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Abstract. Measurements of the angular dependence of the vector analyzing powers Ay and diﬀerential
cross-section in dp-elastic scattering at Td = 2 GeV for the angular range from 10◦ to 35◦ in the c.m.s.
have been performed. The obtained data are in good agreement with the existing data and theoretical
calculations made in the framework of the relativistic multiple scattering model.

1 Introduction
Lately the interest to simple nuclear reactions has increased signiﬁcantly. The advantage of these processes is
that such reactions can be studied in an almost modelindependent manner, using a minimum number of free
parameters. Interactions between nucleons, electrons and
light nuclei provide the information for theoretical description of the nuclear forces. In particular, dp-elastic scattering gives information which is related to the mechanism of
nucleon-nucleon interaction and the short-range deuteron
structure.
Diﬀerent approaches are applied to describe dp-elastic
scattering at low and intermediate energies: Faddeev calculations in the momentum space [1] and conﬁguration
space [2], and variational calculations based on the solution of the three-particle Schrödinger equation [3–5]. The
momentum-space Faddeev equations for three-nucleon
scattering can now be solved with high accuracy for
the most modern two- and three-nucleon forces below
200 MeV/nucleon of the projectile energy [6, 7]. The inﬂuence of the Coulomb interaction is appreciable at the
energies below 30 MeV, while it considerably reduces at
65 MeV. The discrepancy between theory and experiment
is increasing with increasing energy, indicating the possibility of relativistic eﬀects. It should be noted, that
this discrepancy is less at small angles than at the larger
ones. Most of investigations on the polarization observables nd- and dp-elastic scattering cover the energies below the pion production threshold [8–14]. The experiments were performed to test various models of 2N and
account for 3N forces (3NF) (see review [15] and references therein). A series of measurements were performed
a
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at KVI at the energies of 54–95 MeV/nucleon for the
angular range of 30◦ < θ∗ < 170◦ in the c.m.s. [13].
Deuteron vector analyzing power data have been obtained at COSY in the domain of very forward polar angles at the energy 65 MeV/nucleon [14]. The precise data
were obtained at RIKEN at the energies of 70, 100 and
135 MeV/nucleon [11] for the angular range of 10◦ < θ∗ <
180◦ . The goal of these experiments was to study the 3NF
contribution and to test modern models of three-nucleon
forces. An analogous experiment was performed in RCNP
at the energy of 250 MeV/nucleon [12], where the data
on the cross-section and a complete set of proton spin
observables were obtained. A complete high-precision set
of deuteron analyzing powers for the dp-elastic scattering
has been measured at 250 MeV/nucleon [16].The largest
discrepancy between the data and theoretical predictions
was observed at θ∗ > 120◦ . The results were compared
with theoretical calculations using diﬀerent 2N forces as
well as Tucson-Melbourne [17] and Urbana [18] 3N forces.
Accounting of the 3NF gives the best agreement with experimental data.
The transition to higher energies will allow one to understand the mechanism of the manifestation of the fundamental degrees of freedom at distances of the order of
the nucleon size. The Glauber scattering theory, which
takes both single and double interactions, in this case
is a classic approach [19, 20]. The experimental data for
dp-elastic scattering cover the energy range from 425 to
1500 MeV/nucleon [21–26]. The diﬀerential cross-section
and vector analyzing power were obtained at 800 MeV for
angles 14◦ < θ∗ < 154◦ in the c.m.s. [22]. The data were
obtained at the Brookhaven National Laboratory (BNL)
at 1–2 GeV/nucleon for a large momentum [23, 24] and
at 1 GeV/n for the angles of 10◦ < θ∗ < 170◦ [25]. The
absolute diﬀerential cross-section was measured at 641.3
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2 Experiment
The data have been obtained using the 100 cm hydrogen
bubble chamber [32] exposed in the extracted beam at
Synchrophasotron (JINR, Dubna). The experimental material consists of two set of data witch were obtained in polarized and unpolarized deuteron beam. The bubble chamber is a proton target and a detector simultaneously. This
feature allows to register reaction products in a regime of
4π geometry. The chamber was placed in a strong magnetic ﬁeld (1.85 T). It provided a reliable identiﬁcation of
secondary particles.
The atomic-beam–polarized ion source “POLARIS” [33] provided the polarized deuteron beam.
The nuclear polarization is provided via radio-frequency
(RF) hyperﬁne structure transitions. Two diﬀerent RF
cells of “POLARIS” with the working frequencies of
9.4 MHz and 346.7 MHz have been used to provide the
“1–4” and “3–6” transitions, respectively. They have theoretical maximum polarizations of (pZ , pZZ ) = (+2/3, 0)
and (−2/3, 0), respectively. The quantization axis was
perpendicular to the beam-circulation plane of the
Synchrophasotron. These states have been alternated in
the accelerators cycle, and the corresponding mark has
been transferred to the apparatus.
The events have been selected on the scanning tables.
The mathematical processing has been made by using software packages THRESH [34] and GRIND [35] for the geometrical reconstruction and kinematic identiﬁcation, respectively. The events have been classiﬁed by using information on the particle ionization losses. A chain of support
programs has been used to select reactions and record the
results to DST (tape of summary results).
Detection eﬃciency of the dp-elastic events has decreased in the region of small momentum transfers due to
a number of methodical features. They are related both
to the impossibility to observe the tracks with the momentum less than 80 MeV/c and to the tracks orientation
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and 792.7/nucleon MeV in the angular range of 35◦ –115◦
and 35◦ –140◦ , respectively [26]. Recently, the deuteron
vector and tensor analyzing powers were obtained at
440 MeV/nucleon at Nuclotron at JINR [27]. The relativistic impulse approximation [28] does not reproduce experimental data [24], however, the data are well described
by the relativistic multiple scattering theory [29].
In this paper we present the experimental data on
the angular dependence of the deuteron vector analyzing
power Ay and diﬀerential cross-section for dp-elastic scattering at 2 GeV obtained at Synchrophasotron at JINR
for the angular range of 10◦ –35◦ in the c.m.s. The data
are compared with the results of the relativistic multiple
scattering model [30, 31]. The paper is organized in the
following way. In sect. 2 the details of the experiment are
given. Section 3 is devoted to the data analysis procedure.
The obtained experimental results and their comparison
with the theoretical calculations are discussed in sect. 4.
The conclusions are drawn in the last section.
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Fig. 1. The correlation of the scattering angle θ∗ and the
azimuthal angle ϕ for dp-elastic scattering events.

