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The present review is devoted to the spin-dependent experiments prepared at the JINR VekslerÄ
Baldin Laboratory of High Energies and carried out at the Synchrophasotron or Nuclotron accelerators.
The acceleration of polarized deuterons, experiments using the internal targets, the beam extraction
and the polarimetry are brie�y described. Then, representative experiments using either the extracted
deuteron beam or secondary beams of polarized nucleons produced by polarized deuterons, are
considered. Three current experiments: DELTAÄSIGMA, DELTA, pp SINGLET, and recently BES,
require the polarized nucleon beams in conjunction with the Dubna polarized proton target. Already
available ΔσL(np) results from the ˇrst experiment show an unexpected energy dependence. The
experiment DELTA should investigate the nucleon strangeness. The aim of the pp SINGLET is to
study a possible resonant behavior of the spin-singlet pp-scattering amplitude. BES proposes the
measurement of the complete experiment in dp backward elastic scattering. For all other Dubna
experiments, unpolarized nucleon or nuclei targets are used. The polarized deuteron beam allows
one to determine spin-dependent observables necessary for understanding the deuteron structure, as
well as the nucleon substructure. One part of investigations concerns deuteron break-up reactions
and deuteronÄproton backward elastic scattering. A considerable amount of data was obtained in this
domain. Another part is dedicated to the measurements of the same spin-dependent observables in
a ®cumulative¯ region. Interesting results were obtained for proton or pion productions in inclusive
and semi-inclusive measurements. In the ˇeld of inelastic deuteron reactions, the analyzing-power
measurements were performed in the region covering Roper resonances. Many existing models are in
disagreement with observed momentum dependences of different results. Finally, the protonÄcarbon
analyzing-power measurements extended the momentum region of rescattering observables. Some
inclusive Dubna results are compared to exclusive Saclay data and to leptonÄdeuteron measurements.
Finally, the pC and pCH2 analyzing-power data extended the momentum region of rescattering
observables. Most of the JINR LHE experiments are carried out in the framework of a large
international collaboration.

� ¸ÉμÖÐ¨° μ¡§μ· ¶μ¸¢ÖÐ¥´ Ô±¸¶¥·¨³¥´É ³ ¸ ¶μ²Ö·¨§μ¢ ´´Ò³¨ ¶ÊÎ± ³¨, ±μÉμ·Ò¥ ¡Ò²¨
¶μ¤£μÉμ¢²¥´Ò ¢ ‹‚� �ˆŸˆ ¨ ¢Ò¶μ²´¥´Ò ´  ¸¨´Ì·μË §μÉ·μ´¥ ¨ ´Ê±²μÉ·μ´¥. Šμ·μÉ±μ μ¶¨¸ ´Ò
Ê¸±μ·¥´¨¥ ¶μ²Ö·¨§μ¢ ´´ÒÌ ¤¥°Épμ´μ¢, Ô±¸¶¥·¨³¥´ÉÒ ´  ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´ÖÌ, ¢Ò¢μ¤ ¶ÊÎ±  ¨
¶μ²Ö·¨³¥É·¨Ö. ’ ±¦¥ μ¶¨¸ ´Ò μ¸´μ¢´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ´  ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ± Ì ¤¥°Épμ´μ¢ ¨
´  ¢Éμ·¨Î´ÒÌ ¶ÊÎ± Ì ¶μ²Ö·¨§μ¢ ´´ÒÌ ´Ê±²μ´μ¢. ‚ É·¥Ì É¥±ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì Å ®„¥²ÓÉ Ä
‘¨£³ ¯, ®„¥²ÓÉ ¯ ¨ ®pp-Singlet¯ Å ¨¸¶μ²Ó§ÊÕÉ¸Ö ¶μ²Ö·¨§μ¢ ´´Ò¥ ´Ê±²μ´´Ò¥ ¶ÊÎ±¨ ¢³¥¸É¥ ¸
¤Ê¡´¥´¸±μ° ¶μ²Ö·¨§μ¢ ´´μ° ¶·μÉμ´´μ° ³¨Ï¥´ÓÕ. �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ Ê¦¥ ¢ ¶¥·¢μ³ Ô±¸-
¶¥·¨³¥´É¥ ¶μ ¨§³¥·¥´¨Õ ΔσL(np), ¶μ± § ²¨ ´¥μ¦¨¤ ´´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¤ ´´ÒÌ μÉ Ô´¥·£¨¨.
�±¸¶¥·¨³¥´É ®„¥²ÓÉ ¯ ´ ¶· ¢²¥´ ´  ¨§ÊÎ¥´¨¥ ¸É· ´´μ¸É¨ ´Ê±²μ´ . –¥²ÓÕ É·¥ÉÓ¥£μ Ô±¸¶¥·¨-
³¥´É  Ö¢²Ö¥É¸Ö ¶·μ¢¥·±  ¢μ§³μ¦´μ£μ ·¥§μ´ ´¸´μ£μ ¶μ¢¥¤¥´¨Ö ¸¶¨´-¸¨´£²¥É´μ°  ³¶²¨ÉÊ¤Ò pp-
· ¸¸¥Ö´¨Ö. ‚¸¥ ¤·Ê£¨¥ ¤Ê¡´¥´¸±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¨¸¶μ²Ó§ÊÕÉ ´¥¶μ²Ö·¨§μ¢ ´´Ò¥ ³¨Ï¥´¨ ´Ê±²μ-
´μ¢ ¨²¨ Ö¤¥·. �μ²Ö·¨§μ¢ ´´Ò° ¤¥°É·μ´´Ò° ¶ÊÎμ± ¶μ§¢μ²¨² μ¶·¥¤¥²¨ÉÓ § ¢¨¸¨³Ò¥ μÉ ¸¶¨´ 
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¢¥²¨Î¨´Ò, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ¤¥°É·μ´  ¨ ´Ê±²μ´´μ° ¸Ê¡¸É·Ê±ÉÊ·Ò. ‚ μ¤´¨Ì
Ô±¸¶¥·¨³¥´É Ì ¨§³¥·ÖÕÉ¸Ö ¤¢¥ § ¢¨¸¨³Ò¥ μÉ ¸¶¨´  ¢¥²¨Î¨´Ò: ¢ ·¥ ±Í¨ÖÌ ¸ · §¢ ²μ³ ¤¥°É·μ´ 
¨ ¢ ¤¥°É·μ´-¶·μÉμ´´μ³ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ ´ § ¤. 
μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ ¤ ´´ÒÌ ¡Ò²μ ¶μ²ÊÎ¥´μ ¢
ÔÉμ° μ¡² ¸É¨. ‚ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´É Ì ¨§³¥·ÖÕÉ¸Ö É¥ ¦¥ ¸ ³Ò¥ ´ ¡²Õ¤ ¥³Ò¥ ¢ ±Ê³Ê²ÖÉ¨¢´μ°
μ¡² ¸É¨. ˆ´É¥·¥¸´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¤²Ö ·μ¦¤¥´¨Ö ¶·μÉμ´μ¢ ¨ ¶¨μ´μ¢ ¢ ¨´±²Õ§¨¢´ÒÌ
¨§³¥·¥´¨ÖÌ. �´ ²¨§¨·ÊÕÐ Ö ¸¶μ¸μ¡´μ¸ÉÓ ¨§³¥·Ö² ¸Ó ¢ ´¥Ê¶·Ê£¨Ì (d, d)-·¥ ±Í¨ÖÌ ¢ μ¡² ¸É¨
·μ¶¥·μ¢¸±¨Ì ·¥§μ´ ´¸μ¢. �¥±μÉμ·Ò¥ ¨´±²Õ§¨¢´Ò¥ ¤Ê¡´¥´¸±¨¥ ¤ ´´Ò¥ ³μ¦´μ ¸· ¢´¨ÉÓ ¸ Ô±¸-
±²Õ§¨¢´Ò³¨ ¤ ´´Ò³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ ‘ ±²¥, ¨ ¸ ·¥§Ê²ÓÉ É ³¨ ²¥¶Éμ´-¤¥°É·μ´´μ£μ · ¸¸¥Ö´¨Ö.
Œ´μ£¨¥ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ³μ¤¥²¨ ´¥ μ¶¨¸Ò¢ ÕÉ ¨§³¥·¥´´Ò¥ Ô´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ´ ¡²Õ¤ -
¥³ÒÌ ¢¥²¨Î¨´. ‚ § ±²ÕÎ¥´¨¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨°  ´ ²¨§¨·ÊÕÐ¥° ¸¶μ¸μ¡´μ¸É¨ ¶·¨
· ¸¸¥Ö´¨¨ ¶·μÉμ´μ¢ ´  Ê£²¥·μ¤¥, ±μÉμ·Ò¥ ¸¤¢¨´Ê²¨ £· ´¨ÍÊ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ ¢ ¸Éμ·μ´Ê
¢Ò¸μ±¨Ì ¨³¶Ê²Ó¸μ¢ ´ ²¥É ÕÐ¨Ì ¶·μÉμ´μ¢. �É¨ ¤ ´´Ò¥ ´¥μ¡Ìμ¤¨³Ò ¤²Ö ¨§³¥·¥´¨° ¶μ²Ö·¨§ Í¨¨
Î ¸É¨Í ¢ ¤¢μ°´μ³ · ¸¸¥Ö´¨¨. 
μ²ÓÏ¨´¸É¢μ Ô±¸¶¥·¨³¥´Éμ¢ ¢ ‹‚� �ˆŸˆ ¢Ò¶μ²´¥´μ ¢ · ³± Ì
Ï¨·μ±μ£μ ³¥¦¤Ê´ ·μ¤´μ£μ ¸μÉ·Ê¤´¨Î¥¸É¢ .

This review is dedicated to the memory of Aca-
demician Alexander Mikhailovich Baldin, who
often declared that Spin Physics is even more
important than the Nuclotron

INTRODUCTION

The represetative spin-dependent experiments performed or accepted at the
JINR VekslerÄBaldin Laboratory of High Energies (VBLHE) SynchrophasotronÄ
Nuclotron Accelerator Complex are reviewed. Vector and/or tensor polarized
deuteron beams, with vertical quantization axis, are often directly used. This
axis remains practically ˇxed, since the deuteron magnetic momentum is small.
Break-up of vector polarized deuterons produces vertically polarized neutrons
and protons. Due to a large anomalous momentum of nucleons, its polarization
direction along any base space vector may be obtained by rotation or precession
of nucleon spins in magnetic ˇelds.

I recall that the responsible person for the Spin Physics Programme in VBLHE
(Programme No. 0941) was Academician A.M. Baldin up to April 2001. At
present, the responsible persons for the scientiˇc programme ®Search for Non-
Nucleon Degrees of Freedom and Spin Effects in Few-Nucleon Systems¯ are
N.M. Piskunov, V.V.Glagolev and G.Martinsk�a.

A major part of the experiments was carried out at the Synchrophasotron,
at laboratory momenta below 5 GeV/c per nucleon. This accelerator was not
in use since 2003. All machine experts concentrated on the improvement of
the superconducting accelerator Nuclotron. Leaders of the development are
A.D.Kovalenko and A. I. Malakhov. The planned maximal energy of 6 GeV/c
per nucleon has not been achieved so far. Since the Nuclotron is an accelerator
with one-turn injection, it is necessary to increase the intensity of the polarized
ion source. On the other hand, slow beam extraction of 10 s was recently ob-
tained and is practically independent of the beam intensity. A momentum spread
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was determined, using the slowly extracted 7Li beam [1]. The polarized deuteron
beam was accelerated and its polarization was determined [2].

VBLHE experiments mainly use unpolarized LH2, CH2 or nuclei targets in
conjunction with the extracted polarized beams. Several important JINR results
were obtained using internal targets. In some investigations the extracted polarized
beam and the polarized proton target (PPT) are needed. The polarized deuteron
target (PDT) in Dubna could be used in the near future. It is also possible to
construct internal polarized targets. In addition to a polarized jet or a cell target
a polarizable thin foil, even scintillating, was developed at PSI, in collaboration
with Dubna experts. This kind of target was never used in an experiment, but
may be interesting for particle physics, as well as for heavy-ion accelerators.

It was impossible to treat off all VBLHE results and to give a full list of
references. Most of the ˇgures in the present review are reproduced from original
publications, since numerical tables and ˇts are often inaccessible. Eventual
mistakes in some ˇgures are the responsibility of the authors and will be pointed
out if recognized.

