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New precise unpolarised differential cross sections of deuteron-proton elastic scattering have been
measured at 16 different deuteron beam momenta between p;=3120.17 MeV/c and pg =3204.16 MeV/c
at the COoler SYnchrotron COSY of the Forschungszentrum Jiilich. The data, which were taken using the
magnetic spectrometer ANKE, cover the equivalent range in proton kinetic energies from T, = 882.2 MeV
to T, = 918.3 MeV. The experimental results are analysed theoretically using the Glauber diffraction

model with accurate nucleon-nucleon input. The theoretical cross section at T, =900 MeV agrees very
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well with the experimental one at low momentum transfers t. There are, however, significant deviations
for |t| > 0.2 (GeV/c)? that must be investigated further.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Deuteron-proton scattering is extensively used in the study of,
e.g., meson production mechanisms in few-nucleon systems at in-
termediate energies. For such experiments dp elastic scattering
is well suited for normalisation purposes, due to its high cross
section over a large momentum transfer range (cf. Fig. 1). Previ-
ous work on meson production, e.g., Refs. [1-3], used the existing
database [4-8] for data normalisation, assuming that for low mo-
mentum transfers, i.e., |t| < 0.4 (GeV/c)?, the differential cross sec-
tion as a function of t is independent of the beam momentum in
the measured proton kinetic energy range between T, = 641 MeV
and T, = 1000 MeV. This assumption was justified empirically by

* Corresponding author.
E-mail address: c.fritzsch@uni-muenster.de (C. Fritzsch).

https://doi.org/10.1016/j.physletb.2018.07.045

the fact that the available data do not show significant discrepan-
cies in the slope of the differential cross sections. However analysis
of individual experiments carried out by the same group at differ-
ent energies (e.g., [7] at 793, 890, and 991 MeV and [8] at 641 and
793 MeV) shows only a slight energy dependence of the cross sec-
tion at low momentum transfers, but which becomes more promi-
nent as the momentum transfer grows.

Within the Glauber [9] or extended multiple scattering schemes
(see, e.g., [10,11] and references therein) it is quite easy to under-
stand the weak energy dependence of do /dt. The dominant term
at small |t| depends primarily on the pp and np total cross sec-
tions, which are almost constant between 800 and 1000 MeV [12].
In addition, most of the dependence on |[t| arises from the
deuteron size, i.e., the deuteron wave function. There are less im-
portant effects coming, for example, from the energy dependence
of the NN slope parameters, the relative real parts, and the spin-
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Fig. 1. Unpolarised differential cross sections of dp elastic scattering plotted as a
function of the magnitude of the momentum transfer squared |t| for different data
sets [4-8].

dependent terms. If we neglect such effects, the limited energy
dependence of the NN input is the primary physics reason for the
weak energy dependence shown in Fig. 1. The same arguments ap-
ply for the pd total cross section [12], which is almost constant in
our energy regime.

In contrast to the database at small momentum transfers |t| <
0.1 (GeV/c)?, that at larger |t| is much poorer. To be able to give
a definitive answer as to what extent the differential cross section
can be assumed to be energy-independent, one needs very pre-
cise measurements and also reliable theoretical predictions over a
range of energies. High-precision data from the ANKE spectrome-
ter, using a deuteron beam and a hydrogen target, allow further
study of the behaviour of the unpolarised differential cross sec-
tions. This enlarges the database in the momentum transfer range
0.08 < |t| < 0.26 (GeV/c)? at deuteron momenta that correspond
to proton energies between T, = 882.2 MeV and T, =918.3 MeV.
This is, of course, a smaller range of energies than those shown in
Fig. 1.

On the theoretical side, pd elastic scattering in the GeV en-
ergy region has usually been analysed in terms of the Glauber
diffraction model (or its various extensions), which is a high-
energy and low-momentum-transfer approximation to the exact
multiple-scattering series for the hadron-nucleus scattering am-
plitude. The original Glauber model [9], where spin degrees of
freedom were neglected (or included only partially), has been re-
fined [10,11] by taking fully into account the spin structure of
colliding particles, i.e., the spin-dependent NN amplitudes and the
D-wave component of the deuteron wave function, and also the
double-charge-exchange process p +d — n+ (pp) — p +d. In ad-
dition, while the majority of previous calculations made within the
Glauber model employed simple parameterisations for the forward
NN amplitudes, the refined model [10,11] suggests using accu-
rate NN amplitudes, based on modern NN partial-wave analysis
(PWA). By using the NN PWA of the George Washington Univer-
sity SAID group (SAID) [13], the model has been shown to de-
scribe small-angle pd differential cross sections and also the more
sensitive polarisation observables very well in the energy range
Tp = 200-1000 MeV [10]. The refined Glauber model therefore
seems ideally suited for the description of the experimental data
presented here. On the other hand, the new high-precision data
can provide a precise test for applicability of the Glauber model.