along the optical axis of the photocamera placed vertically [36]. These eﬀects are demonstrated in ﬁg. 1, where
the correlation of the c.m.s. scattering angle θ∗ and azimuthal angle ϕ calculated from the vertical axis is presented.
Systematic losses of the events appear in the dpelastic scattering channel at small momentum transfers
(|t| < 0.06 (GeV/c)2 ). These losses were estimated as
10500 events from the total number of events of the
dp → X interaction 237413, e.g., 4%. The systematic
losses for another reactions channels have been found
to be negligible. The microbarn equivalent of the events
was calculated using the total cross-section for dp- interaction (82.89 ± 0.06 mb) [37] and is equal to Co =
0.3342 ± 0.0007 μb/event [38]. This value corresponds to
the integrated luminosity of the experiment of L = 2.992±
0.006 μb−1 .

3 Data analysis
The dp-elastic scattering diﬀerential cross-section has
been obtained using the events for the both unpolarized
and polarized deuteron beam, while the deuteron vector
analyzing power Ay has been evaluated using the events
corresponding to the “POLARIS” polarization modes
(−2/3, 0) and (+2/3, 0) only [33]. The RF amplitudes
for the corresponding hyperﬁne structure transitions were
properly tuned to minimize the asymmetry in the vector polarization values for the both modes, as well as for
the tensor polarization admixture, especially, for the mode
(−2/3, 0) [39].
The evaluation of the vector polarization of the
deuteron beam has been performed using the events from
the reaction dp −→ ppn [40]. The deuteron beam polarization averaged over two polarization modes has been estimated as py = 0.488 ± 0.061 by measuring the azimuthal
asymmetry of quasi-elastic scattering using the known
data on the analyzing powers for the elastic np- and ppscattering [41, 42] at energy TN = 1 GeV. However, the
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Fig. 2. The dp-elastic scattering events as a function of the
scattering angle θ∗ .

where dσ0 /dΩ is the unpolarized diﬀerential cross-section,
pZ and pZZ are the vector and tensor deuteron polarizations, respectively, Ay the vector and Axx , Ayy the tensor
deuteron analyzing powers, θ is the scattering angle, and φ
is the azimuthal angle with respect to the beam direction.
Since in our case the tensor polarization is equal to
zero [40] the diﬀerential cross-section can expressed as


dσ0
3
dσ
(θ, φ) =
(θ) · 1 + pZ Ay (θ) cos φ .
(2)
dΩ
dΩ
2
In our case we use the coordinate system related to the optical axis of the photocamera placed vertically [36], therefore, the azimuthal angle ϕ = φ+ π2 will be used for further
data analysis.
The distribution on the scattering angle θ∗ (see ﬁg. 2)
has been divided into the consecutive bins. The number
of events in each bin has been normalized to the width of
the latter. The distribution on the azimuthal angle ϕ were
obtained for each θ∗ bin summed over both polarization
modes —see examples in ﬁg. 3. One can see that for small
scattering angles θ∗ the dp-elastic scattering events losses
have appeared to be symmetrical with respect to the values of the ϕ-angle of 0◦ and 180◦ . The dotted lines in ﬁg. 3
correspond to the boundaries of the regions excluded from
the data analysis.
The R value for each chosen interval on θ∗ has been
calculated as
N ↑ − N↓
.
(3)
R=
N↑ + N ↓