1. POLARIZED BEAM AND POLARIMETRY

Vector and tensor polarized deuterons from the ion source POLARIS [3] are
accelerated in the linear accelerator, reach 10 MeV, and then are injected into the
main ring. The responsible person for this experiment is Yu.K. Pilipenko, who
was a leader of the polarized source construction.

To measure the vector and tensor deuteron beam polarizations before in-
jection, semiconductor detector systems were installed behind the linac [4]. To
determine the vector polarization [5], deuterons hit a gaseous 4He target, and
the left-right asymmetry in the reaction d + 4He → d + 4He was measured
(θlab(d) = 126◦, θlab(4He) = 15◦). In the stripping reaction d+ 3He → p+ 4He
[6] the tensor polarization can be determined. In this case protons were detected
at θ = 0◦. Such reactions have large vector [7] and tensor [8] analyzing pow-
ers, accurately measured. The tensor polarimeter is insensitive to the rotation of
the spin quantization axis around the beam direction. This polarimeter was dis-
mounted due to a low counting rate during the beam polarization measurements.
It may be needed again for the Nuclotron ion source tuning.

A recoil-particle spectrometer installed inside the Synchrophasotron ring [9]
also existed. It was used to determine the vector polarization from the measured
left-right proton asymmetry in the elastic dp scattering. A thin polyethylene target
foil of several μm was inserted in the internal beam when a desired deuteron
energy was achieved. Multiple particle passage through this target insured good
statistical accuracy because of a rather large luminosity. Recoil protons, ejected
at θlab = 82.5◦ were identiˇed in two semiconductor detector telescopes.
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Several experiments were performed at this polarimeter, e.g., Ref. 10. In
this measurement the vector analyzing power for the elastic dp and dd scattering
in the momentum interval from 2.38 to 10 GeV/c and for the inelastic reaction
d + C → p + X at 2.38 GeV/c were determined. For elastic processes the −t
interval was from 0.005 to 0.054 (GeV/c)2. In the inelastic interactions, protons
in the energy interval 40Ä300 MeV were recorded at the laboratory angles of 75
and 120◦. Figure 1 shows Ay at −t = 0.025 (GeV/c)2 as a function of deuteron
momentum per nucleon. The momentum dependence can be described in the
generalized GlauberÄSitnenko model by the approximate formula [11].

Adp
y (t, s) = 1/3(App

00n0(t, s) + Anp
00n0(t, s)). (1)

Equation (1) is satisˇed within the errors and gives an indirect conˇrmation
of the deuteron polarization Pd preservation during the acceleration (see below).

Fig. 1. Vector analyzing power Ay of
elastic d ↑ p scattering as a function of
momentum (per nucleon) of the beam:
� Å [10], � Å calculation using Eq. (1)
[11]. See comment in the text

Fig. 2. Vector analyzing power Ay as a func-
tion of the kinetic energy of the detected
protons at the laboratory angle of 75◦ for
d ↑ C → pX (� Å [10]) and p ↑ C →
pX (� Å [12])

Some JINR physicists claim a mistake in Fig. 1, concerning the plotted point
at 6 GeV/c per nucleon. The reason is that the deuteron momentum of 12 GeV/c
cannot be reached at the Synchrophasotron. On the other hand, the authors of [4]
(see below) clearly have stated that the primary deuteron beam up to 12 GeV/c
in Ref. 10 has been used.

Figure 2 shows Ay for d + C → p + X at 2.38 GeV/c and at 75◦ as a
function of the detected proton energy. The Dubna data [10] are compared with
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the analyzing power data from p+C → p+X at 1.49 GeV/c [12]. No quantitative
models for an explanation of the difference exist. A qualitative conclusion can be
drawn that at low energy of secondary protons the role of rescattering of nucleons
in the d + C reaction is important.

The internal polarimeter at the Synchrophasotron has been dismounted, but
it was obvious that an internal target station will be needed for the Nuclotron.
Such a station was studied [13Ä15]. The ˇrst experiment at the Nuclotron was
performed using internal targets [16]. Unpolarized deuterons were accelerated
up to 200 MeV, very thin polyethylene, copper and gold foils were inserted and
products of interaction were measured.

Acceleration of polarized deuterons required a polarimeter with the internal
hydrogenous target [17]. Recently, such a polarimeter was constructed as de-
scribed by JINR (Dubna) and SAS (Bratislava) groups [2]. It consists of two
forward arms FL, FR, each of them equipped by three scintillation counters and
two backward arms BL, BR, each equipped by two counters. The pairs FL, BR

and FR, BL are positioned at conjugate angles of pp kinematics, depending on
the energy. Measurements give left-right asymmetries at the proton momentum
pp equal to one half of deuteron momentum pd.

The vector polarized deuteron beam was scattered on the CH2 and carbon
targets. A thin polyethylene foil (10 μm) or ten carbon wires of 8 μm in diameter,
respectively, were ˇxed on the frame, which was inserted into the beam at the
desired energy. The asymmetry of quasi-elastic (pn) + p → p + p scattering
was measured, considering the deuteron as a weakly bound proton and neutron.
The equality of spin-dependent observables for elastic and quasi-elastic pp, np,
and pn scattering on light nuclei has been studied over a large energy region
(e.g., [18,19]) and holds in the Dubna conditions.

The results in [2] were carried out at the deuteron beam momenta of 3.0,
3.5, 3.8, and 5.0 GeV/c (i.e., 0.83, 1.05, 1.18, and 1.73 GeV proton energy)
and the beam polarization was deduced using the pp analyzing power data from
[20]. The measured deuteron beam polarization is constant in the studied interval
(P+

d = −P−
d � 0.60). The data agree with the results obtained independently at

the extracted beam polarimeter [21]. In principle, the slow beam extraction could
affect the internal polarimeter results, e.g., by changing the beam position in the
ring, etc. The authors concluded that no dependence on the beam extraction was
observed and the internal polarimeter can be used simultaneously with beam-line
experiments.

Other Dubna experiments, measuring the deuteron beam polarizations, were
carried out with extracted polarized deuterons. One of the ˇrst experiments of
this kind is described in Ref. 22. At the fast extraction beam line, a 100 cm
liquid hydrogen bubble chamber has been exposed to vector polarized deuterons.
The break-up reaction dp → ppn has been studied at 3.34 GeV/c and the az-
imuthal asymmetry of the outgoing nucleons has been measured. The pp and np
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elastic scattering analyzing powers, measured at the ANL-ZGS and at Saturne II
were used in order to deduce the beam vector polarization. Its absolute value was

Fig. 3. Vector and tensor analyzing
powers Ay (a) and Ayy (b) vs. four-
momentum transfer. The Dubna data
(crosses) are compared with the ones
of Saclay [27, 28]

found to be |Pd| = 0.41 ± 0.09, consider-
ably lower than actual values at the Syn-
chrophasotron and Nuclotron. Asymmetry
measurements were also reported in [23].

The slow extraction of the beam into
different beam lines [24] gave the possi-
bility to perform fast detectors. The aver-
age intensity of the Synchrophasotron polar-
ized beams, started in 2001, turned around
3 ·109 deuterons/cycle. The vector polariza-
tion value is checked by two kinds of beam
polarimeters. Any of them measures elastic
scattering asymmetries and needs a knowl-
edge of corresponding analyzing powers.

In the ˇrst method, the dp → dp asym-
metry is measured by the four-arm po-
larimeter. Deuterons scattered on the liquid
hydrogen target are analyzed by a magnetic
ˇeld of the two-arm magnetic spectometer
ALPHA [4, 25]. The deuteron kinetic en-
ergy was set at 1.6 GeV. At this energy, the
vector and tensor analyzing powers in angu-
lar distributions of the dp elastic scattering
are known from the Saturne II data [26]. Ay

and Ayy are applied to the measured asym-
metries. The scattering angle is ˇxed close
to the maximal values of the vector and
tensor analyzing powers, respectively. The
polarimeter can work at high beam intensi-
ties. On the other hand, the measurements
often require changing the deuteron energy
and/or extracting deuterons in another beam
line, which is a time-consuming operation.

A major part of the beam polarization measurements has been carried out using
this polarimeter.

With the dp polarimeter, Ay and Ayy at ˇxed angle were measured at 3.0,
4.0, and 4.5 GeV/c [4]. The −t (GeV/c)2 dependences of these quantities were
obtained at Saturne II [27,28] at 3 GeV/c by varying the scattering angle. Figure 3
shows that the results obtained in different methodical procedures agree with each
other.
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The second method consists in the left-right asymmetry measurement of the
quasi-elastic (pn)p scattering, similarly as described for the internal polarimeter.
The four-arm beam polarimeter with small acceptance of 7.1 · 10−4 sr, using
polyethylene and carbon targets, was constructed by the Gatchina and JINR groups
in 1995 [29]. It was considerably improved in 1997 [21]. The asymmetries were
measured at θlab = 14◦ below the deuteron beam momenta pd = 6 GeV/c and
at 8◦ at higher pd. A calibration was carried out at the 1.6 GeV deuteron
energy, where pC asymmetry was subtracted, and accurately measured LAMPF
and Saturne II analyzing power data were applied. The calibration is discussed
in [30]. The results agree with the data measured using the dp polarimeter.
The deuteron vector beam polarization measurements at different energies were
published in [20,31]. The responsible person for the pp polarimeter operation is
L. S. Azhgirey.

The pp polarimeter provides a continuous check of the beam polarization
stability at any energy, during the data acquisition period. It is used in experiments
with polarized nucleons. On the other hand, this polarimeter checks the deuteron
vector polarization only.

The polarimeter POMME [32], which was widely used at Saclay, was trans-
ported to Dubna and installed as a part of the detection system of the ALPHA
spectrometer [4, 25]. It is called ALPOM. This apparatus was not generally used
for the beam polarimetry and the relevant experiments will be discussed in Sec. 6.

In order to decrease possible systematic errors, absolute calibration measure-
ments of the deuteron vector and tensor polarizations were proposed in [33].
For the vector beam polarization the suggestion is based on the equality of the
analyzing power A and the polarization of the scattered particle P in the elas-
tic scattering (e.g., pp → pp or dp → dp), assuming time-reversal invariance
(TRI). The author proposes to use the pp beam polarimeter (see above) and the
SPHERE [34Ä37] experimental setup for the A and P measurements, respec-
tively. The tensor polarization is suggested to be determined by measurement of
the tensor analyzing power T20, assuming that the unpolarized dp cross section
is known.

The deuteron vector polarization, or the polarization of break-up nucleons,
can be determined from asymmetry measurements using a polarized beam and/or
target. For this purpose the beam and target polarizations P+

B = −P−
B and

P+
T �= −P−

T are oriented along the normal to the scattering plane (n). The most
general formula for the correlated nucleonÄnucleon (NN ) scattering cross section
from Ref. 38 is considerably simpliˇed. We have

dσ/dΩ = (dσ/dΩ)0 (1 + A00n0PBn + A000nPTn + A00nnPBnPTn) (2)

for four combinations of ±PBn and ±PTn. Here (dσ/dΩ)0 is the differential
cross section for single scattering of unpolarized incident and target particles. It
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depends, as well as all observables, on the single-scattering angle θcm. A00n0 and
A000n are the beam and target analyzing powers, respectively, and A00nn is the
spin-correlation coefˇcient. Following the NN formalism and notations [38], the
subscripts of any observable Xsrbt refer to the polarization states of the scattered,
recoil, beam, and target particles, in this order. In our case s = r = 0 = ◦,
b = n, ◦, t = ◦, n.

Four asymetries measured with polarized beam and target, determine the three
products in brackets of Eq. (2). Two other asymmetries can be measured using
either polarized beam and unpolarized target, or vice versa. These measurements
determine A00n0PBn or A000nPTn in Eq. (2), respectively. From Pauli principle,
applied to pp elastic scattering, it holds A00n0 = A000n. If ±PTn are accurately
known, A000n can be deduced and used to determine PBn. It is obvious that this
method is independent of the beam energy. The method could be used, when the
PPT polarization, perpendicular to the beam direction will be available (see the
next section). It needs a construction of a dedicated polarimeter at PPT.

Problems with acceleration of polarized protons or deuterons in any ring-
type accelerator are mainly related to depolarizing resonances. Theory of these
effects was written by Froisard and Stora [39], ˇrst calculations concerning the
acceleration of polarized deuterons were carried out by Plis and Soroko [40] (see
review [41] and references therein for details).