The SAID group has recently published an updated NN PWA
solution [14], which incorporates the new COSY-ANKE data on the
near-forward cross section [15] and analysing power A, [16] in
pp elastic scattering, as well as the recent COSY-WASA Ay data in
np elastic scattering [17]. We can therefore re-examine the predic-
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Fig. 2. Schematic view of the ANKE magnetic spectrometer. It mainly consists of
three dipole magnets, an internal hydrogen cluster jet-target and three detection
systems (Pd-, Nd- and Fd-system). The red lines represent possible tracks of pos-
itively charged particles and the blue lines of negatively charged particles. (For
interpretation of the colours in the figure(s), the reader is referred to the web ver-
sion of this article.)

Table 1
Beam momenta p, for each supercycle and flattop in MeV/c.
FT1 FT2 FT3 FT4 FT5 FT6 FT7
SC1 3120.17 3146.41 314845 315245 3158.71 3168.05 3177.51
SC2 312017 314735 315042 315449 3162.78 317215 3184.87
Ne] 315748 3160.62 3204.16

tions of the refined Glauber model obtained with the use of the
previous PWA solution of 2007 [13]. By performing calculations
at various incident energies from 800 to 1000 MeV, we can also
test the widely-used assumption of energy independence of the
pd elastic differential cross section at low momentum transfers.

2. Experimental setup

The data were taken with the magnetic spectrometer ANKE [18]
(cf. Fig. 2 for a schematic representation of the layout), which is
part of an internal fixed-target experimental setup located at the
COoler SYnchrotron (COSY) of the Forschungszentrum Jiilich. One
of the main components of ANKE is the magnetic system, with its
three dipole magnets D1-D3. The accelerated beam of unpolarized
deuterons is deflected by the first dipole magnet D1 (cf. Fig. 2) into
the target chamber, where the beam interacts with the internal
hydrogen cluster-jet target [19].

The second dipole magnet D2 separates the ejectiles by their
charge and momentum into three different detection systems. The
deuterons associated with dp elastic scattering are deflected by
D2 into the Forward (Fd) detector, which was the only element
used in this experiment. The Fd was designed and installed near
the beam pipe to detect high-momentum particles. Beam particles
not interacting with the internal target are deflected by the dipole
magnets D2 and D3 back onto the nominal ring orbit. A special
feature of this magnetic spectrometer is the moveable D2 magnet,
which can be shifted perpendicular to the beam line. It is thus
possible to optimise the geometrical acceptance of the detection
system for the particular reaction that one would like to investi-
gate. The deuteron beam momentum range from 3120.17 MeV/c
to 3204.16 MeV/c was divided into 16 different fixed beam mo-
menta (cf. Table 1, originally for the determination of the n meson
mass [20]) using the supercycle mode of COSY. In each supercy-
cle it is possible to alternate between up to seven different beam
settings, each with a cycle length of 206 s. The beam momen-
tum spread Apg/pq <6 x 10~ was determined using the spin-
depolarisation technique [21].
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Fig. 3. Missing-mass spectrum of the dp — dX reaction at py = 3120.17 MeV/c for
0.08 < |t| < 0.09 (GeV/c)2. The blue dashed line represents a constant background
fit to the spectrum, excluding the 3¢ region around the peak.

