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1 Introduction
The dependence of the nuclear interactions on spins of involved particles is an object of the

polarization studies. The concept of spin had been introduced into science almost 100 years
ago for the description of atomic spectra, but its nature stays an unresolved mystery until now.
The appearance of the experimental polarization data stimulated theoretical comprehension
of spin phenomena and turned up the testing ground for theoretical models. However, the
subject appeared to be so difficult that once the leading theorist in the field, Elliot Leader,
pronounced in desperation "Experiments with spin have killed more theories than any other
physical parameter" (Elliot Leader. Spin in Particle Physics, Cambridge U. Press (2001)).
Another famous statement of this kind was from James Bjorken: «Polarization data has often
been the graveyard of fashionable theories. If theorists had their way they might well ban
such measurements altogether out of self-protection» (J.D.Bjorken. Proc. Adv. Workshop on
QCD Hadronic Processes, St. Croix, Virgin Islands, 1987). Today there is no theory which
provides a complete and consistent description of all observed polarization effects in the hadron
sector. Therefore, the systematic experimental study of polarization effects in a wide variety of
reactions, using polarized beams and polarized targets, is of great importance for development
of a theory for the consistent description of all observed spin phenomena.

Polarization observables are paramount characteristics of elementary particle interactions
and nuclear reactions. Formally, the measurement of spin-dependent parameters inflicts addi-
tional limitations on the presumed reaction mechanism, investigated micro-object structure and
the fundamental interaction character itself. It should be mentioned that modern experiments
aimed at the search of CP-invariance and T-invariance violation effects outside the standard
model, as well as CPT-symmetry violation, are based on the polarization measurements.

Due to the complexity of polarization experiments this area began to evolve dynamically
comparatively recently, in accordance with the progress of experimental technique. Nowadays,
almost all modern accelerators of protons, deuterons and electrons produce polarized beams
and have programs of polarization experiments. The targets of polarized protons, deuterons,
3Не and heavier nuclei are developed actively. High-density gas polarized targets (storage cells)
used at the storage rings are in progress. The advanced track devices are developed which allow
to build effective and fast polarimeters. This technical progress makes now accessible more and
more intricate polarization measurements.

The vast scope of experimental data on nuclear reaction cross sections accumulated during
the decades of measurements appears nonetheless not exhaustive without taking into consid-
eration the dependence on spins of the interacting particles. Only polarization experiments
permit to evolve all independent amplitudes describing the specific reaction. In other words,
only polarization measurements allow to obtain a complete information about any physical
process under study.

Theoretical and experimental studies in this field are traditional for JINR [1]. In recent
years, the improvements in experimental methods have opened up new opportunities for the
investigation of the polarization degrees of freedom of the nucleon.

This project covers three spin physics problems:

1) Experimental study of single-spin asymmetries in the production of miscellaneous light
resonances with the use of 28 GeV π−-beam at first stage and the study of single-spin and
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double-spin asymmetries in charmonium production with the use of polarized proton beam
(SPASCHARM project).

The main goal of the SPASCHARM project is to study spin structure of the proton, starting
with determination of gluon contribution into the proton spin at large values of the Bjorken
variable x through a study of spin effects in charmonium production. This will allow to under-
stand charmonium hadronic production mechanism and to extract gluon polarization ∆g(x) at
large x.

2) Experiments with a real photon beam: meson photoproduction on nucleons and nu-
clei and Compton scattering on nucleons. The main goals: experimental verification of the
Gerasimov-Drell-Hearn (GDH) sum rule, investigation the helicity structure of partial reaction
channels, resolve the exitation spectrum of light-quark baryons, search for missing baryon res-
onances and exotic states (dibaryons, narrow nucleon resonances), studying the structure of
hadrons.

3) Measurement of ∆σT and ∆σL in the nd transmission experiment at neutron energies≤ 16
MeV where limited experimental data exist and where the theory predicts the essential effect
of the 3NF. This part of the project is the continuation of the same quantities measurements
in neutron-proton scattering being performed previously.

Technically, three parts of the project are unified by the use of the frozen-spin polarized
proton and deuteron targets.

1) High sensibility to gluon content of the interacting particles is one of the main features
of charmonium production in hadronic interactions. In case of collision of two longitudinally
polarized protons it is used to define gluon polarization ∆C/G in the proton. A polarized proton
beam is needed to make this study. It will be used at the second stage of the experiment after
the completion of measurements of single-spin asymmetries in charmonium production.

At the first stage unpolarized beams will be used. The first stage envisages a study of the
single-spin asymmetry AN of light resonances consisting of u-, d- and s-valence quarks. Trans-
verse single-spin asymmetries are very well known for a long time. In the Standard Model QCD
at leading twist level all AN = 0. But the experiments show very large AN in the confinement
region. To discriminate the existing theoretical approaches and to stimulate the development
of the new ones, a systematic study of AN for a big number of miscellaneous inclusive and ex-
clusive reactions is needed, especially in the confinement region, which is the most unclear for
theory. This systematic study is the main goal of the first stage of the SPASCHARM project.
The first stage will be finalized by the measurements of AN in charmonium production. This
will finally prepare the experimental setup to the second stage of the project where only one
new thing will be needed — namely a polarized proton beam from U70.

2) The MAinz MIcrotron at the Institute for Nuclear Physics at the Johannes Gutenberg
University was built in 1979. The first stage was MAMI-A1 where the exploitation of the
microtron principle led to a maximum electron energy of 14 MeV. It was followed by MAMI-A2
in 1983 when the 183 MeV facility was put into operation. In 1991 MAMI-B was completed,
producing electrons up to 855 MeV.

