coulomb scattering is neg-
ligible compared with the nuclear scattering.

Figures 2 and 3 are plots of the carbon and
oxygen elastic-scattering data. The solid lines
through the points are obtained by fitting a
Saxon-Woods potential with the parameters,

7, and a, derived from a similar fit to the elec-
tron data,® and allowing only V and W as free
parameters.

For the carbon data the parameters 7, and
a, and V and W derived from the fitting are
as follows:

7,=2.29 F (fixed),
a=0.45 F (fixed), W=100 MeV.

V=-20 MeV,

The calculated scattering exhibits for this
case a well-defined minimum, but it is slight-
ly displaced towards smaller momentum trans-
fers than the experimentally observed minimum.
In Born approximation, one would conclude
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FIG. 2. 1-BeV proton elastic scattering from g,
in the center-of-mass system. The solid line is an op-
tical-model fit to the data using a Saxon-Woods poten-
tial with the parameters given in the text. The calcu-
lated total cross section is 357 mb, in agreement with
the measured value of 370+ 9 mb.
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FIG. 3. 1-BeV proton elastic scattering from 0, in
the center-of-mass system. The solid line is an opti-
cal-model fit to the data using a Saxon-Woods potential
with the parameters given in the text. The calculated
cross section is 509 mb as compared to the measured
value of 47544 mb.
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that the carbon nucleus appears to be smaller
for protons than for electrons.

For the oxygen data the parameters are as
follows:

¥,=2.60 F (fixed),
a=0.45 F (fixed), W=120 MeV.

V=-21 MeV,

In this case the shape parameters for the
proton-oxygen potential seem to be in reason-
able agreement (Fig. 3) with those obtained
from the analysis of electron data.

It is useful in comparing the electron data
with the proton data to discuss the two types
of measurements in Born or impulse approx-
imation. In this approximation the elastic scat-
tering amplitude f(6) is given by a product of
two terms:

F(O)=1 (0)F, (6).

Here f,(6) represents the coupling mechanism
of the particle used to probe the nucleus and
f1(6) is the Fourier transform of the charge
distribution for electrons and the matter dis-
tribution for protons:

- >

.8~ o) ' BT,

where K is the momentum transferred in the
scattering process and is related to the scat-
tering angle 6 by the simple relation

Ap =TK =2p, sinz 6,

where p is the incident momentum.

If isospin is a good quantum number for the
light nuclei, as we expect it is,® then the charge
and matter distributions should be the same,
and in this framework f,(6) derived from both
electron and proton data should be similar.
The attempt to fit the proton-nuclei data with
optical potentials having the same shape param-
eters as the nuclear charge distributions de-
rived from electron data was an attempt to see
if the matter distribution probed by the proton
has the same shape as the charge distribution
seen by the electron, the implicit assumption
being that the optical potential has the same
shape as the matter distribution. The fact that
a Gaussian optical potential cannot in any way
be made to fit the p-helium scattering data
just reflects that the observed f,(6) for protons
is entirely different from f,(6) derived from
electron data. What is puzzling is that if one
argues the impulse approximation is at fault,
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one would expect the disagreement to get worse
as the target nucleus increased in size, where-
as the experimental results seem to converge
with increasing atomic weight.

It should be mentioned that in all the attempt-
ed optical-model fits to the data, best fits were
obtained with the sign for the real part of the
potential negative. This means a repulsive
potential and probably reflects that the real
part of the nucleon-nucleon potential is nega-
tive at 7=1 BeV.

Recently Bassel and Wilkin!® at Brookhaven
and CzyZz and Les$niak' at Krakow have inde-
pendently proposed that the electron and pro-
ton results can be reconciled. These authors
claim that because of the strong proton-nucle-
on interaction, the proton incident upon the
nucleus scatters from more than one nucleon
before escaping from the nucleus; that is, the
impulse approximation breaks down. A more
nearly correct description of the process, there-
fore, is that given by the multiple scattering
formalism of Glauber.!? Figure 4 shows the
results of such an analysis carried out by Bas-
sel and Wilkin at Brookhaven. (The same re-
sult was obtained by Czyz and Les$niak.) These
authors started with a Gaussian density distri-
bution derived from the electron-scattering
data together with an over-all & function to
describe the c.m. motions. The effect of dou-
ble and triple scattering in the calculations
qualitatively reproduces the two experimental-
ly observed minima. The agreement with da-
ta is extremely good considering the very sim-
ple form of the correlation used. Attempts
are now being made by Bassel and Wilkin to
take account of the particle correlations in a
more realistic form.'®