3. Event selection and analysis

As described above, deuterons originating from dp elastic scat-
tering are deflected by D2 into the Forward detection system,
which consists of one multiwire drift chamber and two multiwire
proportional chambers for track reconstruction. In addition, two
scintillator hodoscopes, comprised of eight vertically aligned scin-
tillator strips for the first and nine for the second hodoscope, are
used for particle identification on the basis of the energy-loss in-
formation and time-of-flight measurements. During the data taking
a specific hardware trigger was included, which required two co-
incident scintillator signals, one in each of the two Fd hodoscopes.
Due to the cross section for dp elastic scattering being very large,
this hardware trigger is equipped with a pre-scaling factor of 1024
to reduce the dead time of the data acquisition system. On ac-
count of the small momentum transfer to the target proton, the
forward-going deuterons, whose tracks are reconstructed in the
Forward detector, have momenta close to that of the beam. Since
only deuterons from elastic scattering have such high momenta,
the reaction can be identified with no physical background from
meson production. Particles with a reconstructed momentum p
below about p/pg4 ~ 0.913 are discarded to obtain a better signal-
to-noise ratio. In order to avoid uncertainties caused by small in-
homogeneities of the magnetic field at the edges of the D2 magnet,
an additional cut in the y hit position (with y being the axis per-
pendicular to the COSY plane) of the first multi-wire proportional
chamber is required. Events with |ypi| > 105 mm are discarded.
For dp elastic scattering the geometrical acceptance of the ANKE
magnetic spectrometer is limited to 0.06 < |t| < 0.31 (GeV/c)2.
However, to avoid systematic edge effects, only events in the re-
gion 0.08 < |t| < 0.26 (GeV/c)? were analysed, with a bin width of
At = 0.01 (GeV/c)?. The missing-mass analysis of Fig. 3 shows a
prominent signal at the proton mass sitting on top of a very small
and seemingly constant background.

A Gaussian fit to the peak was used to define its position and
width and the region outside the +30 region was used to fit
a constant background. After subtracting this, the missing-mass
spectra were summed to obtain the number of dp elastic scattering
events for each of the 18 momentum transfer bins at all 16 differ-
ent beam momenta. The detector acceptance, which drops from
15% to 7% with increasing momentum transfer, was determined
from Monte Carlo simulations. These simulations have to fulfil the
same software cut criteria as the data, so that the acceptance-
corrected count yield can be determined for each beam momen-
tum setting. The resulting differential cross sections are presented
in Sec. 5.

4. Theoretical calculation

The theoretical calculation of the pd elastic scattering cross sec-
tion was performed at four incident proton energies T, = 800, 900,
950 and 1000 MeV within the refined Glauber model [10,11]. The
differential cross section is related to the amplitude M as

do /dt = LtSp (MM™). (1

The pd amplitude M in the Glauber approach contains terms cor-
responding to single and double scattering of the projectile with
the nucleons in the deuteron. These terms are expressed through
the on-shell NN amplitudes (pp amplitude M, and pn amplitude
M;) and the deuteron wave function ¥ :

M(q) = M¥(q) + M@ (q), )
M®(q) = f d?re" 2wy (r) [Mn(q) + My (@)] Wa(r), 3)
MO @) = 5 / d2q / Bretry,m x (@)

[Mn (q2)Mp (q1) + Mp(q2) My (q1) — Mc(‘lz)Mc(Ch)]‘I/d(l‘),

where q is the overall 3-momentum transfer (so that t = —q? in
the centre-of-mass system), while ¢y =q/2 —q and g2 =q/2 + ¢
are the momenta transferred in collisions with individual target
nucleons, and Mc(q) = My(q) — Mp(q) is the amplitude of the
charge-exchange process pn — np.

When spin dependence is taken into account, the NN am-
plitudes M,, M, and the deuteron wave function Wy are non-
commuting operators in the three-nucleon spin space. They can
be written in terms of independent elements that are invariant
under spatial rotations and space and time reflections, and the co-
efficients of the expansions are the NN invariant amplitudes (five
for both pp and pn scattering) and the S- and D-wave compo-
nents of the deuteron wave function. The pd amplitude M is also
expanded into 12 independent terms. After undertaking some spin
algebra and integrating over the spatial coordinate, all the pd in-
variant amplitudes can be explicitly related to the NN invariant
amplitudes and the various components of the deuteron form fac-
tor S(q) = [d3re’¥|W,(r)|?. The detailed derivation and the final
formulae of the refined Glauber model can be found in Refs. [10,
11].