MAMI-B is a continuous wave electron accelerator with 100% duty cycle, a maximum
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current of 100 µA and maximum energy of 855 MeV. A 3.5 MeV LINAC injects the electrons
into a cascade of 3 Race Track Microtrons (RTM). The LINAC is fed either with 100 keV
unpolarized electrons from a thermionic source, or with linearly polarized electrons originating
from a GaAs0.95P0.5 crystal photo-cathode which is irradiated by circularly polarized 830 nm
laser light from a Titanium-Sapphire laser. The maximum current of the polarized source is
30 µA with a degree of polarization of (75− 82)%. During the experiment the direction of the
polarization is changed every second in order to reduce systematic errors.

In 2006 the beam energy of Mainz electron accelerator has been increased from 855 MeV
(MAMI-B) to 1604 MeV (MAMI-C) while preserving the outstanding beam quality. The photon
tagger system of A2 collaboration was accordingly upgraded to make use of the extended energy
range and provides now energy-marked circularly polarized photons with the maximum energy
over 1550 MeV. In order to tag the high energy part of the bremsstralung spectrum, a dedicated
end-point tagging spectrometer was developed. It is specially important for the measurement
of η′ meson-photoproduction. Using a diamond crystal as a radiator allows to obtain linearly
polarized photons.

To realize the program of double polarization experiments, the new frozen spin polarized
target facility had been developed which was put into operation in the end of 2009. This facility
allows obtaining of longitudinally or transversely polarized protons and neutrons (using butanol
or deuterated butanol as a target material). An addition of thin internal superconducting
holding coils (solenoid or saddle-shaped) to support target polarization in the frozen spin mode
allows to use the target in combination with 4π detecting system of A2 collaboration including
the Crystal Ball detector complemented by the TAPS detector for forward angles. Unusually
low working temperature of the target cryostat (below 30 mK) provides a polarization relaxation
time of many hundreds of hours (up to 2000 hours). As a consequence, during measurements
the target repolarization is required only once or twice a week which makes the data taking
more effective.

Program of experiments is directed at the study of various aspects of the QCD spin-flavor
structure of the nucleons. It includes the verification of Gerasimov-Drell-Hearn (GDH) sum rule
for proton and neutron in a wider energy range. Precise measurements of the helicity asymmetry
of meson photoproduction with different final states (including neutral ones) will give more
detailed information on nucleon resonance properties and multipole amplitudes. Measurements
using different combinations of beam and target polarizations will allow the determination of
polarization observables with high quality. An extraction of the spin polarizabilities of nucleons
from experimental data is also envisaged.

The multipole analysis of the obtained experimental data with the help of the gradually
improving MAID package [2] provides a firm basis for a theoretical treatment.The last modifi-
cation of the package [3] is already available on-line:
https://maid.kph.uni-mainz.de/eta2018/etamaid2018.html. Presently there is also an intense
theoretical activity to improve and optimize various calculational schemes including the Lattice
QCD and the Chiral Perturbation Theory.

3) The problem of nuclear force is one of the oldest but still most essential problems in
nuclear physics. It is of crucial importance for understanding the properties of atomic nuclei
and, more generally, strongly interacting hadronic matter. The conventional way to describe the
nuclear force utilizes the meson-exchange picture, which goes back to the work by Yukawa [4].
His idea, followed by the experimental discovery of π- and heavier mesons (ρ, ω, . . . ), stimulated
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the development of boson-exchange models that have laid the foundations for the construction
of phenomenological nucleon–nucleon (NN) potentials.

In a first approximation, the two-nucleon potential is sufficient to describe the bulk of the
few-nucleon observables at low and intermediate energies. At present, a number of semiphe-
nomenological two-nucleon models is available which provide an accurate description of the NN
scattering data below the pion-production threshold. Recent advances in the development of
few-body methods coupled with a significant increase in computational resources allow one to
perform accurate microscopic calculations of three- and even four-nucleon scattering observ-
ables and of the spectra of light nuclei. This opens the door for precise tests of the underlying
dynamics and, in particular, of the role and structure of the three-nucleon forces (3NF).

2 SPASCHARM
At the largest accelerator in Russia, the U-70, of the National Research Center Kurchatov

Institute (NRC KI) - IHEP, Protvino a significant base for conducting world class research
in the fixed target SPASCHARM experiment (SPin ASymmetry in CHARMonia) has been
created [5]. These studies will allow the NRC KI to take the world’s leading positions in the
field of spin physics.

The project is aimed at studying the spin structure of the nucleon and the spin dependence
of the strong interaction of antimatter and matter with matter at energies up to 50 GeV.
Spin was introduced almost 100 years ago in order to describe atomic spectra. Its nature is
still an unsolved mystery. The SPASCHARM project intends to become a breakthrough in
the fundamental science which will bring closer the understanding of the spin mystery. Spin-
dependence of fundamental interactions represents the essence of polarization phenomena. In
order to carry out polarization studies in collisions of high-energy particles, it is necessary to
create beams of polarized particles and/or to use the technique of polarized targets. In recent
years, there has been noticeable progress in the experimental studies of spin effects at high
energies. The overwhelming majority of experiments have been carried out in the kinematic
region of nonperturbative quantum chromodynamics (QCD) at moderate momentum transfers.
These experimental data stimulated the development of theory on the spin role in physics
of strong interactions. Therefore, the systematic experimental study of polarization effects
in a wide variety of reactions, including antiproton-proton and proton-proton collisions, is of
great importance for development of a theory for the consistent description of all observed spin
phenomena in QCD nonperturbative region.