There are basically two types of depolarizing resonances: the ˇrst is the
so-called ®closed-orbit resonance¯, often referred to as an ®imperfection reso-
nance¯ (Type I), which affects all beam particles equally; the second (Type II)
resonance depends on the position of each beam particle during the acceleration.
Type-II resonances are due to the focusing elements in the ring and to the nonzero
emittance of the accelerated particles. They are characterized by

γG = ±k, (3)

γG = ±� ± mνx ± nνz (4)

for Type I and Type II, respectively, where G is the gyromagnetic anomaly
(Gp = 1.792847 and Gd = −0.14256 in nuclear magneton units); �, k, q, m, n
are positive integers; νx, νz are the betatron horizontal and vertical wave numbers,
and γ is the relativistic energy factor.

Taking the masses Mp = 0.9382723 GeV and Md = 1.875869 GeV, the
lowest lying Type-I deuteron depolarizing resonance occurs for k = −1 at
Tkin(d) = 11.28 GeV (momentum plab(d) = 13.02 GeV/c). For protons this
effect already occurs at 108.4 MeV, where k = +2. Due to this fact, polarized
protons cannot be simply accelerated at the SynchrophasotronÄNuclotron com-
plex without considerable changes of the accelerator rings. On the other hand,
the deuteron beam energy of each Dubna accelerator is always lower than the
lowest lying Type-I depolarizing resonance.
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Due to Type-II resonances and other possible instrumental sources the beam
depolarization may exist. It can be determined by the so-called ®deceleration
method¯ which consists in two asymmetry measurements with the same po-
larimeter setting and at the same low energy T1. The ˇrst measurement is carried
out, when the deuteron beam is extracted, reaching T1. Then the beam is accel-
erated up to some high energy T2 without extraction, then decelerated down to
the energy T1 and extracted. The difference of the two measured asymmetries
reveals a possible beam depolarization.

The deceleration method was developed at Saturne II [42] for accelerated
polarized protons, but it was too expensive to construct a slow extraction for the
decelerated beam. During the deceleration, protons were extracted within few μs
only and the measurements were time-consuming. Moreover, the experiment with
protons must be repeated for any maximal energy used, since many depolarizing
resonances occur.

The Synchrophasotron experts in VBLHE constructed the slow extraction dur-
ing the deceleration very succesfully and rapidly. Measurements of the deuteron
vector analyzing power were carried out using the dp polarimeter [4], described
above. The deuteron beam was ˇrst extracted when reaching the momentum
plab(d) = 3 GeV/c. Then the beam was accelerated up to 9 GeV/c, then de-
celerated down to 3 GeV/c and extracted. The measured ratio of the vector
polarization values, obtained with these two beams, turned out to be constant
within 4%. The authors concluded that no appreciable depolarizing effects exist
up to 9 GeV/c [4]. Consequently, the deuteron beam vector and tensor polariza-
tions at the Synchrophasotron are independent of energy, and it is sufˇcient to
determine them at one energy only. It will be necessary to provide the same test
at the Nuclotron.

The deceleration method is to be considered as a polarimetry tool. It is also
relative, but it considerably reduces a systematic error. Today, this method is
used, e.g., at COSY for polarized protons.

2. EXPERIMENTS WITH POLARIZED NUCLEONS AND PPT

In this section the three current experiments using polarized nucleon beam
and the polarized proton target (PPT) are treated. A large ArgonneÄSaclay PPT,
20 cm long and 3 cm in diameter, was transported to Dubna and reconstructed in
the Dzhelepov Laboratory of Nuclear Problems (DLNP) during 1994 by Russian,
Ukrainian, and French experts as a ®movable polarized target¯ (MPT) [43Ä45]. It
was installed at the Synchrophasotron beam line and used in the ˇrst experiment
in March 1995. During 1996 and 1997 a new polarizing solenoid for the PPT
was constructed in VBLHE [46]. Only the target polarization in the longitudinal
direction could be obtained at the moment. The MPT is to be completed by
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the vertical superconducting holding coils, constructed in Kharkov and tested
recently in Dubna. The target can work using hydrogenous as well as deuterated
polarizable compounds, including 6LiD (MDT). It is operated by the international
®polarized target group¯ from several laboratories, under the responsibility of
Yu.A.Usov. Spokespersons for the target development are E.A.Matyushevsky
and N. S. Borisov.

The MPT can be considered as one of the ®basic facilites¯ at JINR. It can
be pointed out that a part of VBLHE experiments, listed in Secs. 3, 4, and 5,
using unpolarized proton or deuteron targets, could be carried out with the MPT
or MDT. In this case, existing results will appear as by-products of measure-
ments, using both polarized deuteron beam in conjunction with the polarized
target. This possibility was widely discussed by physicists working in different
ˇelds of VBLHE activities. The relevant measurements of the d, p and 3He, d
backward elastic scattering (BES) were recently proposed. The JINR Program
Advisory Committee (PAC) for Particle Physics supported this new program and
recommended it in 2003. The BES experiment is discussed in Subsec. 3.2.

2.1. DELTAÄSIGMA Experiment. The aim of the JINR experimental pro-
gramme ®DELTAÄSIGMA Experiment¯ is to obtain data sets of np observables
over the Dubna neutron energy region, sufˇcient to perform a direct reconstruc-
tion of the scattering amplitudes (DRSA) in the forward direction. The imaginary
parts can be determined unambigously from measurements of three total np cross
sections. The determination of real parts require a knowledge of three additional
independent np quantities (at least). Isosinglet (I = 0) amplitudes at θ = 0
can be deduced from the np data, assuming that the isotriplet (I = 1) system is
known. The responsible person for this experimental programme is V. I. Sharov,
the spokespersons are L. N. Strunov and V. I. Sharov.

The general expression of the total cross section for a polarized nucleon
beam transmitted through a PPT, with arbitrary directions of beam and target
polarizations, PB and PT , respectively, was ˇrst deduced by Bilenky and Ryndin
[47] and independently by Phillips [48] in 1963. Assuming parity conservation,
TRI and isospin invariance (or Pauli principle for identical particles), the total
cross section is written in the form:

σtot = σ0tot + σ1tot(PB ,PT ) + σ2tot(PB,k)(PT ,k), (5)

where k is a unit vector in the direction of the beam momentum. The term
σ0tot is the total cross section for unpolarized particles, σ1tot, σ2tot are the spin-
dependent contributions. They are related to the measurable observables ΔσT

and ΔσL by:

−ΔσT = 2σ1tot, (6)

−ΔσL = 2(σ1tot + σ2tot), (7)
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called ®total cross-section differences¯. The negative signs for ΔσT and ΔσL in
Eqs. (6) and (7) correspond to the usual, although unjustiˇed, convention in the
literature. The total cross-section differences are measured with either parallel
or antiparallel beam and target polarization directions. Polarization vectors are
transversally oriented with respect to the beam direction for ΔσT measurements
and longitudinally oriented for ΔσL experiments [38,41].

For P±
B and P±

T , all oriented along k, one obtains four total cross sections:

σ(⇒) = σ(++) = σ0tot + |P+
B P+

T | (σ1tot + σ2tot), (8a)

σ(�) = σ(−+) = σ0tot − |P−
B P+

T | (σ1tot + σ2tot), (8b)

σ(�) = σ(+−) = σ0tot − |P+
B P−

T | (σ1tot + σ2tot), (8c)

σ(⇔) = σ(−−) = σ0tot + |P−
B P−

T | (σ1tot + σ2tot). (8d)

The arrows and signs in brackets correspond to the PB and PT directions with
respect to k. An arbitrary pair of one parallel and one antiparallel beams and
target polarization directions determines ΔσL. By using two independent pairs, an
instrumental asymmetry term (IA) is removed. The formulae for the transversal
polarizations are similar.

Since the PB direction could be reversed at every cycle of the accelerator, it
is preferable to calculate ΔσL from the pairs (⇒), (�), and (�), (⇔), measured
with the same PT orientation. This eliminates long-time efˇciency �uctuations of
the detectors. The spin-averaged term σ0tot drops out when taking the differences,
and one obtains:

−ΔσL(P+
T ) = 2 (σ1tot + σ2tot)+ =

2 [σ(⇒) − σ(�)]
(|P+

B | + |P−
B |) |P+

T |
, (9a)

−ΔσL(P−
T ) = 2 (σ1tot + σ2tot)− =

2 [σ(⇔) − σ(�)]
(|P+

B | + |P−
B |) |P−

T |
. (9b)

Each of relations (9a) and (9b) contains a hidden contribution from the
instrumental asymmetry IA:

IA = [ΔσL(P+
T ) − ΔσL(P−

T )]/2. (10)

IA cancels out, giving the ˇnal results as a simple average

ΔσL = [ΔσL(P+
T ) + ΔσL(P−

T )]/2 . (11)

The scattering matrix can be written in the form [38]

M(kf ,ki) =
1
2
[(a + b) + (a − b)(σ1,n)(σ2,n) + (c + d)(σ1,m)(σ2,m)+

+(c − d)(σ1, l)(σ2, l) + e(σ1 + σ2,n)], (12)
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where a, b, c, d, and e are ˇve complex scattering amplitudes, which are functions
of energy and scattering angle θCM; σ1 and σ2 are the Pauli 2 × 2 matrices; ki

and kf are the unit vectors in the direction of the incident and scattered particles,
respectively, and

n = (ki × kf )/|ki × kf |, l = (kf + ki)/|kf + ki|,

m = (kf − ki)/|kf − ki|.
(13)

The scattering matrix simpliˇes at forward θ = 0 and backward θ = π angles.
The amplitudes in (13) then satisfy

a(0) − b(0) = c(0) + d(0), e(0) = 0, (14a)

a(π) − b(π) = c(π) − d(π), e(π) = 0. (14b)

The quantities σ0tot, ΔσT , and ΔσL for pp and np transmission are lin-
early related to the imaginary parts of the three independent forward scattering
amplitudes a + b, c and d [38] via optical theorems:

σ0tot = (2π/K) Im m [a(0) + b(0)], (15)

−ΔσT = (4π/K) Im m [c(0) + d(0)], (16)

−ΔσL = (4π/K) Im m [c(0) − d(0)], (17)

where K is the wave number. Note that the optical theorems always provide
the absolute amplitudes, as discussed in [49Ä51]. From Eqs. (14) to (17) the
partial DRSA unambiguously determines the imaginary parts of the nonvanishing
amplitudes.

The scattering matrices for pp, np, and nn are given in terms of isosinglet
(M0) and isotriplet (M1) matrices, both in the form of Eq. (12).

M(kf ,ki) =
M0

4
[1 − (τ 1, τ 2)] +

M1

4
[3 + (τ 1, τ 2)], (18)

where τ 1 and τ 2 are the nucleon isospin matrices. We have

M(pp → pp) = M(nn → nn) = M1, (19a)

M(np → np) = M(pn → pn) = (M1 + M0)/2. (19b)

From Eqs. (19a), (19b) one obtains any np → np amplitude Ampl, at θcm:

Ampl(np) = (Ampl(I = 1) + Ampl(I = 0)) /2. (20)
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Applying Eq. (20) to the measured Δσ(np) values and the existing Δσ(pp)
data at the same energy, from Eqs. (15) and (16) one deduces

σ0tot(I = 0) = 2σ0tot(np) − σ0tot(pp), (21a)

ΔσL,T (I = 0) = 2ΔσL,T (np) − ΔσL,T (pp). (21b)

The total cross-section differences ΔσL,T for pp scattering were ˇrst mea-
sured at the ANL-ZGS and then at TRIUMF, in PSI, at LAMPF, Saturne II and
in Fermilab. Results were obtained in the energy range from 0.2 to 12 GeV and
at 200 GeV. Measurements with incident charged particles need an experimen-
tal setup different from neutronÄproton experiments, due to the contribution of
electromagnetic interactions. Existing ΔσL,T (pp) results were discussed in the
review [41] and references therein.

ΔσL(pn) results from 0.51 to 5.1 GeV were deduced for the ˇrst time in
1981 from the ΔσL(pd) and ΔσL(pp) measurements at the ANL-ZGS [52].
These pn results were omitted in many existing databases, due to uncertainties in
the Glauber-type rescattering corrections (see [41]).

