
Citation: Kuzmenko, A.; Gauzshtein,

V.; Darwish, E.; Fix, A.; Kuzin, M.;

Levchuk, M.; Loginov, A.; Nikolenko,

D.; Rachek, I.; Shestakov, Y.; et al.

Measurement of the

Tensor-Analyzing Power Component

T20 for Incoherent Negative Pion

Photoproduction on a Deuteron.

Atoms 2023, 11, 99. https://doi.org/

10.3390/atoms11060099

Academic Editor: Chengjian Lin

Received: 2 May 2023

Revised: 9 June 2023

Accepted: 14 June 2023

Published: 15 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atoms

Communication

Measurement of the Tensor-Analyzing Power Component T20
for Incoherent Negative Pion Photoproduction on a Deuteron
Anna Kuzmenko 1, Vyacheslav Gauzshtein 1,*, Eed Darwish 2,3 , Alexander Fix 1, Matvey Kuzin 1,
Michael Levchuk 4,5, Alexey Loginov 6, Dmitriy Nikolenko 7, Igor Rachek 7, Yuriy Shestakov 7,8,
Dmitriy Toporkov 7,8, Arseniy Yurchenko 7, Bogdan Vasilishin 1 and Sergey Zevakov 7

1 Research School of Physics, National Research Tomsk Polytechnical University, 634050 Tomsk, Russia;
myk6@tpu.ru (M.K.)

2 Physics Department, Faculty of Science, Taibah University, Medina 41411, Saudi Arabia
3 Physics Department, Faculty of Science, Sohag University, Sohag 82524, Egypt
4 Stepanov Institute of Physics, National Academy of Sciences of Belarus, 220072 Minsk, Belarus
5 Institute of Applied Physics, National Academy of Sciences of Belarus, 220072 Minsk, Belarus
6 Department of Mathematical Physics, Tomsk State University of Control Systems and Radioelectronics,

634050 Tomsk, Russia
7 Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
8 Physics Department, Novosibirsk State University, 630090 Novosibirsk, Russia
* Correspondence: gauzshtein@tpu.ru

Abstract: New results for the T20-component of the tensor-analyzing power of the incoherent
negative pion photoproduction are presented. The experiment was performed for the electron beam
energy of 800 MeV at the VEPP-3 storage ring in 2021. To extract the T20-component, we used
asymmetry with respect to the change in the sign of the tensor polarization of the deuteron target.
Identification of the reaction events was carried out by the detection of two protons in coincidence.
Experimental data were compared with the results of statistical simulation, considering the interaction
between the NN and πN subsystems in the final state of the reaction.
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1. Introduction

As a simplest nuclear system consisting of two bound nucleons, deuteron represents
an ideal subject for the study of nucleon–nucleon interactions from both theoretical and
experimental perspectives. A theoretical description of the deuteron photodisintegration
and the π-meson photoproduction on a deuteron was provided in a number of works [1–5].
It was shown that the non-central tensor components of nucleon–nucleon interaction po-
tentially significantly influence the static properties of a deuteron. Furthermore, these
components have a notable effect on the differential cross-sections and polarization ob-
servables of electro- and photoreactions on a deuteron. Therefore, a study of the tensor
polarization observables for π-meson photoproduction on a deuteron provides important
information on the deuteron structure, the dynamics of NN and πNN systems at short
distances, and the influence of a nuclear environment on the properties of nucleons and
nucleon resonances. Most results were obtained using the VEPP-3 electron storage ring at
the Budker Institute of Nuclear Physics [6–12].

The first measurement of the tensor-analyzing power components for the reaction of
π−-meson photoproduction on a deuteron was obtained in 1992 [9]. These results had very
poor statistics (about 1000 events). The next measurement results for the components of
tensor analyzing power were obtained from the experiment finished in 2003 [10]. Despite
the higher experimental statistics, the results could not be applied to discredit various
theoretical models.
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In this work, the new preliminary experimental results for the T20-component of the
tensor-analyzing power of the reaction γd→ ppπ− are presented. The data are compared
with the results of a statistical simulation taking the NN and πN rescattering into account
in the final state of the reaction.

2. Experiment

The scheme of the experiment is shown in Figure 1. The electron beam energy was
800 MeV. Inside the VEPP-3 accelerator ring, there is a built-in target storage cell, which
was supplied by deuterium from a source of polarized atoms (ABS). Detailed information
about ABS is given in the work [13].

neutron sandwich

neutron sandwich

proton scintillators

LQ

LQ

veto−counter

veto−counter

target 0.8 GeV e

DC

DC

proton scintillators

d

e

p

n

p

n

p p

Figure 1. The scheme of the experiment.