It is proposed to form polarized beams of protons and antiprotons in the beamline 24A of
the accelerator U-70 [6] (Fig. 1). Calculations of their parameters have been carried out.

The intensity of the antiproton beam with energy of 16 GeV can reach 106 antiprotons per
accelerator cycle (1010 antiprotons per day) for the 1013 primary protons from the U-70 to the
primary target. A polarized antiproton beam from the decay of the anti-lambda hyperons,
which can be reached by NRC KI in 2022, will certainly be a unique beam in the world. In
antiproton-proton annihilations there is no restriction on the quantum numbers of the majority
of the producing resonances. The intensity of a polarized proton beam with energies of 10-45
GeV will be an order of magnitude larger than that of an antiproton beam with the same mean
polarization.
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All this will allow the SPASCHARM setup to solve large-scale scientific problems related to
spin. There is no closest analogue of the new fixed target SPASCHARM complex being created
for operation on polarized beams. The expected period of preserving the uniqueness of the
SPASCHARM complex is no less than fifteen years. Polarized beams will be a powerful tool for
carrying out systematic polarization studies. These studies will be carried out on antiproton
and proton beams at an energy of 16 GeV and above, with an average polarization of 45%.
It is planned to determine a large set of necessary physical observables, including single-spin
asymmetries in dozens of reactions in the region of fragmentation of a polarized beam, both
on hydrogen and on various nuclear targets. Data in this volume are absent at any energy.
The results of the comparison will point to the difference between the interaction of antimatter
and matter with matter, which has been an actual scientific task for many years. To study
the spin structure of the nucleon, studies will be made of the formation of charmonium in the
fragmentation region of a polarized beam, with an emphasis on determining the contribution
of gluons to the proton spin, which will help solve the "spin crisis" of the proton (all quarks in
the proton are responsible for only ∼ 30% of the proton spin) existing already almost 30 years.

The presence of polarization for both protons and antiprotons in the CP neutral pp̃ -system
potentially opens up opportunities for studying and comparing CP conjugate reactions in this
system. It allows us to look at CP invariance in a new perspective, inaccessible to collisions of
unpolarized particles. Carrying out such measurements in the future will most likely require
some modification of the experimental setup, in particular, the extension of its acceptance to
the rear hemisphere in the collision center-of-mass system.

Additional unique features of the SPASCHARM experiment are associated with the possi-
bility of measuring the multiplicity of charged hadrons in an event, determining the centrality
of the hadron-nucleus collisions. There have been almost no such studies in the world, but
there are first indications of their relevance. Another novelty of the project is connected with
the possibility to register not only stable particles that are stable by strong interaction, but
also numerous resonances, both meson and baryon ones. In the SPASCHARM setup, it is also
possible to measure the transverse polarization of hyperons and the elements of the spin matrix
of vector mesons, which is a huge advantage of the project. Finally, the presence of eight types
of unpolarized beams (π±, K±, p, p̃, d, C), in combination with a polarized target, extends
the range of studies of polarization phenomena by an order of magnitude and enhances the
uniqueness of the project. The study of energy dependence of spin effects reveals the dynamics
of interaction. The measurements might be conducted at several energies in order to estimate
the model parameters.

The SPASCHARM polarization project is distinguished by a global, systematic approach
to the study of the antiproton-proton (nuclei) and proton-proton (nuclei) systems. Unlike most
fixed target polarization experiments, in the wide-aperture precision spectrometer SPASCHARM,
the full geometry along the azimuthal angle will be realized, which will allow us to investigate
dozens of new processes with extremely low errors. The combination of a wide range of beams
and targets with the possibility of simultaneous detection of charged and neutral particles in
final states of reactions distinguishes this project from other polarization projects intended for
a study of only limited number of reactions. Measurement of spin effects in a large kinematic
range in the beam fragmentation region and comparison of spin effects in various reactions
are of fundamental importance for revealing the mechanism of particle interaction. The core
of the team of authors of this project is the laboratory of polarization experiments of IHEP.
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This team has a large scientific background on the project, both in terms of the scientific
part and the equipment prepared. It has been engaged in polarization studies for more than
40 years and has been involved practically in all of the largest hadronic experiments on spin
topics in Russian and foreign scientific centers. In particular, the team played a decisive role
in the preparation and conduct of polarization experiments at FNAL (experiments E-581 and
E-704) and BNL (spin part of STAR and E-925). In experiments conducted in Protvino and
foreign centers, significant polarization effects were found that can’t be explained by existing
theoretical models.

Strategics of the SPASCHARM experiment:

Stage 1. Single-spin asymmetry on the beamline 14 (2018-2021) [7], including the first
measurements of polarization and buildup.

Stage 2. Creation of the polarized proton and antiproton beams (research is from 2022-
2023):

Systematic study of inclusive, exclusive and elastic reactions in the production of the par-
ticles consisting of light quarks (u, d, s).

Polarization (buildup) in the processes of a production of hyperons and vector mesons.
The high accuracy study of the beam particle type, plurality and atomic number dependence

from kinematic parameters (0 < xF < 1, 0 < pT < 3.0, 12 < Ebeam < 60 GeV) in total azimuth
angle range and with wide aperture.

Double-spin asymmetry All in the production of charmonium for the study of the gluon
contribution ∆G/G(x) into ptoton spin at big xF .