Fig. 3. Dependence of the dp-elastic scattering events on the
azimuthal angle ϕ for diﬀerent values of the scattering angle
θ∗ summed over both polarization modes. The dotted lines
correspond to the boundaries of the regions excluded from the
data analysis.
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modern partial wave analysis [43] based on the data obtained at Saclay [44–46] and at COSY [47] provides similar
values of the analyzing powers for the elastic np- and ppscattering. The tensor polarization of the beam was found
to be consistent with zero [40].
In general the diﬀerential cross-section can be written
as [48]

dσ0
3
dσ
(θ, φ) =
(θ) · 1 + pZ Ay (θ) cos φ
dΩ
dΩ
2

1
2
2
+ pZZ (Ayy (θ) cos φ + Axx (θ) sin φ) , (1)
2
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Fig. 4. The R value as a function of azimuthal angle ϕ for the
scattering angle 12◦ < θ∗ < 14◦ . The line is the result of the
ﬁt by the function p0 + p1 ∗ sin(ϕ).

Here N↑ and N↓ are ϕ-dependent numbers of events for the
deuteron beam polarized modes (+2/3, 0) and (−2/3, 0),
respectively.
An example of the R distribution on the azimuthal
angle ϕ for 12◦ < θ∗ < 14◦ is shown in ﬁg. 4.
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Table 1. Diﬀerential cross-section of the dp-elastic scattering
at 2 GeV.

Table 2. Deuteron vector analyzing power Ay of the dp-elastic
scattering at 2 GeV.

θc.m.s.
(deg)

dσ/dΩ
(mb/sr)

(Δ(dσ/dΩ))stat
(mb/sr)

(Δ(dσ/dΩ))sys
(mb/sr)

θc.m.s.
(deg)

Ay

(Δ(Ay ))stat

11.0
13.0
15.0
17.0
19.0
21.0
23.0
25.0
27.0
29.0
31.0
33.0

23.44
19.05
14.14
10.20
6.82
4.44
2.87
1.67
0.99
0.61
0.36
0.23

0.63
0.47
0.32
0.24
0.17
0.13
0.10
0.07
0.05
0.04
0.03
0.02

0.31
0.21
0.15
0.10
0.04
0.009
0.006
0.004
0.002
0.001
0.0007
0.0005

11.0
13.0
15.0
17.0
19.0
21.0
23.0
25.0
28.0
33.0

0.22
0.16
0.11
0.18
0.23
0.18
0.31
0.47
0.15
0.07

0.05
0.05
0.06
0.06
0.07
0.08
0.09
0.11
0.12
0.10

Parameters p0 and p1 of the function p0 + p1 · sin(ϕ)
were determined for each θ∗ bin. Here p0 is the false asymmetry, its value did not exceed 5% for each θ∗ bin. The
averaged value of p0 has been found to be −0.025 ± 0.014.
The analyzing power has been obtained from the following expression:
2 p1
.
(4)
Ay =
3 py
Here py is the vector polarization of the deuteron
beam [40]. Since the false asymmetry eﬀect of the Ay value
equals 1/(1 − p20 ), it was neglected.
The dp-elastic scattering diﬀerential cross-section has
been obtained as follows:
1 N (cos θ∗ )
dσ ∗
(θ ) =
,
dΩ
2πL Δ cos θ∗

(5)

where N (cos θ∗ ) is the number of events in the bin
Δ cos θ∗ , Δ cos θ∗ is the bin width of the cos θ∗ distribution
and L is the integrated luminosity of the experiment.

4 Results and discussions
The data on the diﬀerential cross-section and vector analyzing power Ay are presented in tables 1 and 2, respectively. The following procedure was applied to estimate the systematic error for the cross-section for the θ∗
domain with signiﬁcant event losses. The number of dpelastic scattering events was plotted as a function of the
azimuthal angle ϕ into the histogram with the number of
bins equal to 36. Some events were excluded symmetrically with respect to the values of the ϕ angle of 0◦ and
180◦ (see ﬁg. 3). The total number of events in each θ∗
bin was calculated as Ntot = N/r, where r = n/36 and N
is the remaining number of events in θ∗ bin. Here n is the
number of the remaining bins. The dependence of the Ntot
on the r was plotted. The value Ntot , in the region where
it does not depend on r, was approximated by a constant.
The corresponding error was taken as the systematic error

Fig. 5. The diagrams taken into consideration for the calculations within relativistic multiple-scattering model [30, 31]:
a) single scattering; b) double scattering.