Setting up polarization experiments at VEPP-3 involves measuring the asymmetry
with respect to the change in the sign of the tensor polarization of the deuteron target.
In this case, the contribution of any component of the tensor-analyzing power can be
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distinguished or canceled when a magnetic field of a certain orientation is applied to the
target. A detailed description of the extraction the components of the tensor-analyzing
power is given in the works [10–12].

In the absence of vector polarization of the deuteron target, the differential cross-
section of the incoherent π− photoproduction on a tensor polarized deuteron is written as

dσ = dσ0

{
1 +

1√
2

Pzz
[
d2

00(θH) T20 − (1)

d2
10(θH) cos φHT21 + d2

20(θH) cos 2φHT22
]}

,

where dσ0 is the corresponding unpolarized cross-section, and dM
IM(θH) are the Wigner

d-functions:

d2
00(θH) =

3
2

cos2 θH −
1
2

,

d2
10(θH) = −

√
3
8

sin 2θH ,

d2
20(θH) =

√
3
8

sin2 θH . (2)

In Equation (1), the factors T20, T21, and T22 are the components of the tensor analyzing
power of the reaction γd→ ppπ−, Pzz is the degree of tensor polarization of the deuteron
target, and the angles θH and φH determine the orientation of the magnetic field of the
deuteron target in the coordinate system with the z-axis directed along the initial photon
momentum.

The tensor polarization Pzz can be expressed in terms of the populations nS of the
deuteron states with the spin projections S = −1, 0,+1 on the direction of the magnetic
field:

Pzz = 1− 3n0 = 3(n+ + n−)− 2 . (3)

In the present experiment, the magnetic field was directed along the photon beam
so that θH = 0. This implies that, in Equation (1), only the T20 component contributed to
the differential cross-section. Note that Equation (1) is only valid for coplanar kinematics
when the momenta of all three final particles (the two nucleons and the pion) span the
same plane.

During the collection of experimental statistics, the sign of the tensor polarization
was switched every 30 s. This frequent switching makes it possible to suppress systematic
errors. From Equation (1), it follows that the T20-component of the tensor analyzing power
can be calculated according to the expression

T20 =
√

2
N+ − N−

P+
zz N− − P−zz N+

, (4)

where N+(N−) is the number of registered events for the tensor polarization of the
deuteron target equal to P+

zz(P−zz).
The experimental setup trigger was configured to register pn, pp and ed coincidences.

The events corresponding to the registration of two protons (pp-coincidences) were used to
extract information about the reaction γd→ ppπ−. The registration of the channel of the
elastic scattering of electrons on a deuteron (ed-coincidences) at small transferred momenta
allows for the degree of tensor polarization of the deuteron target during the collection of
statistics to be measured. For a more detailed description of the principle of operation of
the LQ polarimeter, see the work [14].

Despite the almost limiting degree of tensor polarization of deuterons (P+
zz ≈ +1 and

P−zz ≈ −2) at the ABS outlet, the degree of tensor polarization is significantly reduced inside
the storage cell. This is caused by the interaction between deuterium atoms with the cell
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walls, with each other, and with the pulsed magnetic field of the storage ring electron beam.
According to the LQ polarimeter data, the average degree of tensor polarization of the
deuterium target over the entire duration of the experiment was

P+
zz = 0.39± 0.025± 0.009, P−zz/P+

zz = −1.7, (5)

where the first error P+
zz is statistical and the second is systematic.

The results of T20 measurements presented in this work correspond to the experimental
statistics collected without registration of the scattered electron. With such this experimental
setup, most registered events correspond to the polar electron-scattering angle close to 0◦.
Thus, the contribution to the measured asymmetry from the longitudinal polarization of
quasi-real photons will be negligible.