2.1 Single-spin asymmetries in light resonance production

It would be interesting to measure single-spin asymmetries in inclusive production of light
resonances even in the unpolarized beam fragmentation region, but at big values of transverse
momentum pT , close to the boundary of phase space. In the inclusive reaction π−+d ↑→ π0+X
at 40 GeV/c and xF > 0.7 the single-spin asymmetry AN is zero at small pT and about 15%
at pT near 1 GeV/c and bigger [8]. When xF goes to 1, any inclusive reaction transfers into
the proper exclusive reaction. In the exclusive reaction π− + p ↑→ π0 + n at 40 GeV/c the
single-spin asymmetry AN is also about 15% near −t equal to 1 (GeV/c)2, that is equivalent
to pT near 1 GeV/c [9]. So asymmetries in both inclusive and exclusive π0-production at 40
GeV pion beam are equal each other (also it seems that asymmetries on polarized protons and
neutrons are the same). It should be the case for other light resonances. For the first stage
of the experiment two multi-channel threshold Cherenkov counters will be added to the setup
to distinguish between pions and kaons. They are of 1.5 m and 3 m long and will be placed
between the end of the magnet and the calorimeter. They will be filled with freon and with
air correspondingly, both at atmospheric pressure. Lead tungstate in the calorimeter is not
needed for the first stage, lead glass with moderate energy resolution will be enough to detect
light resonances. An acceptance of the whole setup will be decreased, however it will still be
significant to detect light resonances.

There are some advantages of the new experiment. Exclusive and inclusive reactions were
studied either in neutral decay modes or in charged decay modes in the previous experiments.
We propose to measure both modes simultaneously and therefore we expect a significant increase
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Figure 1: Scheme of beamlines 24A and 24B in the experimental hall of the U70.

Figure 2: SPASCHARM experimental setup.
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in statistics. At the PROZA facility, substantial asymmetries (up to 30-40%) and oscillations
were fixed in some reactions with photons in final state. The increase of statistics approximately
on the order of value is anticipated in the reactions π−p ↑→ ω(782)n and π−p ↑→ η′(958)n
and also as much as a factor of 3-4 in the reactions π−p ↑→ f2(1270)n and π−p ↑→ a2(1320)n.
Firstly, there will be measured the asymmetry in the reaction π−p ↑→ a0(980)n when a0(980)
decays to η(550) and π0 (the expected effect is more then 50%).

Partial wave analysis of a huge statistics on polarized target will increase a robustness of the
results on rare resonances. The setup has 2π-acceptance on azimuthal angle φ and therefore
the systematic errors in single-spin asymmetries will be negligible.

2.2 Charmonium production in polarized p→p→ interactions

Double-spin effects in dozens of reactions will be measured with the use of polarized target
and beam (proton and antiproton) to investigate spin dynamics and proton spin structure. The
ultimate goal is to measure gluon contribution in the model independent approach. At present
only 30% of the longitudinally polarized proton spin is described by quark’s spin. The other
70% of the proton spin may be explained by gluon and/or orbital momentum contributions.
Experiments with polarized lepton beams at CERN, HERA, SLAC have been measuring mainly
quark polarization over last twenty years. COMPASS and HERMES have tried to measure
gluon polarization at small x, up to 0.1–0.15. The RHIC experiments STAR and PHENIX
have begun to measure gluon polarization at very low x values (about 0.01) whereas gluon
polarization has to be measured in the whole x range. So, in spite of many years of experiments,
a detailed decomposition of the spin of the proton remains elusive — new experimental data on
∆g(x,Q2), especially at large x are badly needed. We propose to measure simultaneously the
double-spin asymmetry ALL for inclusive χc2, χc1 and J/Ψ by utilizing the 70 GeV longitudinally
polarized proton beam on a longitudinally polarized target. Our goal is to obtain besides the
quark-spin information also the gluon-spin information from these three processes in order
to determine which portion of the proton spin is carried by gluons. Better understanding of
charmonium production at U70 energies is needed — for this aim, pion and proton beams will be
used to produce charmonium. Gluon contribution into the proton spin as well as strange quarks
and orbital momentum contributions are worldwide studies at HERMES, COMPASS, RHIC,
JLAB and SLAC. We propose a new experiment in this field — it should be complementary to
the existing experiments. It will give new data at large x for global analysis. The biggest gluon
polarization is anticipated near x = 0.3. SPASCHARM will measure gluon polarization in the
region of x between 0.3 and 0.6.

Information about gluon polarization might be obtained through simultaneous measure-
ments of ALL in inclusive production of χc2 and J/Ψ. This experiment was proposed at Fermi-
lab (P838) at 200 GeV as a continuation of E704 [10]. The Fermilab’s PAC pointed out that
physics was very interesting, but an intensity of the polarized proton beam from Λ-hyperon
decays was small, so the statistics would not be enough. The experiment was not approved.
In our new proposal for U70 we expect to have up to 4×108 p/min instead 2.7×107 p/min in
P838 which is a factor of 15 more.

The final goal of the proposed experiment is to measure double-spin asymmetry ALL with
the use of longitudinally polarized beam and target in the process:

p→ + p→ → χc2(J/Ψ) +X, (χc2 → J/Ψ + γ).

13



J/Ψ will be registered via µ+µ− decay due to Bremsstrahlung in e+e− decay mode. The char-
monium states under study are J/Ψ(3096, JPC = 1−−), χc1(3510, JPC = 1++) and χc2(3555, JPC =
2++). The measured experimental asymmetry is given by

ALL =
1

PBP
eff
T

· I
++ − I+−

I++ + I+−
(1)

where PB is the beam polarization, P eff
T is the effective target polarization, I++, I+− are the

number of events normalized to the incident beam intensity. The helicity states (++) and
(+−) correspond to (←→) and (→→) states, respectively, where arrows indicate the beam
and target spin direction in the laboratory system.