ΔσT (np) and ΔσL(np) results were obtained at 11 and 10 energies, respec-
tively, in the energy range from 0.31 to 1.10 GeV, using free polarized neutrons
at Saturne II [53Ä55]. The Saclay results were soon followed by PSI measure-
ments [56] at 7 energy bins from 0.180 to 0.537 GeV, using a continuous neutron
energy spectrum. The PSI and Saclay sets allowed one to deduce imaginary parts
of np and I = 0 spin-dependent forward scattering amplitudes [41, 55]. Only
ΔσL(np) has been measured at ˇve energies between 0.484 and 0.788 GeV at
LAMPF [57]. There, a quasi-monoenergetic polarized neutron beam was pro-
duced in pd → n + X scattering of longitudinally polarized protons.

To be complete, at low energies, ΔσL(np) was measured at 66 MeV at the
PSI injector [58], and at 16.2 MeV in Charles University, Prague [59]. ΔσT (np)
was determined in Triangle Universities Nuclear Laboratory (TUNL, Durham
NC) at 9 energies between 3.65 and 11.6 MeV [60], and at 16.2 MeV in Prague
[61]. Finally, in TUNL ΔσL(np) was measured at 6 energies between 4.98 and
19.7 MeV [62] and ΔσT (np) at 3 other energies between 10.7 and 17.1 MeV [63].
PPT in Prague has been constructed in a narrow collaboration with Dubna experts
and all measurements were carried out together with JINR physicists.

The measurements of the total cross-section differences over the Dubna Syn-
chrophasotron neutron beam energy range have been proposed in the early 1990
[64,65]. At the beginning of 1995, the ˇrst three ΔσL(np) data points were suc-
cessfully measured at the central energies 1.19, 2.49, and 3.65 GeV [66,67]. They
were completed in 1997 by measurements at 1.59, 1.79, and 2.20 GeV [68, 69].
In 2001 four other points were obtained at 1.39, 1.69, 1.89, and 1.99 GeV and
were published in Ref. 70.
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Fig. 4. Layout of the beam lines in the experimental hall (not in the scale). Full lines Å
vector polarized deuteron beams with PB(d) oriented along the vertical direction d(↑);
dashed line Å polarized neutron beam; n(↑) Å neutrons polarized vertically; n(→) Å
neutrons polarized longitudinally; BT Å neutron production target; D Å beam-dump for
charged particles; SM Å sweeping magnet; SRM Å spin rotating magnet; M Å dipole
magnets; Q Å quadrupoles; C1 to C4 Å neutron beam collimators; M1, M2, T1ÄT3 Å
neutron detectors; PPT Å polarized proton target; NP Å neutron beam proˇle monitor;
LH2 Å liquid hydrogen target of the dp polarimeter; CH2 Å target of the pp polarimeter;
F4, F5 Å focal points

The free polarized neutron beam was produced by break-up of vector polar-
ized deuterons extracted from the Synchrophasotron. This accelerator provides
the highest energy (3.7 GeV) polarized neutron beam, that can be reached at the
present moment. The PB direction could be reversed every cycle.

The ΔσL(np) experimental setup was described in [66Ä69]. Figure 4 shows
both polarized deuteron and polarized free neutron beam lines [71], the two po-
larimeters [4,21], the beryllium target (BT) for neutron production, the collimators
C1ÄC4, the spin rotation magnet (SRM), PPT [44Ä46], the neutron beam intensity
monitors M1, M2, the transmission detectors T1, T2, T3 and the neutron beam
proˇle monitor NP. The associated electronics was described in [66,67]. The sys-
tem of data acquisition is based on CAMAC parallel branch highway controlled
by IBM PC, using the branch driver [72]. The on-line program in ®Pascal¯ works
under DOS.

The values and directions of the neutron and proton polarizations after break-
up, PB(n) and PB(p), respectively, are the same as the vector polarization
PB(d) of the incident deuteron beam [73, 74]. In order to change the vertical
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orientation of the neutron beam polarization to the longitudinal direction, a spin-
rotating magnet (SRM) was used. During the data acquisition, the positions and
X−Y proˇles were monitored by the neutron beam proˇle monitor NP, placed
close downstream from the last transmission detector.

The PPT material used in [66Ä69] was 1,2-propanediol (C3H8O2 and
1-pentanol (C5H12O + 5% H2O) for 2001 experiment. The PPT polarization
P±

T was measured using a computer-controlled NMR system. It was reversed
once per few hours.

Fig. 5. Experimental setup for the ΔσL(np) measurement (not in the scale). C4 Å
last neutron beam collimator, 25mm in diameter; M1, M2 Å monitor neutron detectors;
T1ÄT3 Å transmission neutron detectors; NP Å neutron beam proˇle monitor; CH2 Å
converters (dimensions in the text); A Å anticoincidence scintillation counters; S1ÄS3 Å
coincidence scintillation counters; MWPC Å two multiwire proportional chambers, dis-
tance a = 235 cm, distance b = 655 cm

The conˇguration of the two neutron intensity monitors M1 and M2 and
the three transmission detectors T1, T2, and T3 is shown in Fig. 5. Each of
the detectors has to be independent of any other. All the units are of similar
design [53] and the electronics are identical [66, 67]. Each unit consisted of a
CH2 converter, 60mm thick, placed behind the large veto scintillation counter A.
The emitted forward charged particles, generated by neutron interactions in the
converter matter, were detected by two counters S1 and S2 in coincidence. Each
of the neutron detector used provides a very good stability of detection efˇciency.
The efˇciencies of ≈ 2% for all detectors are practically constant with energy.

The NP array, also shown in Fig. 5, is similar to the neutron detectors. The
two multiwire proportional chambers behind the converter were protected by veto
A of the NP array and triggered by S1, S2, and S3 counters in coincidence.

Any transmission experiment measures the part of incident beam particles,
which remain in the beam after its passage through the target. For the experiments
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with incident neutrons this measurement is always relative. The neutron beam
intensity is monitored by neutron beam monitors M, and outgoing particles are
detected in the transmission detectors T.

With an unpolarized beam and/or target a simple transmission ratio is mea-
sured. If Nin is the number of neutrons entering the target and Nout is the number
of neutrons transmitted in a counter array of solid angle Ω, then the total cross
section σtot(Ω) = σ0tot(Ω) is related to measured quantities:

Nout

Nin
= exp

(
−σ0tot(Ω) × n × d

)
, (22)

where n is the number of all target atoms per cm3; d is the target length, and
Nout/Nin is the simple transmission ratio. The number of counts of the beam
monitor M and of the transmission counter T depend on the efˇciency η of each
detector, i.e., M = Nin × η(M) and T = Nout × η(T). The extrapolation of
σ0tot(Ω) towards Ω = 0 gives the unpolarized total cross section σ0tot.

Tests of the experimental setup were performed during additional runs with
high-intensity unpolarized deuteron beams, extracted either from the Synchropha-
sotron, or from the Nuclotron. Neutron beam energies were 1.3, 1.4, and 1.5 GeV.
PPT was removed and either liquid hydrogen, or carbon targets were inserted in
the neutron beam line. The measurements allowed one to determine the total
cross sections σ0tot(np) and σ0tot(nC) [70].

In the ΔσL(Ω) measurements only the number of polarizable hydrogen atoms
nH in PPT is important, because σtot(Ω) depends on the polarizations P±

B and
P±

T as shown in Eqs. (8). If one sums up the events taken with one ˇxed target
polarizations P+

T or P−
T and using Eqs. (9a) or (9b), the double transmission

ratios of the measurements with the averaged |PB| = (|P+
B | + |P−

B |)/2 for the
two PT directions become

Nout(++)/Nin(++)
Nout(−+)/Nin(−+)

= exp (−ΔσL(Ω) |PB P+
T |nHd), (23a),

Nout(−−)/Nin(−−)
Nout(+−)/Nin(+−)

= exp (−ΔσL(Ω) |PB P−
T |nHd). (23b)

The notations of Eqs. (8) are used. Thus the neutron detector efˇciencies drop
out. The extrapolation of ΔσL(Ω) towards Ω = 0 is to be neglected due to the
small sizes of detectors [66Ä70]. Equations (23a), (23b) together with (10), (11)
are used to determine IA and ΔσL from the measured transmission ratios.

The np data measured in Dubna are plotted in Fig. 6 as black symbols.
They smoothly connect with the existing free-neutron data from [53, 54, 56, 57].
The JINR data show a fast unexpected decrease above 1.1 GeV, and suggest a
minimum or a shoulder in the vicinity of 1.8 GeV. The solid curve represents
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the ˇt of −ΔσL(np) from the SP03 solution of the energy dependent (ED) phase
shift analysis (PSA) [75] below 1.3 GeV. Above 0.6 GeV the PSA ˇt is only in
qualitative agreement with the measured values. The ANL-ZGS pn data [52] are
not shown, but their energy dependence roughly follows the free neutron results.

Fig. 6. Energy dependence of −ΔσL(np).
� Å JINR [70]; � Å JINR [66, 67];
� Å JINR [68, 69]; � Å PSI [56]; � Å
LAMPF [57]; � Å Saturne II [53, 54];
solid curve Å ED PSA [75] (SP03 solution);
dashed curve Å meson-exchange model [76]

In Fig. 7 are presented the values
of the isosinglet I = 0 part of −ΔσL.
They are calculated from the np re-
sults and from the averaged pp data,
using Eq. (21b). The data point sym-
bols are as in Fig. 6. Since the pp
data are accurate, the −ΔσL(I = 0)
values have approximately two times
larger errors than the np results. For
this reason, an improved accuracy of
np measurements is important. The
Dubna results show a plateau around
1.4 GeV, followed by a fast decrease
and suggest a minimum in the vicin-
ity of 1.8 GeV. This structure is bet-
ter pronounced than the similar one
in the −ΔσL(np) energy dependence
(Fig. 6). The solid curve was calcu-
lated from np and pp ED PSA pre-
dictions below 1.3 GeV ([75] solution
SP03). Above 0.5 GeV the PSA solu-
tion is not in agreement with the data.

Some dynamic models predicted
the −ΔσL,T energy behaviour for np
and pp interactions. Below 2.0 GeV, a usual meson exchange theory of NN scat-
tering [76] gives the −ΔσL(np) energy dependence as shown by the dashed curve
in Fig. 6. It can be seen that this model provides only a qualitative description at
low energies and disagrees considerably with the data above 1 GeV.

The investigated energy region corresponds to a possible generation of heavy
dibaryons with masses M > 2.4 GeV (see review [77]). For example, the
model [78, 79] predicts the formation of a heavy dibaryon state with a color
octetÄoctet structure.

The possible manifestation of exotic dibaryons in the energy dependence of
different pp and np observables was predicted by another model [80Ä84]. The
authors used the Cloudy Bag Model and an R-matrix connection to long-range
meson-exchange force region with the short-range region of asymptotically free
quarks. This hybrid model gives the lowest lying exotic six-quark conˇgurations
in the isosinglet 3S1 state with the mass M = 2.63 GeV (Tkin(n) = 1.81 GeV).
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It is close to the energy, where the structure is suggested by the Dubna re-
sults.

Unfortunately, the observed minimum in the energy dependence of
−ΔσL(np) near 1.8 GeV (see Fig. 6) is only a two standard deviations effect.
The same statement holds for the −ΔσL(I = 0) energy dependence (Fig. 7).

Fig. 7. Energy dependence of the
−ΔσL(I = 0) calculated from the mea-
sured np data and the corresponding pp
values from [75], solution SP03. The np
data at the same energies as in Fig. 6 are
used and the I = 0 results are labeled
by the same symbols. The solid curve is
calculated from the common np and pp
ED PSA [75] (SP03 solution)

The new ®perpendicular¯ superconducting holding coils give the possibility
of determining the −ΔσT (np). These data are needed to determine the imaginary
parts of the forward scattering amplitudes.

An important part of the programme is a determination of the real parts of the
I = 0 and np forward amplitudes. We assume, that the I = 1 complex amplitudes
are known at any angle, whereas the imaginary parts of I = 0 amplitudes are
known in the forward direction. Symmetry conditions, shown in Table 1, connect
the amplitudes a to e in Eq. (12) at θcm and π − θcm for the given pure isospin
states I = 0 and I = 1 [38,41].

