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The elastic scattering of protons from deuterons has been measured at 580 MeV. The
results for large-angle scattering are presented and discussed here. The backward
peak observed in the experiment is consistent with a baryon-exchange mechanism in-
cluding the transfer of baryon resonances.

A pronounced increase in the cross section at
large angles has been observed for proton-deu-
teron scattering in the energy range 1-1.5 GeV.%2
This back peak is also seen in the present experi-
ment.® The magnitude of the peak is found to de-
crease rapidly with increasing proton energy.

The explanation of this effect most likely in-
volves the transfer of a baryon, that is a pickup
mechanism, because the momentum transfer re-
quired at the deuteron vertex is much smaller
than that for a single or double impulse collision.
This is also seen in a number of calculations.

At 1 GeV the impulse series for back-scattering
gives results more than an order of magnitude
smaller than experiment, * while a dispersion re-
lation calculation which includes the transfer
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process obtains a peak of the correct order of
magnitude.® Using the pp— nd experimental re-
sults as the input, Craigie and Wilkin® have re-
cently treated the back-scattering with a model
that includes a baryon-transfer mechanism and
also obtained the correct order of magnitude for
the back peak at 1-1.5 GeV.

Kerman and Kisslinger” have studied the large-
angle p-d cross section for 1-GeV protons as a
baryon-transfer reaction. They find that the S-
state component of the deuteron wave function,
which by itself is satisfactory for the calculation
of nucleon-transfer reactions at low energies,
gives a negligibly small contribution at 1 GeV.
Using a variety of wave functions with 6-7% D
state, only about 50% of the cross section can be
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accounted for. They also point out from general
principles that the deuteron contains components
with baryon resonances of about 1%. With about
a 2% component in the deuteron wave function
consisting of a nucleon and the first excited nu-
cleon state with appropriate quantum numbers
(the 1688-MeV, 3*, I=3% resonance), called a D*
component, one obtains agreement with the 1-
GeV experimental results. If the assumptions

of this theory are correct, a study of the back-
scattering cross section for different bombard-
ing energies could provide a sensitive map of the
baryonic structure of the system. Above 1 GeV
the inelasticity in the nucleon-nucleon scattering
introduces considerable complications. An ener-
gy around 600 MeV is quite favorable in that
these new effects are still important while the
complications of inelasticity are not. Thus, a
comparison of the 600-MeV and 1-GeV results
can be an excellent test for the theory.

The experiment was performed using an ar-
rangement similar to that presented in Ref. 8.
Protons from the 600-MeV cyclotron of the NASA
Space Radiation Effects Laboratory were focused
on a CD, target.® The target thickness was small
compared to the range of the back-scattered pro-
tons. Coincidences between a proton and a deu-
teron telescope set at the elastic p-d kinematic
angles identified the scattering events. The
second counter of the deuteron telescope defined
the angular resolution and the solid angle which
amounted to A6,=0.75° (full width at half-max-
imum) and AQ,=5X 1074, respectively. Since
reactions on the carbon nuclei present in the
target also could produce coincidences, we mea-
sured and subtracted these background events
with the help of carbon targets containing the
same number of carbon nuclei as the CD, targets.
Monitoring of the incident beam was performed
by two additional range telescopes which viewed
an aluminum target placed downstream from the
CD, target and the calibration of this monitor
was carried out by an activation of **C with the
(0, pn) reaction.'®

A fraction of the observed coincidences were
due to protons from deuteron break up. There-
fore the following methods were used to deter-
mine and to correct for these events:

(1) Those scattered protons which stopped with-
in the range interval corresponding to the full
width of the Bragg peak in the differential range
curve were assumed to come from the elastic
scattering. Considering the shape of the range
curve we estimated that less than 10% of the

events resulted from deuteron breakup at the
backwards angles.

(2) By moving one of the telescopes away from
the kinematically correct angle one could ob-
serve the nonelastic background. The result ob-
tained was in agreement with the estimate ob-
tained in (1).

(3) Finally, a magnetic spectrometer and time-
of-flight system enabling unambiguous identifica-
tion of the recoiling deuteron in coincidence with
the back-scattered proton provided the cross
section at a deuteron angle of 12°. Within count-
ing statistics these three methods gave consis-
tent results for the elastic cross sections.

Figure 1 shows the experimental cross section
over the whole angular range investigated in the
present work. The dotted curve represents the
experimental result obtained by Bennett et al.?
at 1 GeV. The energy dependence of the back-
wards cross section is clearly demonstrated.

The differential cross section for a one-nucle-
on transfer mechanism using the Born approxi-
mation can be written in terms of the Fourier
component of the deuteron wave function, ¥ 4(A),
in the variable A = [p(initial)-d(final)/2|, the mo-
mentum transfer of the protons in the center of
mass. The contributions from resonance trans-
fer involve new components of the deuteron wave
function in the same variable A. For energies
between 0.5 and 1 GeV it is expected that the
N(1688), spin-3* resonance is the most signif-
icant. This also agrees with a Regge interpreta-
tion using a nuclear Regge trajectory exchange.’
Thus, in this analysis, only the N(1688) reso-
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FIG. 1. The p-d differential cross section obtained
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in the present experiment. The dashed curve repre-
sents the Brookhaven data at 1 GeV (Ref. 5).
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nance is included with the usual nucleon components. We shall refer to the component of the deuteron

which consists of a nucleon and an N(1688) as the D* component.

section including baryon-resonance transfer is

d_o- = 3 [ EﬁEd
e 16@n? &, +E )M,

where E, and E ; are the proton and deuteron to-
tal energies, and K % divided by the nucleon mass
M, is the deuteron binding energy. Is(A), Ip(A),
and Ip+(A) are related to the Fourier transforms
of the S, and D, and D* states, respectively.
The functions f and g are defined in Ref. 7.