Theoretical predictions of ALL mainly depend on two assumptions:
• gluon polarization ∆G/G and
• charmonium production mechanism which defines ALL at the parton level (in parton-

parton interactions).
The experimental setup SPASCHARM is presented in Fig. 2. It is open geometry experi-

ment. The main parts of the setup are as follows:
• wide aperture spectrometer with GEM, drift chambers and proportional chambers;
• electromagnetic calorimeter, and
• muon detector.
Fine segmented electromagnetic calorimeter of shashlik type with energy resolution ∆E/E

about 3% will be constructed. It is critically needed to detect very precisely γ-quanta from
χ-decays to separate χc1 and χc2 through high precision energy resolution of the calorimeter.

The principle point for this experiment is a separation of the two charmonium states with
the spins equal to 1 and 2, namely χc1(3510) and χc2(3555). The Monte-Carlo simulations for
45 GeV have been made. We can see that the two states of interest are well separated.

The SPASCHARM experiment plans to have 25000 electronic channels (7000 ADC, 2000
TDC and 16000 registers). The trigger for interaction in the target will be digitized in each
sub-detector, pre-processed and buffered for further processing. A high level trigger selection
will occur in compute nodes which access the buffers via a high bandwidth network fabric. The
experiment plans to operate at interaction rates of the order of few hundred kHz (about 1 MHz
for beam tracking). With pre-processing on the detector electronics for a substantial reduction
of the data volume, typical event sizes are in the range of 2 to 4 kB. .

Our estimate has shown that we expect to get a precision of σ(ALL) = 0.07 for χc2 and
0.025 for J/Ψ at x = 0.3 during 100 days of data taking.

With the use of polarized proton beam at SPASCHARM a precision measurement of single
spin asymmetry in inclusive production of miscellaneous resonances in the transverse polarized
beam fragmentation region in a wide (xF , pT )-region will be worthwhile. Also it will be possible
to measure transversity in Drell-Yang muon (electron) pairs.

2.3 Polarized frozen-spin target at Protvino

The authors of the project suggest to use the modernized frozen-spin target based at the
one, developed earlier at LNP JINR [11,12].
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Figure 3: The frozen spin tatget before
transportation from Dubna to IHEP
(1978).

Figure 4: The frozen spin target at the
beam area (Protvino).

The target includes a stationary cryostat with a dilution refrigerator, an electromagnet,
a high-frequency generator providing the dynamic polarization and a NMR-signal detection
array.

The main part of the apparatus is a horizontal cryostat of the 3He/4He dilution refrigerator,
which cools the target material during dynamic polarization and in the frozen mode
(Figs. 3, 4). The "tail" of the cryostat is placed in the gap of a steel electromagnet with
movable poles. In the DNP mode, the magnet poles are in the position when the magnetic
circuit is closed, the magnetic field is as high as 2.5 T and the homogeneity is no worse than
10−4 within the target volume. When the poles are open, the magnetic field is 0.4 T in a gap
of 20 cm and the homogeneity is 10−2. This electromagnet was developed by IHEP experts.

Target material, 1,2-propanediol C3H8O2 (volume 20 cm3) with a paramagnetic Cr(V) im-
purity, in the form of small balls ≈2 mm in diameter, is placed in a teflon container, 2 cm in
diameter and 6 cm long. The maximum obtained proton polarization was 93% and 98% for
positive and negative values, respectively. In the DNP mode, T = 200 mK, the circulation
rate of 3He is 3×10−2 mol/s. An IMPATT diode generator with output power of ≈200 mW at
a frequency of ≈70 GHz is used for the dynamic build-up of polarization. Polarization time
necessary to obtain 0.8Pmax is ≈40 min.

In the frozen spin mode the target is maintained at a temperature of 20 mK in the holding
magnetic field of 0.45 T; the circulation rate of 3He is 2×10−3 mol/s. Under these conditions, the
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spin relaxation time was ≈1200 h for positive polarization and 800 h for negative polarization.
The target polarization measurement is carried out using a Q-meter of Liverpool type with

operating frequency of about 106 MHz.

3 Conclusion
In the IHEP the experiment is beginning on systematic research of the polarization phe-

nomena in strong interaction for dozens of reaction in the broad kinematic region.
The important point of research is the creation of polarized proton and antiproton beams.

4 GDH: Helicity dependence of single and double pion
photoproduction processes and the GDH integral on the
neutron

Traditionally, the main goal of meson photoproduction measurements is so named "com-
plete" experiment, that allows to discribe a reacition investigated in a model independent way.

A conception of the complete experiment in the two body scattering of particles with spin
was firstly introduced by L.D. Puzikov, R.M. Ryndin and Ya.A. Smorodinsky in 1957.

Generally, there are 64 polarization observables for single and double pseudoscalar meson
photoproduction. For double meson photoproduction we need to extract information on 8
helicity or transversity amplitudes. In this case, there are 28 relations and another 21 relations
that arise from consideration of their phases, leaving 15 independent quantities [13]. For γN →
ππN reaction, as an example, we must perform measurements for 8 independent observables
to obtain absolute magnitudes of the amplitudes plus 7 for independent phase differences.
Moreover, it should be done at each kinematic point, which depends on 5 kinematic variables.
It is practically impossible for today.