Table 1. Symmetry properties of the NN -scattering amplitudes

I = 0 amplitudes I = 1 amplitudes

a0(θ) = +a0(π − θ) a1(θ) = −a1(π − θ)
b0(θ) = +c0(π − θ) b1(θ) = −c1(π − θ)
c0(θ) = +b0(π − θ) c1(θ) = −b1(π − θ)
d0(θ) = −d0(π − θ) d1(θ) = +d1(π − θ)
e0(θ) = −e0(π − θ) e1(θ) = +e1(π − θ)
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Using Table 1, the Im Ampl(I = 0) forward amplitudes can be easily trans-
formed onto the backward direction, where Im Ampl(np) are determined from
Eqs. (20). As mentioned above, to reconstruct unknown Re Ampl(np) at θ = 0◦

one needs at least three other observables. The amplitude symmetries allow one to
carry out np measurements in the experimentally accessible backward direction.
The scattering observables are bilinear combinations of real and imaginary parts
of amplitudes, where each term contains a product of one direct and one complex
conjugate amplitude [38,41].

The procedure has been proposed in Ref. 51. The np differential cross section
dσ/dΩ at θcm = π is known in a large energy interval (see review [85]). Two
other observables could be spin-correlation parameters A00nn(np) and A00kk(np),
both measured in a single elastic inclusive scattering. The observables are related
to scattering amplitudes as

dσ

dΩ
=

1
2

(
|a|2 + |b|2 + |c|2 + |d|2 + |e|2

)
, (24)

dσ

dΩ
A00nn =

1
2

(
|a|2 − |b|2 − |c|2 + |d|2 + |e|2

)
, (25)

dσ

dΩ
A00kk = −Rea∗d cos θ + Im d∗e sin θ + Re b∗c. (26)

In the backward direction e = 0 (Eq. (14b)) and the corresponding terms
vanish. Equation (26) gives (dσ)/dΩ) A00nn = Re a∗d + Re b∗c, since cos π =
−1 and sin π = 0. Using simple relation of the type

|a + d|2 = |a|2 + |d|2 + Re a∗d, (27)

together with (14b) one ˇnds

dσ

dΩ
(1 + A00kk) = (b + c)2, (28)

dσ

dΩ
(1 − A00kk − 2A00nn) = (b − c)2, (29)

dσ

dΩ
(1 − A00kk + 2A00nn) = (2d − b − c)2, (30)

where all quantities are taken at θcm = π. Three remaining real parts will be
determined with an independent sign ambiguity for each amplitude combination
and, therefore, DRSA at one energy gives eight possible solutions. Any other
independent nonzero observable, or an additional constraint, decreases the global
ambiguity by a factor of two [51]. Finally, at θcm = π, Re Ampl(I = 0)
are deduced, transformed onto the forward direction, where Re Ampl(np) are
reconstructed using again Eq. (20).
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The ΔσL setup was completed by an apparatus, allowing the measurement
in the backward direction. Spin-correlation parameters can be measured simulta-
neously with the ΔσL,T experiments. The test-runs, using the unpolarized beam
and target provided encouraging results.

A complete DRSA would allow one to discuss possible energy-dependent
structures on the level of complex scattering amplitudes and not only on the level
of observables.

2.2. DELTA Experiment. The aim of this experiment using the new DELTA
setup is a search for the spin-dependent phenomena of π0- and η-meson produc-
tion in NN collisions with a polarized nucleon beam and PPT at energies up to
2.5 GeV. The responsible person is V.A.Krasnov.

Table 2. Properties of π0 and η mesons

Parameters
Particles

π0 η

JPC 0−+ 0−+

(I, I3) (1, 0) (0, 0)
Quark w.f. (uū − dd̄)

√
2 (uū + dd̄ − 2ss̄)

√
6

Mass, MeV 134.9 548.8
Mean life, s 0.83 · 10−16 0.75 · 10−18

2γ decay fraction, % 98.8 39

Properties of π0 and η mesons are given in Table 2. Both mesons are
members of the pseudoscalar meson nonet and their spins, parity and G parity are
identical. A major difference is in their isospin and quark wave function, since
η also contains a ss̄ pair, re�ecting its relative large mass. An attractive feature
of the η meson is a selective excitation of the N∗(1535) S11 resonance in ηN
interaction close to the production threshold.

Fig. 8. Pion production mechanisms included in the model: D Å direct pion emission;
R Å pion rescattering and HME Å heavy meson exchange
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The reaction NN → NNπ is the dominant NN inelastic process in the
energy region under discussion. Since the pion can rescatter on the nucleon
before its emission, it could be used to study the off-shell properties of πN
interactions. Furthermore, the reactions NN → NNπ check meson production
models for such heavier mesons as σ and ω (see model calculation in Fig. 8).
The role of different pion production mechanisms can be investigated in inelastic
reaction with polarized nucleons, including np → dπ0 [86].

No experimental data for η-meson production with polarized nucleons are
available yet. Existing data concern mainly the total cross section energy depen-
dence for neutral meson production [87, 88]. Neverheless, these experiments are
interesting, since:

• A high momentum transfer (∼ 1 GeV) to the nucleon takes place in these
processes.

• An unexpected strong energy dependence of η-meson production was ob-
served near the threshold [89].

• The question of nucleon strangeness rises [90].
A possible existence of hidden strangeness in the nucleon has recently become

one of the most controversial problems in nuclear and hadron physics. The
polarized deep-inelastic lepton-proton scattering experiments (EMC, NMC, SMC,
SLAC-E143) indicate a signiˇcant role of strange sea quarks in the nucleon
structure [91]. Therefore, it would be interesting to study the process of η-meson
production in pp and np collisions with polarized nucleons [93]. Measurements
of some two-spin observables in pp and np collisions may be very sensitive to
the hidden strangeness content of nucleons. The determination of a relative spin-
singlet and spin-triplet amplitude contributions may result in a model-independent
theoretical analysis of the problem.

To study π0 and η production, the DELTA lead-glass Cherenkov spectrometer
has been designed to determine the energies and outgoing angles of γ quanta from
meson decay in the target (Fig. 9). The spectometer is completely assembled. It
consists of two blocks, each containing 150 lead-glass prisms, and of a 14 layer
scintillation telescope (opto-ˇber plates) for multi-ΔE measurements of charged
particles. The detectors may be adjusted or rotated in the vertical and horizontal
planes by remote computer control.

At least a part of the DELTA experiment could run simultaneously with the
measurement of −ΔσT (np) (Subsec. 2.1). Different tests were perfomed in 2001
and ˇrst results were presented.

NIS Project. A similar project NIS was proposed by VBLHE and the JINR
Laboratory of Particle Physics (LPP). The aim is a search for nucleon strangeness,
including violation of the OZI rule in the vector meson production. It is necessary
to carry out measurements of the production cross sections of φ and ω mesons
near their production threshold in nucleon interactions, i.e., at laboratory nucleon
momenta above 2.7 GeV/c (see [92]). Responsible person is E.A. Strokovsky.
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Fig. 9. A schematic view of the DELTA detector positions: T Å polarized proton target
PPT; CH1, CH2 Å two arms of the Cherenkov lead-glass spectrometer for two gammas
after neutral meson decay measurements; ST Å 14-layer ˇber-optics scintillation telescope
for multi-ΔE measurements of charged particles; AC Å anticoincidence detectors

2.3. pp SINGLET Experiment. Throughout Subsec. 2.3 the four spin-index
notation and formulae from Subsec. 2.1 are used [38]. The aim of the experiment
is the measurement of the energy dependence of the spin correlation parameter
A00nn in quasi-elastic pp scattering at angles close to θcm = 90◦. The pro-
ton kinetic energy values will cover an interval of a few hundreds MeV around

Fig. 10. The distribution of A00nn(90◦):
� Å Saturne II data [94]; � Å other
data; � Å SaclayÄGeneva PSA sol.
2001 [50]; solid curve Å ED PSA [96]
sol. WI00
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Fig. 11. The spin-singlet amplitude re-
construction: � Å Saturne II data
[94]; � Å other data

2.8 GeV. The beam and target polariza-
tions are oriented vertically, and vertical
holding coils for MPT are needed. The
person responsible for the experiment is
E. A. Strokovsky and the spokespersons are
E. A. Strokovsky and N.M. Piskunov. A part
of the apparatus for this experiment was suc-
cesfully tested in 2001.

This experiment was triggered off by a
surprising behaviour of the A00nn(90◦) en-
ergy dependence, observed around 2.8 GeV
at Saturne II, close to the energy limit of
the accelerator [95]. Accurate measurements
between 2.35 and 2.70 GeV in small en-
ergy steps show roughly constant values of
A00nn(90◦) ∼ 0.35. When increasing the
beam energy to 2.8 GeV, the A00nn(90◦)
value dropped down by a factor of 3 within
a small energy interval. From the existing
ANL-ZGS data, measured at several higher
energies, it follows that A00nn(90◦) remain
on the level of 0.1 up to ∼ 7 GeV. This is
shown in Fig. 10, where, in addition, the predictions of ED PSA [96] and the
ˇxed energy (FE) SaclayÄGeneva PSA sol. 2001 [50] are plotted.

The differential cross section dσ/dΩ is known and A00nn is measured in
the single scattering exclusive experiment. Both observables are symmetric with
respect to θcm = 90◦. Taking the scattering matrix in the form of Eq. (12),
the two observables are expressed in terms of the scattering amplitudes given in
Eqs. (24) and (25).

Subtracting (25) from (24) gives

dσ

dΩ
(1 − A00nn) = |b|2 + |c|2. (31)

Using Table 1 for I = 1 and θcm = 90◦, in pp scattering only three amplitudes
survive:

a = 0, b = −c, d �= 0, e �= 0. (32)

The simple relation at this angle

dσ

dΩ
(1 − A00nn) = 2 |b|2 = |AS |2 (33)

gives the pure spin-singlet scattering amplitude |AS |2. DRSA as a function
of energy for all measured data is shown in Fig. 11. One observes a clear
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narrow local maximum at 2.8 GeV. It is worth checking its position and width
in a dedicated counter experiment, since one of the possible explanations of this
anomaly is a spin-singlet resonance behaviour.

The importance of the measurement is supported by the fact that the an-
gular dependences of A00nn at 2.7 and 2.8 GeV are totally different. This is
demonstrated by Fig. 12, a, b.

Fig. 12. The angular dependences of A00nn at 2.7 (a) and 2.8 GeV (b): � Å Saturne II
data [94]; dashed curve Å SaclayÄGeneva PSA sol. 2001 [50]; solid curve Å GW/VPI
PSA sol. WI00 [96]

3. INVESTIGATION OF DEUTERON STRUCTURE

In this and following sections mainly the experiments using deuteron polar-
ized beams and unpolarized targets are treated.

It is well known that nucleons have an internal structure, that they can be
excited to a resonance and that they are extended objects. This means that
the standard ®nucleonic¯ picture of nuclei is not self-consistent and contains
internal contradictions. To avoid these contradictions, one must take into account
the compositeness of the nucleons and their quark structure when the relative
momenta are high enough, i.e., the relative distances are short.

Applying the Pauli principle on the level of the nucleon quark structure, in
any consistent description of the nuclear structure at short distances the com-
positeness of nucleons is to be taken into account. This was stressed, e.g., by
Kobushkin [97, 98]. A large amount of spin-dependent data, which are very
sensitive to the nonstandard content of nuclei, provide strong arguments that the
composite nature of nucleons cannot be ignored starting from relative momenta of
∼ 200Ä300 MeV/c. Such data come from deuteron break-up experiments and
from backward elastic dp scattering (see below).
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3.1. Deuteron Break-Up in Collinear Kinematics. The key feature of these
experiments was collinear kinematics, i.e., spectra of proton-fragments were stud-
ied at 0◦ (in the direction of the incident beam). The proton momentum region
was from pd/2 (the most probable proton momentum) up to the maximal possible
which corresponds to the limit of the backward elastic dp scattering. In this
kinematics, the shape of the spectra is determined mostly by the wave function of
the studied nuclei [97, 99Ä102]. Strong disagreement between the data on inclu-
sive differential cross sections and theoretical models of the reaction mechanism,
which make use of standard nucleonÄproton wave functions (WF) of the probed
nuclei, was observed in all experiments. It is demonstrated in Fig. 13, a, where
the ®empirical momentum density¯ (EMD) distribution of protons in the deuteron,
extracted from the inclusive cross sections of d + p → p + X , is shown [101,
102, 105, 106]. It is plotted together with similar data from e + d → e′ + X re-
action [107]. An excellent agreement of the hadronic and electromagnetic probes
clearly demonstrates that the type of probes is irrelevant.