In Fig. 2, where the back-scattering data at
0.58 and 1 GeV are both plotted against the pro-
ton momentum transfer variable A, it is seen
that there is a region of smooth overlap. This
should be compared with Fig. 1, where the same
data are plotted against scattering angle. In
Fig. 1, one sees that at the two energies the for-
ward cross sections as a function of momentum
transfer t =(p-p’)? are closely related, as is ex-
pected in an impulse mechanism. However, the
back-scattering shows no obvious relation at the
two energies when plotted as a function of scat-
tering angle 6. On the other hand, to the extent
that a baryon exchange mechanism is dominant
for the back-scattering, the backward cross sec-
tions for the same A at different energies should
be quite similar. These results strongly suggest
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FIG. 2. The 0.58- and 1.0-GeV differential cross
sections at back angles plotted against A= |p-d’/2|.
At 0.58 GeV, A=1.8 F~! at 180° and increases for
smaller angles. The 180° point at 1.0 GeV is 2.36 F~ L.
The pickup cross section with conventional wave func-
tions is shown at 0.58 GeV; at 1 GeV the theoretical
cross section so obtained is even smaller and is not
shown. The theoretical predictions with a D* compo-
nent follow from the equation in the text using a Bres-
sel wave function.
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From Ref. 7 the differential cross

T{ (K2+A2)2[12(A)+1 p%(A)]%} +£(A)p+*(A) +g (A, Is(A),In(A)Ip2(A),

| the dominance of the baryon-transfer mechanism.
Several corrections to this model will have to be
made, as neither impulse scattering nor higher
order corrections to the baryon transfer have
been included.

The theoretical results following from Eq. (1)
are plotted in Fig. 2, displaying the contributions
from the various components of the deuteron
wave function. These differ from Ref. 7 at 1 GeV
in that the amount of the D* component in the
deuteron has been increased to a 2.5% probabil-
ity for fitting the data.''? We have used a va-
riety of wave functions corresponding to various
potentials derived from the two-body data with
results similar to those shown in Fig. 2. Since
the S-state component of the wave function has a
zero at about 2.0 F~1, its contribution is very
small at both energies. This can be best under-
stood from Fig. 3, in which the Fourier trans-
forms of the various components of the deuteron
radial wave function are given. The interval of
A involved in the back-scattering peak at various
energies is shown by the hatched areas. At low
energies the S state dominates. At energies be-
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FIG. 3. Fourier transform of the S, D, D*, and G
components of the deuteron wave function. The hatched
areas show the A interval covered over the back peak
at various energies. The G-component (which has been
sketched for qualitative considerations only) presum-~
ably could be significant at 1.5-2.0 GeV. No ordinate
scale is given since some quantitative details, such
as the relative importance of the D* and D components,
depend upon further assumptions within the model
(Ref. 7).
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tween 0.5 and 1 GeV the D- and D*-state con-
tributions dominate. Even considering the theo-
retical corrections yet to be made, it seems un-
likely that conventional wave functions can fit the
data. Moreover, with the amount of the D* ex-
pected from general considerations” it is found
that approximately half the scattering arises
from this component at the energies considered
here. In Fig. 3 there is also a sketch of the L
=4 (G) component due to the occurrence of even
higher spin resonances in the deuteron. Because
of the property that high angular momentum
states peak at higher and higher momentum com-
ponents, this G-state component might dominate
the (p,d) back-scattering at still higher energies.
These results show that it is very likely that
the pickup process can account for the high-ener-
gy p-d large angle scattering. The analysis sug-
gests that the high-spin baryon resonances which
are small components of the wave function play
a major role in this process. If the inelasticity
is satisfactorily included, experiments at higher
energies would be most interesting in that the
presence of even higher spin resonances (e.g.,
the £* on the nucleon Regge trajectory) might be
detectable.
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UEven a larger component of the D* state could be
admitted without violating known properties of the
deuteron. The effect of baryon resonance components
on double beta decay has been considered by H. Prima-
koff et al., to be published; and on nuclear moments
by H. Arenhovel and M. Danos, Phys. Letters 28B,
299 (1968), and L. S. Kisslinger, Phys. Letters 29B,
211 (1969). The effect on the quadrupole moments and
quadrupole form factor is quite small due to orthogo-
nality of the spins, so there is no conflict with present
data on electron~ or proton-deuteron scattering where
there are large D-state effects. See G. Haftman,
thesis, Massachusetts Institute of Technology, 1967
(unpublished), or J. E. Elias et al., Phys. Rev. 177,
2075 (1969), for electron studies; and D. R. Harring-
ton, Phys. Rev. Letters 21, 1496 (1968), and V. Fran-
co and R. Glauber, Phys. Rev. Letters 22, 370 (1969),
for studies of forward (p,d) scattering. Since the
Fourier transform of the wave function enters in the
(p,d) back-scattering, rather than the nuclear form
factor as in the electron- or forward proton-deuteron
scattering, one can easily see that the effects of the
baryon-resonance components will be much more im-
portant in the particle-transfer reaction than in these
other two processes for momentum transfers involved
in all of these references. Similar considerations hold
for pion-deuteron scattering.

2 fter the completion of this paper we were inform-
ed by C. Wilkin that the model of Ref. 6 gives an ex-
cellent agreement with the 580-MeV data. However,
that model considerably underestimates the 1-GeV
back peak (Ref. 6).
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