From this point of view, the single pseudoscalar meson photoproduction looks more realistic:
we need to extract information on only 4 helicity or transversity amplitudes from 16 possible
oservables. Minimal "complete" set of experiments will require 7 measurements of carefully
selected polarization observables in addition to the differential cross section at each kinematic
point, which depends now only on 2 kinematic variables.

Experiments are conducted with the photon beam of the electron accelerator MAMI C,
Mainz, Germany. Main experimental apparatus:

1) Tagged photon beam (unpolarized, circular polarization, linear polarization).
2) Detector system:

- 4π photon spectrometer CB/TAPS (100% solid angle covering for particles decaying into
two or more secondary photons, 97% of 4π for single photons, detection of neutrons and charged
particles is also possible at restricted energy regions.

- Crystal Ball (CB) overlaps polar angle range (20 - 160)◦ and TAPS: (1 - 20)◦. CB consists
of 672 NaI(Tl) crystals with 15.7 radiation lengths.
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- TAPS consists of 366 BaF2 crystals with 12 radiation lengths and is supplemented by
5-mm plastic scintillator in front of each module (VETO).

- MWPC, 2 cylindrical multi-wire proportional chambers for vertex reconstraction, target
position correction (z), and beam position control (x, y).

- PID (Particle Identification Detector) consists of a barrel of 24-mm-thick plastic scintilla-
tor strips. This is a VETO detector for photons in Crystal Ball, also it works as ∆E/E detector
for charged particles identification in Crystal Ball.

- Recoil proton polarimeter. Method: detection of proton scattered in the graphite analyzer
and comparison its angle with kinematic reconstruction.

3) Dubna-Mainz Frozen Spin Target (available since 05.2010) uses Butanol or d-Butanol,
3He/4He dilution refrigerator, superconducting holding magnet, with possible longitudinal and
transverse polarizations.

- Maximal polarizations are; for protons - '90%, for deuterons - '75%.

- Maximal relaxation time is '2000 hours.

4) New development: active (scintillating) polarized target.

4.1 Physics motivations

Experiment A2-9/05 to measure the helicity dependence of single and double photoproduc-
tion processes and the GDH integrand on the neutron has not requested beam time during
the three years since it was approved with A-rating due to delays in the construction of the
Mainz frozen spin (deuterated) butanol target. The goals of the proposal remain, however,
as timely as ever. In the present proposal we aim to update the scientific case and broaden
the experimental scope, using a recently developed high-pressure, longitudinally-polarized 3He
target, which complements the properties of the frozen-spin target. The nucleus of a polarized
3He atom consists of two spin paired protons and a single unpaired neutron, making it appear
approximately as a single polarized neutron. From calculations of the 3He nuclear wave func-
tion one expects that the unpaired neutron carries about 90% of the total 3He spin [14]. Hence,
the absence of free neutron targets makes 3He a valuable tool in the polarization studies of the
fundamental structure of the neutron. The combination of two different polarized "nuclear"
neutron targets and the capability of the experimental apparatus to identify cleanly different
partial reaction channels will allow a precise quantitative evaluation of the corrections due to
the bound nature of the polarized neutrons thus permitting an accurate determination of both
the GDH integrand on the free neutron spanning a wide energy range and of the γn→ Nπ(π)
channels.

The new solid-state polarized target suitable for an investigation of the spin structure of
nucleons by doing double polarization experiments at the MAMI C accelerator was developed.
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Some future experiments with this target are listed below:

• experimental verification of the Gerasimov-Drell-Hearn (GDH) sum rule in the energy
range up to 1550 MeV;

• helicity dependence of π0, π0π0, π0π+ and π+π− production on the proton in the region
of the D13(1520) and F15(1680) resonances (requires circularly polarized photons and longitu-
dinally polarized protons);

• measurement of the G asymmetry in γp → pπ0 and γp → nπ+ (sensitive to the Roper
resonance P11(1440); requires linearly polarized photons and longitudinally polarized protons);

• photoproduction of η-mesons on the neutron: measurement of double polarization observ-
able E (sensitive to D15(1675) resonance; requires circularly polarized photons on longitudinally
polarized deuterons);

• the total inclusive photoabsorption cross section on the deuteron in the photon energy
range between 800 and 1550 MeV, where the statistical precision of the existing data is rather
poor;

4.2 The GDH sum rule on the neutron

The Gerasimov-Drell-Hearn (GDH) sum rule [15, 16] relates the anomalous magnetic mo-
ment (AMM) κ of a particle of spin S and mass M to the integral over the weighted helicity
asymmetry of the total absorption cross section for circularly polarized photons on a longitu-
dinally polarized target:

IGDH =

∞∫
νth

σp − σa
ν

dν = 4πκ2
e2

M2
S, (2)

where ν is the photon energy and σp(σa) denote the total absorption cross sections for parallel
(antiparallel) orientation of photon and particle spins. The inelastic threshold νth corresponds
to pion production (photodisintegration) threshold for a nucleonic (nuclear) target. This rela-
tion gives a fundamental connection between ground state properties of a particle and a moment
of the entire excitation spectrum, showing the equivalence of a nonvanishing κ with the internal
dynamical structure of the considered particle. A measurement of the GDH integrand then rep-
resents a fundamental test of our knowledge of photo-excitation of composite hadronic systems.
Table 1 shows the magnetic moment (µ), the AMM and the GDH sum rule values for protons,
neutrons, deuterons and 3He nuclei.