The NN invariant amplitudes at low momentum transfers are
readily evaluated from the centre-of-mass helicity amplitudes,
which can be constructed from empirical NN phase shifts. For the
present calculation, we used the phase shifts of the latest PWA
solution of the SAID group [14]. There are, in fact, two PWA solu-
tions published in Ref. [14], viz. the unweighted fit SM16 and the
weighted fit WF16. Unlike their earlier solution SPO7 [13], both
new SAID solutions incorporate the recent high-precision COSY-
ANKE data [15,16] on the near-forward differential cross section
(1.0 < T, <2.8 GeV) and analysing power Ay (0.8 <T, <2.4 GeV)
in pp elastic scattering and the COSY-WASA data [17] on Ay in np
scattering at T, = 1.135 GeV. By construction, the WF16 solution
describes better the new COSY-ANKE results since the weights of
these data are here enhanced.

The NN partial-wave amplitudes obtained in the SM16, WF16
and SPO7 solutions begin to deviate significantly from each other
only for T, > 1 GeV. We examined both new PWA solutions at
Tp =900 MeV and found the pd differential cross section with
WEF16 input to be lower than that produced by SM16 by between
1% and 3% for 0.08 < |t| < 0.26 (GeV/c)2. This small difference
is some measure of the uncertainties arising from the input on-
shell NN amplitudes. For three other energies (T, = 800, 950,
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Fig. 4. Differential cross sections for deuteron-proton elastic scattering for deuteron laboratory momenta between 3120.17 and 3204.16 MeV/c. These are labelled in terms
of the proton kinetic energy for a deuteron target (882.2 < T, <918.3 MeV). Also shown is the average over the 16 available measurements. The purple (T, = 800 MeV),
red (T, =900 MeV), green (T, =950 MeV), and blue (T, = 1000 MeV) lines represent the refined Glauber model calculations (with the use of the SAID NN PWA, solution

WEF16 [14]) and the dashed black line the fit to the dp-elastic database from [4-8].

and 1000 MeV) we employed the WF16 NN PWA solution and
at T, = 1000 MeV we also compared the results with those ob-
tained with the SPO7 input used in earlier works [10,11]. The
changes ranged from 1% to 8% in the momentum transfer inter-
val 0.08 < |t| < 0.26 (GeV/c)?.

Due to the rapid fall-off of the NN amplitudes with momen-
tum transfer, the pd predictions in the Glauber model are sensitive
mainly to the long-range behaviour of the deuteron wave func-
tion. We used that derived from the CD-Bonn NN-potential [22].
Choosing a different (but realistic) wave function would change the
resulting pd predictions by not more than a few percent [11].

The dependence of the NN helicity amplitudes on the momen-
tum transfer g, as well as that of the deuteron S- and D-wave
functions on the inter-nucleon distance r, were conveniently pa-
rameterised in terms of five-Gaussians, which allows us to per-
form all the calculations fully analytically [10,11]. The fitted NN

amplitudes coincide with the SAID input at momentum trans-
fers g < 0.7 GeV/c and the deuteron wave functions at distances
r <20 fm.

5. Results

The normalisation of the data presented here is obtained using
the fit

do /dt = exp(a + b|t| + c|t|*) ub/(GeV/c)? (5)

in the momentum transfer range 0.05 < |t| < 0.4 (GeV/c)? to the
combined database from Refs. [4-8]. This yields the parameters
a=12.45 b= —27.24 (GeV/c)~? and ¢ = 26.31 (GeV/c)™%. To
normalise the acceptance-corrected counts at each beam momen-
tum, both the fit to the reference database, as well as the num-
bers of counts, are integrated over the momentum transfer range
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Table 2
Differential cross section do /dt and statistical uncertainty of dp elastic
scattering averaged over all 16 different beam momenta.