The kinematics of the investigated reaction γd → ppπ− was reconstructed from
the measured proton 4-momenta under the assumption that the electron polar scattering
angle θe = 0◦. The polar and azimuth angles of proton emission were measured using
drift chambers with an accuracy no worse than 0.6◦. The kinetic energy of protons was
determined from the amplitude of the light output from the scintillator in which the proton
was stopped. The registration interval for such protons is (60–160) MeV. The identification of
protons detected by the upper arm was carried out by the ∆E/E method (Figure 2, left). In
the lower arm, protons were identified by their time of flight and amplitude (Figure 2, right).
In this case, the time of flight from the thin veto counter to one of the proton scintillators was
used. Such traditional hadron detection methods are used in experiments at VEPP-3 [6–12].
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Figure 2. Identification of protons. On the left is a two-dimensional histogram of the distribution of
events over the light output amplitude and time of flight for the lower proton scintillator. On the
right is a two-dimensional histogram of the distribution of events over the amplitude of the proton
scintillator and the thin veto counter for the upper detector.

To estimate the proportion of the inseparable background in the selected statistics of
pp-coincidences, statistical simulation was performed using the GEANT4 package and the
photoreaction generator GENBOS [15].

The main background processes contributing to pp coincidence are γd → ppπ−π0,
γd → pnπ0, and γd → pn. The contribution to the inseparable background from the
processes γd → pnπ0 and γd → pn is explained by the fact that neutrons in a head-on
collision can knock out protons, which, in turn, are registered by proton detectors. As a
result of the simulation, it was found that the inseparable background is about 7.3%.

3. Results

The results of the experiment are shown in Figure 3. For each point, the measurement
error and the averaging interval are shown. The indicated measurement error T20 includes
the squared sum of the systematic and statistical errors. The largest contribution to the
systematic error is the uncertainty in the degree of target polarization. However, due to
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the relatively small selected statistics for the reaction under study (about 6000 events), the
overwhelming contribution to the measurement error is made by the statistical error.

Figure 3 also shows the results for T20 obtained by the statistical simulation of the
reaction γd → ppπ−. The red squares correspond to the full-amplitude simulation with
the πN and NN rescattering taken into account. The green triangles correspond to the
simulation performed within the framework of the plane-wave impulse approximation,
i.e., without taking into account the contributions of the πN and NN rescattering.
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Figure 3. Dependence of T20 on the photon energy Eγ for the pion emission angle θπ = 60◦. The
black circles are the experimental results, the green triangles are the result of simulation in the plane
wave approximation, and the red squares are the result of the simulation, taking into account πN
and NN rescattering

In a statistical simulation of the reaction, we used the amplitude [16] obtained within
the framework of a diagrammatic approach. This amplitude includes impulse approxima-
tion contribution as well as the contribution of the final state interaction. This interaction
is described in terms of pion–nucleon scattering and nucleon–nucleon scattering. Thus,
the amplitude of the reaction was described using the amplitudes of three elementary
processes: π−-meson photoproduction on a nucleon, pion–nucleon scattering, and nucleon–
nucleon scattering. As an elementary amplitude of the π−-meson photoproduction on
a nucleon, we used the amplitude from [17]. This amplitude includes contributions of
intermediate states in three different channels of the reaction: the contributions of the Born
diagrams in the s-, u-, and t-channels, the contributions of P33(1232), P11(1440), D13(1520),
S11(1535), F15(1680), and D33(1700) nucleon resonances in the s- and u-channels, and the
contributions of the ρ and ω vector mesons in the t-channel. As an elementary amplitude
for pion–nucleon scattering, we used the amplitude described in [18]. This includes the
contributions of the Born diagrams in the s-, u-, and t-channels, the contribution of the
vector mesons in the t-channel, and the contribution of the P33(1232) nucleon resonance
in the s- and u-channels. As opposed to the π−-meson photoproduction on a nucleon
and the pion–nucleon scattering, to consider the nucleon–nucleon scattering, we used a
phenomenological description of the amplitude using known experimental phase shifts
in the lowest partial waves 1S0, 3P0, 3P1, 3P2, 3F2, 1D2, 3F3, and 1G4. In the calculations of
the amplitude of the γd→ ppπ− reaction, we used the deuteron wave function of Bonn
potential.

It follows from the above results that the allowance for the πN and NN rescattering
in the final state of the reaction γd→ ppπ− significantly improves the agreement between
the experiment and theory.
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4. Discussion

Considering the sensitivity of the presented results to the details of the reaction mech-
anism in our kinematic region, we can conclude that the agreement between experimental
data and statistical simulation is quite satisfactory. To improve the agreement, other pos-
sible reaction mechanisms must be considered. The latter may include, for example, the
interaction between nucleon resonance and spectator nucleon in the intermediate state, as
well as the ∆∆ component of the deuteron wave function [19] and additional contributions
to the NN interaction, which may be important at small internucleon distances [20–23].
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