For the nucleon case, an estimate of the GDH sum rule value can be performed using a
combination of multipole analyses of the available single pion photoproduction data (mostly
from unpolarized experiments) [17, 18] and phenomenological models of multipion and heavy
meson photoproduction reactions [19–21] up to Eγ ' 2 GeV. Above this photon energy, the
contribution can be estimated from Regge-type approaches [22].

In table 2 the current theoretical estimate of the GDH sum rule values is given for both the
proton and the neutron. These estimates disagree with the expected GDH sum rule value for
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p n d 3He
µ 2.79 -1.92 0.86 -2.13
κ 1.79 -1.92 -0.14 -8.37

IGDH 204 233 0.65 498

Table 1: The magnetic moment µ, the AMM κ (in units of the nuclear magneton µN) and the
GDH sum rule IGDH in units of µb for protons, neutrons, deuterons and 3He nuclei.

IGDH proton IGDH neutron
γN → Nπ 172[174] 147[131]
γN → Nππ 94 82
γN → Nη -8 -6

γN → KΛ(Σ) -4 2
γN → Nρ(ω) 0 2

Regge contribution -14 20
(Eγ > 2 GeV

Total ≈ 239[231] ≈ 247[231]
GDH sum rule 204 233

Table 2: Contributions of different partial reaction channels to the GDH sum rule. Predictions
for Nπ are from the SAID [17] and (within brackets) MAID [18] multipole analysis; estimates
for Nππ are from [19]; estimates for Nη are from [18]; kaon channel contributions are from [20];
predictions for vector meson production are from [21]; Regge contributions are from [22].

the proton while it roughly reproduces the neutron GDH value. However, the (proton-neutron)
difference has a different sign with respect to the GDH expectation.

It is also instructive to perform the isospin decomposition of eq. 2 for the nucleon case,
which results in:

Ip,nGDH =
2π2e2

m2
(κs ± κv)2 = (Ivv + Iss ± Ivs), (3)

where the subscripts s, v denote the isovector and isoscalar parts of the anomalous magnetic
moment, respectively. The dominance of the isovector component (κv = 1.85µN) over the
isoscalar one (κs = −0.06µN) is responsible of the extreme sensitivity of the isovector-isoscalar
term Ivs in the GDH integral to the different models. This interference term is responsible for
the (p− n) difference of the sum rule. The first experimental check of the GDH sum rule for
the proton was carried out jointly at the Mainz and Bonn tagged photon facilities, where IpGDH
was measured in the photon energy range 200 MeV< Eγ < 2.9 GeV [23–26]. The combination
of this result with the theoretical predictions for the unmeasured energy ranges (see table 3 [27])
supports the validity of the GDH sum rule for the proton at odds with the estimates given in
table 2. The main reason of this discrepancy is the oscillating photon-energy dependence of
the GDH integrand due to multipole contributions of alternating sign. Therefore, a reliable
prediction requires a very high accuracy that has not been reached by any of the existing
models.

This discrepancy emphasizes the need of a precise test of the GDH sum rule for both the
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Figure 5: Schematic view of the Dubna-Mainz dilution cryostat.
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Figure 6: Schematic view of the Dubna/Mainz dilution refrigerator.

Eγ (GeV) IpGDH
≤ 0.2 -28.5±2

0.2− 0.8 (measured) 226± 5± 12
0.8− 2.9 (measured) 27.5± 2± 1.2

≥ 2.9 −14± 2
Total 211± 5± 12

GDH sum rule 204

Table 3: The contribution (in µb) of various energy regions to the GDH integral IpGDH on the
proton. The contribution for Eγ < 0.2 GeV is from the MAID [18] multipole analysis with an
error estimated by a comparison with SAID [17]. The asymptotic contribution (Eγ > 2.9 GeV)
is from [22] with an error estimated by a comparison with a similar approach [28].

neutron and proton and for precise double polarization data for all γN → Nπ(π) channels,
which give the dominant contribution to the GDH integral, in order to pin down the origin of
the existing discrepancies.

For the neutron, the interpretation of the experimental data is more complicated than in
the proton case due to the lack of free neutron targets necessitating the use of neutrons bound
in 2H or 3He. Nuclear structure effects and final state interactions prevent the direct access
to the free neutron cross sections and theoretical support is needed for their evaluation. A
quantitative extraction of InGDH is then necessarily model dependent.

The combined use of both neutron-substitute targets and the capability of the experimental
apparatus to separate different partial reaction channels will play a crucial role in constraining
the theoretical analyses and in establishing the validity of the models that will be used for this
extraction. In particular, the comparison between the two different "free neutron" values that
are extracted from both the deuteron and 3He targets using different nuclear models will give
a fundamental cross-check of the reliability of the extraction procedures.

While in the deuteron the proton and the neutron are essentially in s states of relative
motion with aligned spins, 3He is a system of two protons with spins paired off and an "active"
unpaired neutron, again in relative s states. As a result we then find (see table 1) that

µd ≈ µp + µn; µ3He ≈ µn,

so that the 3He spin structure function is much closer to the free neutron than the deuteron.
Therefore, it is expected that the measured GDH integrand function for 3He above the pion
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photoproduction threshold will already be a good first approximation of the InGDH value. A
more quantitative evaluation can be performed by considering the part of the GDH integral for
deuteron and 3He above the pion production threshold.

4.3 Helicity dependence of meson photoproduction on the proton

Figure 7: The new dilution refrigerator for the Crystal Ball frozen spin target.