due to the uncertainty in the estimation of the lost events.
The total systematic error also includes the uncertainty of
the integrated luminosity L. The systematic error for the
θ∗ domain without losses of the events is deﬁned by the
error of the integrated luminosity L only.
The systematic error for Ay due to accuracy of the
beam polarization py is estimated to be 13% [40].
The theoretical predictions for the diﬀerential crosssection and analyzing power Ay have been obtained in
the relativistic multiple-scattering theory frame [30, 31].
In this model the reaction amplitude is deﬁned by the
corresponding transition operator. This operator obeys
the AGS equation. After iteration these equations up to
second-order term over N N t-matrix the reaction amplitude is deﬁned as a sum of the three terms, which correspond to one-nucleon exchange (ONE), single-scattering
(SS) and double-scattering (DS) reaction mechanisms.
Since the ONE term gives a considerable contribution only
at backward angles, this term was not taken into consideration. Thus, the reaction amplitude is deﬁned as the sum
of two terms only. Diagrams for SS and DS are presented
in ﬁg. 5. All calculations were performed with the CD
Bonn deuteron wave function [49]. The parameterization
of the N N t-matrix was based on the use of the modern
phase shift analysis [43] results.
The diﬀerential cross-section as a function of the
deuteron scattering angle in the c.m.s. is presented in
ﬁg. 6 by the solid symbols. The error bars correspond to
the statistical uncertainties only. The open symbols are
the data obtained previously [25] with a monochromatic
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Fig. 6. Solid boxes represent the results of this work. The
open triangles are the data from ref. [25]. The dotted and solid
lines are the calculations without and with the DS term, respectively.

0.4
0.35
0.3

Ay

0.25

deuteron beam and a 10 cm liquid-hydrogen target. The
particles have been registered by a single-arm magnetic
spectrometer. In this experiment only the absolute value
of the tensor polarization of the beam was measured using the nuclear reaction 3 H(d, n)4 He at 55 keV. The vector polarization of the beam was not measured, but it was
taken as 1/3 from the tensor polarization value. The relative values of the beam vector polarization was monitored
during the experiment using the polarimeter based on
quasi-elastic pp-scattering at thin CH2 target [50]. Such
procedure of the vector beam polarization determination
can provide systematic shift of the obtained data on the
deuteron vector analyzing power Ay . The statistical uncertainties of both sets of the experimental data are quite
large. Therefore, one can conclude that the experimental
data are in good agreement, within the achieved accuracy,
with each other.
The meaning of the lines is the same as that in ﬁg. 6.
One can see that the single-scattering mechanism does not
reproduce the experimental data at the scattering angles
θ∗ larger than 25◦ . The calculation taking into account the
double scattering gives a better agreement with the experimental data in this angular domain. New high-precision
deuteron vector analyzing power data are certainly required to make a deﬁnitive conclusion on the dp-elastic
scattering reaction mechanism.
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Fig. 7. The solid boxes are the results of this work. Triangles
are the data obtained at ANL [43]. The meaning of the lines
is the same as in ﬁg. 6.

protons beam at the Brookhaven Cosmotron by using a
liquid-deuterium target. A high-resolution spectrometer
was used to detect the protons scattered at forward angles. Note that, in the present experiment, the deuteron
beam and hydrogen bubble chamber with almost 4π geometry were used. Two sets of data are in agreement within
the achieved accuracy in the region where they overlap.
The dashed and solid lines are the calculations without
and with the DS term, respectively. One can see that the
inclusion of the double-scattering term in the calculations,
on the one hand, reduces the value of the cross-section in
the range of the present measurements and, on the other
hand, provides fair agreement with the experimental results up to ∼ 60◦ in the c.m.s.
Our experimental data on the deuteron vector analyzing power Ay are shown in ﬁg. 7 by solid squares. The open
triangles are the data obtained at Argonne National Laboratory (ANL) at the Zero-Gradient Synchrotron (ZGS)
facility [50]. These data were obtained using a polarized

The diﬀerential cross-section and the deuteron vector analyzing power Ay for the dp-elastic scattering have been
obtained at Td = 2 GeV for the angular range of 10◦ –35◦
in the c.m.s.
The results on the diﬀerential cross-section are in
agreement, within the accuracy achieved, with the data
obtained earlier [25].The data are compared with the calculations performed within the framework of the relativistic multiple-scattering theory [30,31]. It is shown that taking into account the double-scattering term improves the
description of the obtained experimental results.
The results on the deuteron vector analyzing power
Ay , being in the agreement with the data obtained at
ANL [50], are qualitatively described by the relativistic
multiple-scattering theory [30,31]. Taking into account the
single-scattering term only does not describe the data at
θ∗ > 25◦ . The consideration of the double scattering gives
a better description of the data at large scattering angles.
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