In conclusion, this work has demonstrated
the feasibility of using high-energy protons
as probes for studying nucleon correlations
inside the nucleus. Because the proton-nucle-
on interaction is strong, the scattering ampli-
tude is not correctly given by the impulse ap-
proximation but can be expressed in the form
of a series expansion, the first (impulse) term
describing the single scattering, the second
term the double scattering, etc.,

F(O)=F (O (6)+F (8,)F (8)/ 5 ()%,

where f.(6) and f,(0) are as defined above, and
6, +6,= 6. Because the single and multiple scat-
tering is coherent, there is interference in

the scattering between the various processes,
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FIG. 4. A multiple scattering calculation of the pro-
ton-helium cross section by Bassel and Wilkin, based
upon the high-energy approximation of Glauber. The
ordinate is the laboratory differential cross section
and ¢ is the invariant four-momentum transfer. The
nucleon-nucleon parameters used in the calculation
are shown in the drawing. The steeply falling curve is
the single-scattering contribution, and the upper curve,
which contains only one diffraction dip, is the result
of including double scattering. The lower curve,
which has two diffraction dips similar to the experi-
mental data, is from a calculation which includes dou-
ble and triple scatterings.

and the interference terms give rise to the struc-
ture observed in the proton scattering measure-
ments. The expression for f,(6) is of the form

rue - Je @i e a5,

where G(r,T,) is the nucleon-pair correlation.
It is in this way that elastic scattering of pro-
tons provides a means for probing nucleon cor-
relations in the nucleus.

The authors are indebted to R. Bassel, C. Wil-
kin, A. Kerman, and R. Serber for the many
discussions concerning the theoretical inter-
pretations of the data. It is a pleasure to ac-
knowledge the help of E. Auerbach, who per-
formed the optical-model calculations.

*This work was supported by the U. S. Atomic Ener-
gy Commission.
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SIMULTANEOUS OBSERVATIONS OF SOLAR PROTONS INSIDE
AND OUTSIDE THE MAGNETOSPHERE

S. M. Krimigis, J. A. Van Allen, and T. P. Armstrong
Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa
(Received 17 April 1967)

Simultaneous observations of low-energy (~0.5 MeV) protons emitted in a solar flare of
7 July 1966 were made with detectors on board the earth satellites Explorér 33 and Injun
IV, located outside and inside the earth’s magnetosphere, respectively. We find that such
protons have full and essentially immediate access from interplanetary space to the po-

lar caps of the earth.

Although it has been established that the earth’s

magnetospheric boundary is greatly distorted
by the flow of the solar wind, there is essen-
tial disagreement regarding the topology of
the magnetic field at the boundary between the
magnetosphere and the interplanetary medium,
Figure 1 illustrates two contrasting models.
The model shown in Fig. 1(a) envisions consid-
erable merging!™ between the geomagnetic
and interplanetary magnetic fields, such that
charged particles approaching the earth on an
interplanetary magnetic field line have imme-
diate access to points over the earth’s polar
caps.

The model shown in Fig. 1(b) envisions no
merging between the geomagnetic and interplan-
etary-magnetic fields*® near the earth. Pro-
ponents of this model suggest that solar-emit-
ted protons having £, <5 MeV must diffuse in-
to the very long tail of the magnetosphere and
spread slowly from the auroral zone over the
polar caps after a delay or “diffusion time”
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FIG. 1. (a) Magnetospheric model (Refs. 1-3) that
envisions merging between the geomagnetic and inter-
planetary fields (“open model”). (b) Magnetospheric
model (Refs. 4 and 5) in which merging of lines of
force does not occur until at least several A.U. on the
antisolar side of the earth (“long-tail model”).