lt] do /dt Ado /dtggar
(GeV/c)? ub/(GeV/c)? ub/(GeV/c)?
0.085 29898 193

0.095 23624 155

0.105 21014 140

0.115 16448 112

0.125 13562 95

0135 11295 82

0.145 8546 65

0.155 7534 59

0.165 6212 51

0175 5098 45

0.185 4264 39

0.195 3575 35

0.205 2963 31

0.215 2573 29

0.225 2249 26

0.235 1909 24

0.245 1575 21

0.255 1379 20

0.08 < |t| < 0.09 (GeV/c)%. Assuming do /dt is independent of the
beam momentum, the ratio between the two integrals defines the
scaling factor for each beam momentum that takes into account,
e.g., different integrated luminosities. The differential cross sec-
tions thus determined in this way are shown in Fig. 4 for all
16 beam momenta. The plots of differential cross sections at the
different beam momenta show that their t-dependence is inde-
pendent of beam momentum over the available momentum range.
As a consequence, it is possible to evaluate the differential cross
section for each of the 18 momentum transfer bins averaged over
the 16 energies (cf. Fig. 4, Fig. 5, and Table 2). The systematic un-
certainties caused by, e.g., the uncertainty in the angle calibration
in the D2 magnet are negligible compared to the statistical un-
certainties that are presented in Table 2. From the comparison
of the results with the theoretical calculation at T, = 900 MeV
(see Figs. 4 and 5), it is seen that the refined Glauber model de-
scribes our data very well at low momentum transfers 0.08 < |t| <
0.2 (GeV/c)?. It is also evident from Fig. 5 that the refined Glauber
model calculation agrees similarly with the existing database for
[t| < 0.1 (GeV/c)2. Fig. 6 shows the ratio of the averaged cross
section determined in the present experiment to that calculated
within the refined Glauber model. The scatter of this ratio around
unity for 0.08 < |t| < 0.18 (GeV/c)? is consistent with the scatter

1.4 —
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Fig. 6. Ratio of our measured differential cross sections ¢T/dt averaged over the
available 16 energies to the predictions of the refined Glauber model at T, =
900 MeV obtained using the SAID NN PWA solutions WF16 and SM16 [14]. The
grey bars represent the ratio of the averaged differential cross sections to the fit to
the reference database.

of experimental data around the smooth curve fitting the reference
database (see Fig. 6).

At the higher momentum transfers, the theoretical curve be-
gins to deviate from experiment and this may be due to a failure
of the small-momentum-transfer approximations (account of only
single and double scattering, neglect of recoil, etc.) involved in the
Glauber theory. On the other hand, it was found in Ref. [10] that at
the lower energies of T, =250 and 440 MeV the refined Glauber
model calculations agree with the data on pd elastic differential
cross section out to at least |t| = 0.3 (GeV/c)?, i.e., in the same re-
gion where exact three-body Faddeev equations describe the data.
However, the Glauber model is a high-energy approximation to the
exact theory and its accuracy should get better at higher colli-
sion energy. The deviations noted here for |t| > 0.2 (GeV/c)? might
arise from dynamical mechanisms that are not taken into account
in either the approximate (Glauber-like) or the exact (Faddeev-
type) approach. For example, there could be contributions from
a three-nucleon (3N) force whose importance rises with collision
energy and momentum transfer. One conventional 3N-force, in-
duced by two-pion exchange with an intermediate A(1232)-isobar
excitation, is known to contribute to pd large-angle scattering at
intermediate energies (see, e.g., [23]). However, one might also
consider three-body forces caused by the meson exchange between
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the proton and the six-quark core of the deuteron (the deuteron
dibaryon) [24]. Indeed, at larger momentum transfers, the inci-
dent proton probes shorter NN distances in the deuteron, so that,
the proton scattering off the deuteron as a whole could occur
with increasing probability. The preliminary results of taking the
one-meson-exchange between the incident proton and deuteron
dibaryon into account in pd elastic scattering have shown this
3N-force contribution to increase slightly the pd differential cross
section already at moderate momentum transfers [25]. This inter-
esting question clearly requires further investigation.

The calculations at different proton energies from 800 to
1000 MeV show a gradual energy dependence of the pd differ-
ential cross section (see Fig. 4). The theoretical curves at four
energies intersect at around |t| = 0.08 (GeV/c)? before beginning
to diverge from each other. The difference between the calcu-
lated cross sections at T, =800 and 1000 MeV reaches 13% at
[t| = 0.2 (GeV/c)2. Hence, in the energy range covered by the
present experiment, i.e., from 882.2 to 918.3 MeV, the maximum
difference in the pd differential cross section is only 2-3% at the
highest available momentum transfers. This small deviation lies
within the uncertainty related to the input NN amplitudes and
thus can be neglected. The new data are completely consistent
with the assumption that the energy dependence is negligible over
the range 882.2 < T, < 918.3 MeV. On the other hand, some of
the older data obtained over a wider energy range (e.g., [7] at 793,
890, and 991 MeV and [8] at 641 and 793 MeV) show a weak en-
ergy dependence of the cross section which, at least qualitatively,
agrees with our theoretical predictions.