Fig. 13. World data for deuteron break-up on protons and carbon nuclei. The Empirical
Momentum Density (EMD), denoted here as Φ2, is deˇned in the text. Lines are cal-
culated in the quasi-impulse approximation with different models for the deuteron wave
function (DWF) (labels ®Paris¯, ®Nij93¯, ®NijI¯ for the Paris and Nijmegen DWFs) and
in the model where rescattering effects and ˇnal state interactions are taken into account
(®Lyka92¯[103, 104]). a) � Å H(d, p)X (Dubna); � Å d(e, e′)X (SLAC); b) 	 Å
C(d, p)X (Dubna, 1988); � Å p(d, p)X (Dubna, 1994); � Å C(d, p)X (Dubna, 1995);
c) � Å Saclay (1991); � Å ALPHA (1992); 
 Å ANOMALON (1993); � Å ALPHA
(1994)
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The EMD is related to the invariant cross section Ep d3σ/dp:

Ep
d3σ

dp
∼ Φ2(k)

1
4(1 − α)

√
m2

p + p2
⊥

α(1 − α)
F (N, d)

Ep

dp
, (34)

α =
p|| + Ep

pd + Ed
; k⊥ = p⊥; k =

√
m2

p + p2
⊥

4α(1 − α)
− m2

p. (35)

Here dp = dpxdpydpz ; Φ is the EMD; k is the Light Cone Dynamics (LCD)
variable (see, e.g., [97, 99, 100]); p is the momentum of the proton-fragment,
with the perpendicular (p⊥) and the longitudinal (p||) components relative to the
initial beam momentum direction; mp is the proton mass; Ep, and Ed are the
total energies of the detected proton and the initial deuteron, respectively. The
factor F is the so-called kinematical ®�ux factor¯, which guarantees that outside
the kinematic limits the cross sections are zero. It can be written as the ratio of
the kinematic ®triangle functions¯

√
λ(a, b, c), where a is the mass of the target

nucleus squared M2
targ, b is either the averaged nucleon mass squared (m2

N ),
or the corresponding quantity for the deuteron (4m2

N ). Finally, c is the total
energy squared, sN or sd in the CM systems ®N+ target nucleus¯ or ®d + target
nucleus¯.

In the experiments with polarized deuteron beams, new observables were
measured in the same kinematics, namely, the tensor analyzing power (T20 or
Ayy) and the coefˇcient of the polarization transfer (κ0) from the vertically
polarized deuterons to the proton-fragments. The measurements were done in the
entire available interval of the polarized deuteron momenta, from few GeV/c up to
9 GeV/c. This made it possible to probe the deuteron structure up to the relative
momenta of the nucleon constituents close to 1 GeV/c (relative internucleon
distances as small as ∼ 0.2−0.3 fm). Summary of these data is presented in
Figs. 13, b, c. The tensor analyzing power T20 was reported in Refs. 74, 108Ä
114; coefˇcient of the polarization transfer κ0, in Refs. 73, 74, 108, 109, 115,
116. The experiments were done mostly in Dubna and in Saclay. The JINR
experiments were performed at ALPHA and ANOMALON [118] arrays, recently
at the SPHERE [34,35] installation as well [119].

The recent predictions are plotted. Former predictions were given, e.g., in
Ref. 120. A strong discrepancy between models and data is obvious, only one
more or less successful description of all these data within an uniˇed picture
is based on the approach, where the Pauli principle on the constituent quark
level was taken into account. This approach was developed, e.g., in [121] (see
also [97,98]).

A systematic analysis of the observables carried out in [122] shows, that
impulse approximation (IA), multiple scattering (MS) and contribution of quark
exchange (QE) are important to explain the existing data. An example concerning
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T20 data description in the inclusive breakup reactions 1H(d, p) and 12C(d, p) at
pd = 9.1 GeV/c is given in Fig. 14. Exprimental data are from [74, 108, 110,
111].

Fig. 14. Tenzor analyzing power, T20, for the 0◦ inclusive break-up at pd = 9.1 GeV/c
plotted versus the relativistic internal momentum in the deuteron k. a) 1H(d, p), � Å
[108]. b) 12C(d, p), � Å [108]; � Å [74]; 
 Å [110]; � Å [111]. 1 Å IA; 2 Å IA
+ MS; 3 Å IA + QE; 4 Å IA + MS + QE

Posible measurements of deuteron break-up observables using the polarized
beam and PPT were discussed in [123].

KAPPA Project. New measurements of the coefˇcient of the polarization
transfer (κ0) from the vertically polarized deuterons to protons in the reaction
d + C → p + X at internal momenta of 0.6Ä0.8 GeV/c are proposed in project
KAPPA. The responsible person is I. M. Sitnik.

3.2. DeuteronÄProton Backward Elastic Scattering. Since this reaction
involves large −t values, it may be a good probe for very short distances in
the deuteron and it contains information about the short range regime of the
3-nucleon system. The available data for the differential cross section are shown
in Fig. 15 [124]. No quantitative description of the energy dependence exists so
far above 1 GeV.

EMD of protons in the deuteron can be related with the differential cross
section as follows:

dσ

dΩ
=

3π2

64s

ε2

(1 − α)2
(4ε2 − m2

d)Φ
4(k); 4ε2 =

m2
p + k2

⊥
α(1 − α)

, (36)

k⊥ = p sin (π − θcm); α =
Ep + p sin (π − θcm)

Ed + p
, (37)

where p is the CM momentum of the protonÄdeuteron system. The EMD extracted
from the data in Fig. 15 is shown in Fig. 16, a.
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Fig. 15. The differential cross sections for
p(d, p)d (� Å world data) elastic scattering,
plotted versus initial kinetic energy per nu-
cleon, Tp

Data for T20 were obtained in
Saclay [27, 28, 125] and in Dubna
[126, 127], that for κ0 were obtained
in Saclay only [125]. All these
data were measured in the inclusive
experiments using detection of re-
coil protons only (see also review
[128]). One Saclay point was ob-
tained from the kinematically redun-
dant experiment at SPES4-π setup,
where both scattered deuteron and
proton were detected in coincidence
and their momenta were measured
[129] (see Fig. 17).

Comparing Figs. 13, aÄc with
Fig. 16, aÄc, one can conclude that
the EMDs extracted from (d, p)X
break-up and p(d, p)d elastic scatter-

Fig. 16. The summary of the data for backward elastic scattering p(d, p)d. The EMD
is extracted from the data presented in Fig. 15. Line Å One-Nucleon-Exchange (ONE)
predictions with Paris DWF. The upper scale illustrates the correspondence between Tp

and k
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Fig. 17. Comparison of the break-up results and
the backward dp elastic scattering data. The
black dot is from the Saclay exclusive experi-
ment [29]

ing coincide unexpectedly well,
whereas the spin-dependent observ-
ables have rather different k depen-
dence. But, surprisingly, when T20

and κ0 data from these reactions are
plotted on the same T20 − κ0 plot
[130], the corresponding trajectories
coincide very well. They are far
away from the circle(

T20 +
1

2
√

2

)2

+ κ2
0 =

9
8
. (38)

Equation (38) is valid strictly
for ®one nucleon exchange¯ (ONE)
[131] and Impulse Approximation
(IA) for the (d, p)X and p(d, p)d re-
actions, if the DWF contains only
two orbital momentum states: S and
D. If there are more orbital states,
e.g., P waves coming from N − N�

content of the deuteron with negative

Fig. 18. T20 − κ0 plot of existing data. The
circle is given by Eq. (38)

parity baryonic resonance N�, the
circle will be destroyed. The behav-
iour of T20 as a function of κ0 is
shown in Fig. 18 and remains unex-
plained.

Intriguing are two structures in
the spin-observable energy depen-
dence. One at k ∼ 0.35 GeV/c was
ˇrst observed in Saclay [27,28,125],
the second one in Dubna [126,127].

Note that it will be hardly possi-
ble to extend the electronÄdeuteron
scattering data to high k in order
to search for similarities between
hadronic and leptonic probes.

BES Project. The direct re-
construction of scattering amplitudes
(DRSA) for the dp → dp system is
important, similarly as for NN elas-
tic scattering (see Subsec. 2.1). The problem of a complete experiment in back-
ward elastic scattering (BES) was treated in Ref. 132. Existing observables are
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insufˇcient for this purpose and new independent quantities are needed. They
could be measured using polarized deuteron beam together with PPT, or using
polarized protons scattered on PDT.

Assuming conservation laws, the process of elastic scattering of particles with
spins 1 and 1/2 at an arbitrary angle is determined by 12 independent complex
amplitudes [133]. DRSA was never perfomed at any energy, and angle, since at
most 20 observables were measured at Tkin(d) = 1.6 GeV [26]. The collinearity
conditions, when the total helicity of the interacting particles is conserved, reduces
the number of independent amplitudes to 4 [135,136].

The analysis of the complete experiment has been carried out in terms of a
model-independent parametrization of the spin structure of collinear backward dp
collisions. Such a formalism is not connected directly either with the deuteron
model, or with the reaction mechanism. Of course, the ˇnal goal is to connect
the determined amplitudes with an adequate model of the deuteron.

The choice of the minimal set of observables, necessary to perform DRSA,
can vary depending on experimental conditions. Some observables have already
been measured. DRSA of all possible cross-section asymmetries is given in [134].
To calculate some polarization observables DRSA was applied in [135Ä137], and
IA expectations were obtained in [138]. Authors of [132] calculated the complete
set of observables, connected with the polarization of one of ˇnal particles.
Double and triple spin correlations are considered. The IA expectations for the
majority of them are given. About ˇfty observables are possible for BES. This set
is strongly overdetermined, but the description of each of the observables helps
one to build a reasonable sequence of following measurements. This means a
compromise in choosing between the minimal set of observables, or a wider set
of less complicated measurements.

Four complex scattering amplitudes are to be determined in the backward
direction and, in principle, eight observables are to be measured. A common
undetermined phase between the amplitudes decreases the number of observables
to seven, but the amplitudes will be relative with respect either to one real, or
one imaginary part of one arbitrary amplitude. Since all observables are bilinear
function of amplitudes, each amplitude is determined with an independent sign
ambiguity. Therefore, DRSA at one energy gives 27 = 128 possible solutions,
at most. As is explained in Subsec. 2.1, any other independent nonzero observ-
able, or a constraint, decreases the global ambiguity by a factor of two. Under
these conditions, for the direct reconstruction a knowledge of seven additional
independent parameters is needed.

Several spin-dependent observables are sensitive to the contribution of P
waves in DWF [135Ä137]. If S wave intersects zero and D wave does not
exceed 5%, the effects induced by the P waves could achieve dozens per cent.

The deuteron constituent's internal momenta from 0.2 to 1 GeV/c are the most
interesting. The corresponding primary beam momentum range is 0.65−4.0 GeV/c
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for a proton beam and deuterium target or 1.3−8.0 GeV/c for a deuteron beam
and hydrogen target. As a ˇrst step of the BES programme is a measurement of
the spin correlation parameter CNNOO in backward elastic dp scattering, when
both the initial deuteron and the proton have a transversal (parallel or antiparallel)
polarizations. (A diffferent notation is applied then in Subsec. 2.1)

In [132], authors discuss mainly backward elastic dp scattering. The deduced
relations are valid also for backward elastic 3He − d scattering, or for any other
reaction with the same spin structure. Responsible person for the BES programme
is I.M. Sitnik, the spokespersons are I.M. Sitnik and L. S. Azhgirey.

3.3. Deuteron Break-Up in Noncollinear Kinematics. The data on Ayy in
the deuteron inclusive break-up reactions of 9 GeV/c deuterons on hydrogen and
carbon nuclei were measured in noncollinear kinematics as well [36, 139Ä141].
In these experiments protons were emitted at θlab = 85, 130 and 160 mrad and
their transverse momenta up to 900 MeV/c were measured. The SPHERE [34,35]
setup was used. In Fig. 19, the data obtained at θlab = 85 mrad are compared to
the data measured at θ = 0 and to different model predictions. The data indicate
a signiˇcant dependence of Ayy on the transverse momenta, what contradicts the
calculations using standard DWF.

Two other projects of experiments in this domain exist.