The energy dependence found in the Glauber model calcula-
tions comes from a similar energy behaviour of the NN differential
cross sections obtained in the SAID PWA, which describes properly
the NN elastic database. The increasing slope of the curve im-
plies that in our energy region the interaction radius in pd (as
well as NN) elastic scattering effectively increases with energy.
As a result, the forward diffraction peak becomes higher and nar-
rower. This means that the pd elastic cross section integrated over
0 < |t| < 0.2 (GeV/c)? increases slightly with energy in our model
calculations (by approximately 4% from 800 to 1000 MeV), though
the part taken from |t| = 0.08 (GeV/c)? (the lower limit of the
present experiment) decreases a little. Hence, whereas the pd elas-
tic cross section as a function of the momentum transfer squared
is usually assumed to be constant in the energy and momentum-
transfer range considered, the present model calculations reveal
a slight energy dependence of the magnitude and slope of the
pd elastic cross section. This result has already been taken into
account for normalisation of the recent COSY-WASA experimental
data on the n-meson production in pd collisions [26].

6. Summary

Due to its small number of active particles, deuteron-proton
scattering at intermediate energies is well suited for the study of
various non-standard mechanisms of hadron interaction, such as
the production of nucleon isobars, dibaryon resonances, etc. How-
ever, even for dp elastic scattering, the experimental database is
scarce at momentum transfers |t| > 0.1 (GeV/c)%. In this work,
new precise measurements of the differential cross sections for
dp elastic scattering at 16 equivalent proton energies between
T, =882.2MeV and Tp =918.3 MeV in the range 0.08 < |t| <
0.26 (GeV/c)? have been presented. Since the shapes of the dif-
ferential cross sections were found to be independent of beam
momentum, it was possible to determine precise average values
over the whole momentum transfer range.

The experimental data at low momentum transfers are well
described by the refined Glauber approach at an average energy

T, =900 MeV. These calculations take full account of spin de-
grees of freedom and use accurate input NN amplitudes based
on the most recent partial-wave analysis of the SAID group [14].
However, as is seen very evidently from Fig. 5, there are clear
deviations between the data and the theoretical predictions for
|t| > 0.2 (GeV/c)2. Such deviations, which are likely to be due to
failure of the small-momentum-transfer approximations involved
in the Glauber model, must be investigated further since they
might also reflect the missing contributions of some dynamical
mechanisms such as 3N forces.

The calculations at different energies, i.e., T, = 800, 900, 950,
and 1000 MeV, reveal a slight energy dependence (increasing
slope) in the pd elastic cross section as a function of the momen-
tum transfer squared [t|. The predicted energy dependence arises
mainly from the similar energy behaviour of the input NN elas-
tic cross sections. For pd scattering, it may be trusted only in the
small momentum transfer region |t| < 0.2 (GeV/c)® where the re-
fined Glauber model describes the data. This behaviour has to be
taken into account when using pd elastic scattering in the nor-
malisation of other experimental data. However, the energy de-
pendence found in this region is very weak. In fact, there are
clear physical reasons mentioned in the Introduction for the rel-
ative stability of the pd elastic cross section at low momentum
transfers in our energy regime. Thus, the slight change of the slope
predicted by the Glauber model would be hardly visible over the
whole energy range from 641 to 1000 MeV covered by the exist-
ing database [4-8]. This is even more true for the 36 MeV energy
range studied here. However, some energy dependence which co-
incides qualitatively with our predictions might be identified in
some of the older experiments [7,8] and it would be highly desir-
able to perform very precise measurements of the pd differential
cross section as a function of t in a wider energy range than that
covered by the present experiment.

In addition to the unpolarised differential cross sections, it
would be interesting to study the momentum transfer and en-
ergy behaviour of polarisation observables (analysing powers, etc.),
which can readily be calculated within the refined Glauber model
at the same energies T, = 800-1000 MeV. The theoretical pre-
dictions for such observables will be presented in a forthcoming
paper.
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