Fig. 19. Ayy data at θlab = 85 mrad (�)
compared with the data obtained at 0◦ on
carbon target: � Å [111, 117]; � Å
[110]; � Å [108]; q is the proton mo-
mentum in the rest frame of the deuteron.
The dashed and dotted lines are the re-
sults of calculations using Paris DWF for
0 and 85 mrad proton emission angles,
respectively

LNS Project. In the experimental programme ®Light Nuclei Structure¯ (LNS)
it is planned to investigate deuteron and 3He structure at small distances between
nucleons. The programme includes the study of dp elastic scattering and deuteron
break-up reactions in dp interactions, using unpolarized and polarized deuteron
beams, the internal target station of the Nuclotron (see Sec. 1) and measurements
of the tensor analyzing power of the reactions d + d → n + 3He or d + d →
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p + 3H. The programme represents the collaboration VBLHEÄRIKEN (Japan).
Responsible JINR person is V. P. Ladygin.

PHe3 Project. The experiment ®Probing Short-Range Spin Structure of
Deuteron with Polarized Deuteron Beam and Polarized 3He Target¯ (PHe3) is
the joint VBLHEÄRIKEN project. The structure of 3He and 3H will be studied
at distances, unachievable now with the use of lepton probes. Angular de-
pendences of the tensor analyzing powers Ayy, Axx, and Axz in the reactions
d + d → n + 3He and d + d → p + 3H will be measured. These polarization
observables are sensitive to the neutron (proton) distribution in 3He (3H) at small
distances in the framework of ONE approach [131]. Since 3He and 3H are mir-
ror nuclei with respect to the number of protons and neutrons, the difference in
observable values can be interpreted in terms of charge symmetry violation.

In the polarization correlation measurements, the spin-exchange-type polar-
ized 3He target, developed at RIKEN will be used. The size of the target cell
is 5 cm in diameter and 30 cm in length along the beam path. T20 is planned
to be measured at four energies between 1.0 and 1.75 GeV and the spin cor-
relation parameter at three energies. Responsible JINR person is V. P. Ladygin,
spokespersons are A. I. Malakhov and T.Uesaka.

4. SPIN-DEPENDENT OBSERVABLES IN CUMULATIVE REGION

The study of cumulative particle production (CPP) has been carried out in
Dubna and at other laboratories from the beginning of the 1970th years [142Ä
152]. As usual, by cumulative particles are meant the particles produced in
the fragmentation region of one of the colliding particles beyond the kinematic
limit of free NN collisions [147, 148]. The study of cumulative reactions gives
information about a high momentum component in fragmenting nuclei. Such
an internal momentum corresponds to small internucleonic distances (∼ 0.1 fm)
at which a manifestation of non-nucleon degrees of freedom in nuclei could be
expected [153Ä156].

In deep inelastic scattering of leptons this internal momentum corresponds to
xBjork � 1, where the cross sections are too small. From this point of view the
hadronic probes are preferable.

4.1. Analyzing Power for Cumulative Proton Production. The ˇrst JINR
®spin-dependent cumulative¯ experiment [157] measures the analyzing power in
reactions involving emission of fast protons in the interaction of vector polarized
deuterons with carbon nuclei. The inclusive reaction d + C → p + X was studied
at energies 0.6, 0.8, 1.0, and 2.1 GeV/nucleon. A correlation of the two outgoing
protons in the reaction d + C → p + p + X was investigated at 0.8 GeV/nucleon.

Inclusive measurements of Ap
y were carried out in the internal beam of po-

larized deuterons, intersecting a thin polyethylene target. The fast protons were
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Fig. 20. Analyzing power of the d ↑C reaction as a function of Ep for θlab = 75◦:
a) Ed = 0.8; b) 0.6; c) 2.1; d) 1.0 GeV/nucleon [157]

Fig. 21. Analyzing power of the d ↑C reac-
tion as a function of the ®cumulative num-
ber¯: � Å 0.6; � Å 0.8; � Å 1.0; � Å
2.1 GeV/nucleon

detected by telescopes of scintillation
detectors at several angles. The detec-
tors could identify protons, deuterons
and pions. The results at θlab = 75◦

are shown in Fig. 20.

Figure 21 shows values of Ap
y(75◦)

as a function of the variable Q = xC =
Meff/mp. Here Meff is the mass of
the target (at rest), at which the inci-
dent proton would have to be scattered
elastically in order to be detected with
the given momentum, mp is the proton
mass. Q or xC is called a ®cumula-
tive number¯ in different papers. It can
be considered as a number of the tar-
get nucleons simultaneously interacting
with the incident deuteron. We see that
the data for all deuteron energies con-
form well to a common curve. This agreement may evidence that scattering by
heavy clusters is contributing substantially in this kinematic range.
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Fig. 22. Setup for the correlation experiment. Open rectangles Å plastic scintillators;
hatched rectangles Å moderators; dotted rectangles Å NaI(Tl) crystals

Fig. 23. Analyzing power of the reaction
d ↑C → p(p, d) + X for angles of 75 and
90◦, and for various angles of the particles
emitted forward. � Å data for a ®cumu-
lative¯ proton in coincidence with a slow
proton (the kinetic energy is from 0.04 to
0.22 GeV); � Å in coincidence with a slow
deuteron (the kinetic energy is from 0.05 to
0.25 GeV); � Å in coincidence with a fast
proton (with energy above 0.22 GeV)

In the ®correlation¯ experiment, coincidences were detected between fast
protons, emitted at θlab = 75 or 90◦, and particles in the forward hemisphere. A
reaction in which the ®cumulative proton¯ is accompanied by fast forward proton
is usually linked with the mechanism of single pp scattering. For a cumulative
proton, the analyzing power is negative. Coincidences with slower protons and
deuterons, which are linked with scattering by clusters, give a positive analyzing
power. Its value is larger than Ap

y for inclusive measurements (Figs. 22, 23).
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4.2. Tensor Analyzing Power for Cumulative Pion Production. The deuteron
fragmentation into cumulative hadron is one of the suitable reactions to study
the deuteron core structure. The simplest model to describe cumulative hadron
production is a direct mechanism. Here a nucleon with a high momentum in
the projectile (e.g., in the deuteron), collides against a nucleon in the target
nucleus and produces a cumulative hadron, for instance in the NN → NNπ
reaction [161,162]. The direct mechanism model predictions are in contradiction
with the Dubna results [158Ä160]. These experiments, measuring the tensor an-
alyzing power T20 for cumulative pion production will be treated together. The
results concern following investigations in the forward direction:

• Study of the reaction d + C → π−(0◦) + X at six incident polarized
deuteron momenta (pd = 6.2, 6.6, 7.0, 7.4, 8.6, 9 GeV/c) and the same reaction
with positive outgoing pions at 7.4 and 9 GeV/c. The pion momentum was ˇxed
to 3.0 GeV/c at all energies.

• Reaction d+A → π−(0◦)+X at pd = 9 GeV/c using H, Be, and C targets.
The pion momenta from 3.5 to 5.3 GeV/c were measured.

The cumulative variable xC for the cumulative pion production in the reaction
A + B → π + X can be written as:

xC =
pBpπ − m2

π/2
pApπ − m2

N − pApπ
, (39)

Fig. 24. xC for the reaction d + 12C → π± + X as a function of the momenta of the
deuteron and the pion. The black dots and the full line indicate the measured momenta
combinations in [159] and [160], respectively
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where pA, pB are the four-momenta per nucleon for projectile and target nuclei,
respectively; pπ is the four-momentum of the produced pion; mN and mπ are
the nucleon and pion masses.

The xC interval extends up to the mass number of the fragmenting nucleus.
When the hadron with xC > 1 is produced, it is considered as a cumulative
hadron. The backward elastic scattering dp → pd is a special case of cumulative

Fig. 25. T20 vs. xC and kmin (see text) for
the reaction d + C → π±(0◦) + X at the frag-
mentation of 9 GeV deuterons on the hydrogen
(�), beryllium (�) and carbon (�, �, 
) tar-
gets [159,160]. The dashed curve is a linear ˇt
of the data (χ2/DF = 0.5); the solid curve is
the calculation from [159] based on the Paris
DWF [163]

reactions, when xC=2. Fig-
ure 24 shows xC for the d+C →
π−(0◦)+X reaction as a function of
the deuteron and pion momenta. The
black dots indicate the momentum
combination in the experiment [159],
the vertical line is the xC region
of [160].

In the framework of the direct
mechanism, the cumulative hadron is
produced by a nucleon with a high
internal momentum k in the frag-
menting nucleus. Hence, the min-
imum momentum of the nucleon,
kmin, which is wanted for cumula-
tive hadron production can be related
to xC : kmin increases from 0 as xC

increases from 1. The T20 results
from both experiments are plotted
in Fig. 25 vs. the variables xC and
kmin.

The T20 values in the pion pro-
duction were found to be indepen-
dent of the target mass number. Al-
though a weak target dependence

was seen in the inclusive cross sections for cumulative hadron production
[146, 164], it is evident that T20 is predominantly determined by the internal
structure of the fragmenting deuteron.

The internucleonic distance rNN decreases with increasing xC and kmin. It
was evaluated to be rNN = 0.4 fm at xC = 1.7. This internucleonic distance
corresponds to a large D-wave contribution to the DWF, and therefore a large
value of the tensor analyzing power could be expected. The result of the calcula-
tions [159], performed in the framework of the direct mechanism using the Paris
DWF [163] is shown in Fig. 25 as a solid curve. One can see that the measured
T20 have positive values over the whole cumulative region and opposite to those
predicted by the calculations.
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Fig. 26. Ay versus the pion momentum for d ↑
+H → π± + X reactions at pd = 8.9 GeV/c:
� Å π+(90◦); � Å π+(78◦); � Å π−(90◦)

Note that the results in the non-
cumulative region agree well with
existing data. Figure 26 shows the
vector analyzing power as a func-
tion of the outgoing pion momen-
tum. The angles of emitted pions
are around 90◦ ([165Ä167] and 24◦

[168] (see also Sec. 5).
Two other projects concerning

investigations of cumulative particle
production exist.

DISK Project. ®Study of
Cummulative Particles and Struc-
ture of the Lightest Nuclei in Ex-
periments with Polarized and Un-
polarized Beams¯ proposes to study
the cumulative particle production
in deep cumulative region (xC �
3) and spin effect at lower xC .
The responsible JINR person is Yu.A. Panebratsev and spokespersons are
Yu.A. Panebratsev and S. S. Shimansky. The experiment DISK is related with
experiments CERES/NA45 and with RHIC STAR.

MARUSIA Project. Project concerns investigations of relativistic multiparti-
cle interactions. The aim is the transition from nucleon to quark-gluon degree
of freedom on the basis of the experimental study of hadron production in rel-
ativistic nuclear collisions (2Ä6 GeV/nucleon). In the proposed research the
rare subthreshold and cumulative processes will be measured taking into account
the polarization of colliding objects. Single-spin asymmetries in the reactions
↑ d + A → π±, K±, p± + . . . with simultaneous measurement of centrality and
the reaction plane will provide new information on the spin structure of the
deuteron. The responsible person is A.A. Baldin.

5. ANALYZING POWERS IN INELASTIC
DEUTERON REACTIONS

Inelastic (d, d′) scattering on protons and nuclei at various energies offer a
possibility of investigating spin-dependent effects in reactions with excitations
of baryonic resonances (Δ(1232), N∗(1440), etc.) Such information in the Δ,
Roper and overlapping region, where interference between these resonances might
be essential, can help one to understand the properties and underlying mechanism
of the reactions studied. It is particularly important for the theory of charge
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exchange reactions at intermediate energies. At present the theory is unable to
provide a quantitative description of these reactions with nuclei.

Differential cross-section measurements of the deuteron inelastic scattering
have been performed in Saclay at 2.95 CeV/c for hydrogen [169,170], in Dubna
for different targets at deuteron momenta up to 9 GeV/c [171Ä174], and at
FNAL [175] at higher momenta for hydrogen. The calculations carried out
in the framework of the multiple scattering formalism [174] have shown that
the differential cross section of the H(d, d′)X can be satisfactorily described by
hadronÄhadron double scattering. The amplitudes for the proceses NN → NN∗

have been extracted for N∗(1440), N∗(1520), and N∗(1680) resonances [174].
Spin-dependent experiments measuring T20 (or Ayy) in (d, d′) scattering at

the laboratory angles of 0 and ∼ 5◦ on H and C in the pd interval from 4
to 9 GeV/c were performed during the period from 1994 to 1997. The results
are usually presented as functions of the four-momentum transfer squared −t
(GeV/c)2 and an approximately universal behaviour of T20(t) (the scaling) was
observed [127, 176, 177] (see Fig. 27).

Fig. 27. T20(t) for p(	d, d′)X. � Å
4.5 GeV/c [176]; � Å 5.53 GeV/c [176];
	 Å 9 GeV/c [108,177]

Fig. 28. Comparison of (d, d′) and ed scat-
tering: 	 Å ed (t20); � Å 4.5 GeV/c;
� Å 5.5 GeV/c; � Å 9 GeV/c; 1 Å
r(t)P11; 2 Å r(t)P11 + D13 + S11; 3 Å
r(t) = 0

The experiments have shown a large negative value of T20 at −t ∼
0.3 (GeV/c)2. Such a behaviour has been interpreted in the framework of
t-channel ω-meson exchange model [178]. Here the cross section and the spin-
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dependent observables can be calculated from the known electromagnetic proper-
ties of the deuteron and baryonic resonances N∗ [179].

The T20(t) data in (d, d′) scattering could be compared with the t20(t) results
in (e, d) elastic scattering (Fig. 28). In the case of the ω exchange in collinear
kinematics t20(t) ∼ T20(t). The two quantities are related to the deuteron electro-
magnetic form factors and to the ratio of the longitudinal over transverse isoscalar
form factors of the N∗ excitation. It turns out that in the kinematical region under
discussion this ratio is nonzero only for N∗(1440) Roper resonance [179].

Note that a measurement of (d, d′) inelastic scattering takes few hours,
whereas the time needed for ed measurement is two or three orders longer.

A new dimensionless variable with better scaling properties has been proposed
in Ref. 180.


 =
Mx − Mtarg

ν
, ν =

1
Mtarg

pt(pd − pd′) = mdut(ud − ud′), (40)

Fig. 29. Data from Fig. 27 plotted versus �

where pd, pd′ , and pt are four-
momenta of the projectile, the outgoing
deuteron and the target, respectively;
ud, ud′ , and ut are their 4-velocities;
Mx is the missing mass (ˇnal state)
and Mtarg is the target mass (ˇnal
state). 
 may be interpreted as the ra-
tio of the excitation energy to the full
transferred energy, therefore it mea-
sures a ®degree of inelasticity¯ of the
scattering (
 = 0 is the special case for
elastic scattering). Figure 29 shows the
T20(
) results from Fig. 27.

Spin-dependent experiments mea-
suring the vector and tensor analyzing
powers Ay and Ayy, respectively, in
(d, d′) scattering were carried out by
the SPHERE [34, 35] collaboration in
the vicinity of the low-lying baryons
(1440), (1535), and (1650).

The values of the vector analyzing power Ay are small and have large error
bars. However the value of Ay in the vicinity of the Roper resonance excitation
was found to be 0.155±0.063 [37]. In the framework of the plane-wave impulse
approximation (PWIA) such a fact was considered as a signiˇcant role of the
spin-dependent part of the Roper resonance P11.

Tensor analyzing power Ayy was measured at pd = 4.5 GeV/c in deuteron
inelastic scattering on beryllium at the laboratory angle of 80 mrad [37] in the
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vicinity of baryonic resonances excitation. The results, as a function of the
four-momentum transfer t (GeV/c)2, are in good agreement with the previous
data at a zero angle on hydrogen for the deuteron momenta of 4.5, 5.5, and
9 GeV/c [176,177]. Other results obtained at 9.0 GeV/c on hydrogen (at 0 mrad)
and on carbon (at 80 mrad) are reported in Ref. 181. The predictions using DWF
for Paris [163] and Bonn potentials [182] are in a complete disagreement with
the experimental results.

Within the PWIA approach, Ayy does not depend on the elementary amplitude
NN → NN∗. The multiple scattering model calculation predicted that the double

Fig. 30. Comparison of the tensor analyzing
power data with the exclusive results. Black
symbols Å [183]: � Å p(d, d′)Nπ; � Å
p(d, d′)Nππ. Open symbols Å this experi-
ment: � Å 9 GeV/c; � Å 5.5 GeV/c; 
 Å
4.5 GeV/c

scattering contribution is signiˇcant at
−t � 0.4 (GeV/c)2, and the Ayy be-
haviour is deˇned by the spin structure
of the deuteron and by the elementary
amplitudes of the NN → NN∗ and
NN∗ → NN∗ processes.

The JINR inclusive inelastic Ay

and Ayy data may be compared with
the exclusive results obtained at Sat-
urne II, using the SPES4-π setup [183].
The reactions:

• d + p → d + n + π+,
• d + p → d + p + π0, and

• d + p → d + N + ππ

have been measured at 3.73 GeV/c
deuteron beam momentum. Figure 30
shows Ayy(−t), and the authors con-
clude that the exclusive data values are
systematically larger than the inclusive

ones, which were obtained at nearby beam momentum.

The pion asymmetry was measured in the inclusive d + A → π± + X
processes at incident beam momenta from 3 to 9 GeV/c [165Ä167]. Pion emission
angles were close to 90◦ in the laboratory frame. The vector analyzing power
was determined using proton and carbon targets. Large vector analyzing power
values and the π+ and π− asymmetries of opposite signs were observed with
the hydrogen target at deuteron beam momenta from 3.5 to 6.5 GeV/c and at
relatively low pion momenta in the range 300Ä350 MeV/c. The absolute value
of Ay decreases with increasing beam and pion momenta. Evidence for nonzero
values of the vector analyzing power was obtained with the carbon target. For
this experiment the magnetic spectrometer DISK [165] was used.

Measurements of the asymmetry of pion, kaon and proton production by
vector polarized deuterons on carbon nuclei were carried out at Tkin(d) 1.23 and
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2.5 GeV/nucleon [168]. Secondary particles were detected at an angle θlab = 24◦.
The magnetic channel of installation ®KASPII¯ was used as the spectrometer. The
particle momenta were 0.8 and 1.0 GeV. The authors observed a decrease of the
asymmetry with increasing Tkin(d) and with increasing momenta of secondary
particles.

6. PROTONÄNUCLEUS ANALYZING POWER

The analyzing power in pC scattering, when only one charged particle is
observed in a large detector, was determined. This experiment represents a
special case of polarimetry. The results are often used for the second scattering,
in which the polarization of particles, outgoing from an arbitrary reaction, is
measured. Similar measurements were performed at TRIUMF, PSI, LAMPF, and
Saturne II. The Dubna experiment (the responsible person was L. I. Sarycheva)
uses polarized protons produced in the polarized deuteron break-up reaction on
Be target. An accepted angular region is usually 3 � θlab � 25◦, where the
analyzing power is large enough and the differential cross-section value is not
negligible. The results extended the available data region to high energy [184].

Ay was determined in an inclusive experiment at the SPHERE setup [185].
The vector analyzing power for quasi-elastic and inelastic scattering of polarized
protons and deuterons on the C and CH2 targets was measured. The energy of
incident polarized deuterons was 3.6 GeV, that of polarized protons was either
the same, or 2.51 GeV. The polarized proton beam was obtained as described in
Subsec. 2.1.

LEADING PARTICLES Project. The investigation of interaction of polarized
protons with nuclei is the subject of the new project ®LEADING PARTICLES¯
at the Nuclotron. Authors propose measurements of single-spin asymmetries on
intranuclear nucleons which can be compared with the analogous characteristics
for the scattering on free nucleons in the energy region from 1.0 to 4.0 GeV.
The ˇrst step will be the measurement of the analyzing power in pC scattering
with the magnetic analysis of the scattered particle momentum, but without any
separation of the quasi-elastic pp or pn interactions. The responsible person is
L. I. Sarycheva.

SPIN Project. In the project ®SPIN¯, it is planned to measure spin effects in
NN and nucleonÄnucleus interaction (and in nuclear decays) and to obtain the
main spin observables in the reaction np → ppπ−. The responsible person is
M. Finger.

STRELA Project. In the experiment STRELA it is proposed to study a spin-
dependent part of the nucleon scattering amplitude in the np → np scattering at
θcm = π. Extracted polarized deuteron beam from the Nuclotron will be used.
It is planned to measure the production cross section of two protons at small
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momentum transfer in dp interactions in the region of deuteron momenta from
3.0 to 4.0 GeV/c. The spokespersons of this experiment are V.V.Glagolev and
N.M. Piskunov.

ALPOM Experiment. New results of the analyzing power for the reacion
p+CH2 → one charged particle + X , at proton momenta of 1.75, 3.8, 4.5,
and 5.3 GeV/c, were obtained. They extend the existing database for proton
polarimetry at intermediate energies. The ALPOM apparatus, mentioned in Sec. 1,
was used. The results conˇrm the feasibility of large acceptance polarimeter at
high proton momenta. Particular attention was devoted to the investigation of the
optimal target thickness and of the useful angular range.

The polarized protons were produced by fragmentation of the vector polarized
deuteron beam on a 8-cm thick Be target, installed 60 m upstream of ALPOM.
Two dipoles separated the break-up protons at zero angle from the deuteron beam
and other produced particles. The angular and momentum acceptances of the
beam transport line are ΔΩ � 10−4 sr and Δpp/pp � 3%. The average number
of protons incident on the polarimeter was � 1.104 per beam spill. Incident
protons were detected by two proportional chambers from ALPHA [25]. Three
wire chambers from POMME [32] were used to detect the trajectory of the
scattered charged particle after the scattering on the CH2 analyzer. Each chamber
has x and y planes. The trigger was given by coincidence signals from two
scintillation counters.

The target material was polyethylene. The analyzing powers Ay at pp =
3.8 GeV/c for four target thicknesses (37.5, 51.6, 65.7, and 79.8 g/cm2) are shown
in Fig. 31, a where they are plotted as a function of pt = pp(inc)× sin θlab. The
shape and the absolute value are very similar and no systematic difference appears

Fig. 31. Analyzing powers as a function of pt (see text): a) for different CH2 target
thicknesses at pp = 3.8 CeV/c: � Å 37.5 g/cm2; � Å 51.6 g/cm2; � Å 65.7 g/cm2;
� Å 79.8 g/cm2; b) for different momenta with the CH2 target of 51.6 g/cm2: � Å
1.75 GeV/c; � Å 3.8 GeV/c; � Å 4.5 GeV/c; � Å 5.3 GeV/c
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among the different sets of data. In Fig. 31, b are reported the data at each energy,
summed over the target thickness. The curves are polynomial ˇts.

The spokespersons for the ALPOM experiments are C. F. Pedrisat, N.M. Pis-
kunov and E. Tomasi-Gustafsson.

CONCLUSION

The Spin Physics has been a traditional experimental and theoretical ˇeld
of fundamental research at JINR. Experiments started with the foundation of the
Institute at the Synchrocyclotron of DLNP. The VBLHE staff extended the energy
region of the spin-dependent experiments by the acceleration and extraction of
polarized deuterons at the Synchrophasotron. The laboratory continued with
the development of a high level accelerator Å the Nuclotron, constructed with
minimal funds. Due to common efforts, the attractive science at VBLHE survived
the very difˇcult period following the decision to remove the Synchophasotron
from the JINR budget. The instrumental and accelerator achievements obtained
acknowledgements at foreign laboratories. Acceleration of polarized deuteron at
the VBLHE accelerator complex, experimental equipment, polarimeters, targets,
informatics and relevant physics are now attractive not only for the physicists
from JINR Member States, but also for scientists from EU, USA, Japan, Canada,
India, China, South Africa, and South America. This fact is conˇrmed by many
fruitfull international cooperations. The large amount of scientiˇc papers and
contributions to international conferences in the ˇeld re�ect a considerable number
of original experiments in Dubna, providing new data recognized all over the
world. The existence of the young new generation from different countries can
be demonstrated by the number of theses on the relevant subjects.

Acknowledgements. The author wishes to thank E. B. Plekhanov, N.A. Pis-
kunov, E. A. Strokovsky and E. Tomasi-Gustafsson for their kind help and assis-
tance with the present review.

An abbreviated review on this subject was presented by the author at the JINR
scientiˇc council session and at the VBLHE scientiˇc seminar in June 2001, as
well as at the Varna conference in September 2001.
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