We propose to perform a precise measurement of the helicity asymmetry of meson photo-
production with neutral final states using the Crystal Ball/TAPS setup together with the new
Mainz frozen-spin target and the circularly polarized photon beam at MAMI C. Single π0 pro-
duction reveals a strong sensitivity to the D13(1520)- and F15(1680) resonances, η production
will allow to investigate the contribution of P11(1710), S11(1650), and F15(1680) resonances.
The helicity asymmetry and helicity dependent invariant mass distributions in double π0, π+π0

and ηπ0 production will help to pin down resonance contributions in the intermediate states
and to clarify the dominant reaction mechanisms. The contribution of these reaction chan-
nels to the GDH integrand will be determined. Recently first preliminary results from the
"Crystal Barrel at ELSA" and the "CLAS collaboration at JLAB" have been shown on the
NSTAR 2009 conference. However, these data sets start at a photon energy above 500 MeV.
On the other hand there have been shown preliminary data from the "LEGS experiment at
BNL Brookhaven" in the P33(1232) resonance region that show a discrepancy with the old data
acquired with the DAPHNE detector in Mainz. The new experiment in Mainz with the Crystal
Ball/TAPS setup specialized on multiphoton final states together with the new Mainz frozen-
spin target will deliver a data set with high systematic and statistical accuracy in the MAMI
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C energy range from threshold up to 1400 MeV and in addition link together and crosscheck
results from other laboratories.

The experiment will be performed at the tagged photon facility of MAMI (Glasgow-Tagger).
Circularly polarized photons will be used in combination with a longitudinally polarized target
and the 4π Crystal Ball photon spectrometer with TAPS as forward wall and a Cherenkov
detector for suppression of electromagnetic background.

4.4 Measurement of the G asymmetry in ~γ~p→ pπ0 and ~γ~p→ nπ+

We propose to perform a precise measurement of the G observable in ~γ~p → pπ0 and
~γ~p → nπ+ in the tagged photon energy region of 250-800 MeV in order to determine the
M1− partial wave, which is sensitive to the Roper resonance P11(1440). Measuring both single
pion channels will allow an isospin separation (M1− for I = 1/2 and I = 3/2). Recently first
preliminary results for the observable G from the "CBELSA/TAPS collaboration" and "CLAS
collaboration" have been shown at the NSTAR 2009 conference. However these preliminary
data sets start at a photon energy above 500 MeV.

We require a beam of linearly polarized photons on a longitudinally polarized butanol target
and the 4π Crystal Ball photon spectrometer in combination with TAPS as forward wall, the
DAPHNE tracker and a scintillator PID. The new tagging system will provide the intense,
linearly polarized photon beam.

4.5 Transverse asymmetries T and F in η photoproduction in the
S11(1535) region

We propose to measure the target asymmetry T and the double-polarization observable F
for η photoproduction in order to investigate interference effects between the S11(1535) and
the D13(1520) nucleon resonances and to determine the energy-dependent phase shift between
s and d waves, which is not yet taken into account by isobar models (MAID, SAID) for η
photoproduction.

We require a beam of circularly polarized photons, energy-tagged by the new tagging system,
in combination with a transversely polarized frozen-spin butanol target. The reaction products
will be detected using the Crystal Ball/TAPS 4π photon spectrometer; the PID detector and
the cylindrical MWPC will perform particle identification and track reconstruction for charged
particles.

4.6 Spin observables for πη photoproduction in the D33(1700) region

Recently measured total and differential cross sections for the reaction γp→ π0ηp indicate
a dominance of the ∆(1700)D33 resonance in the energy range Eγ = 0.95−1.4 GeV. We propose
to make use of this dominance to study systematically properties of the D33(1700) as well as
other partial wave amplitudes that reveal themselves via interference with it. Such bilinear
combinations of partial wave amplitudes can be extracted by measuring the transverse spin
observables T and F .

The experiment will be performed at the new tagged photon facility of MAMI using the
Crystal Ball/TAPS detector setup together with a transversely polarized frozen-spin butanol
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target and circularly polarized photon beam.

4.7 Measurement of polarized target and beam asymmetries in pion
photo-production on the proton: test of chiral dynamics

We propose to perform precise measurements of the ~γ~p → pπ0 reaction from threshold
to partway up the ∆ resonance using polarized beams and targets. These measurements will
provide an additional, stringent test of our current understanding that the pion is a Nambu-
Goldstone boson due to the spontaneous chiral symmetry breaking in QCD. Specifically we
will test detailed predictions of chiral perturbation theory (ChPT) and its energy region of
convergence. This experiment will test strong isospin breaking due to the mass difference of
the up and down quarks. The data on the (time reversal odd)transversely polarized target
asymmetry T = A(y) will be sensitive to the πN phase shifts and will provide information
for neutral and charge states (π0p, π+n) in a region of energies that are not accessible to
conventional πN scattering experiments. The data on the double polarization observable F =
A(γc, x) (circularly polarized photons-transversely polarized target) will be sensitive to the d-
wave multipoles, which have recently been shown to be important in the near threshold region.

We require a beam of tagged, circularly polarized photons incident on a transversely po-
larized butanol target. The detector will consist of the Crystal Ball photon spectrometer in
combination with TAPS as forward wall. The new tagging system and the polarized electrons
will be utilized.

4.8 Measurement of the proton spin polarizabilities

We propose to perform three precise Compton scattering experiments to extract the spin
polarizabilities of the proton. These four structure constants are fundamental observables de-
scribing the spin response of the nucleon, and they have generated considerable theoretical
interest in recent years. Using subtracted dispersion relations, the values of the known static
polarizabilities, αE1 and βM1, and a measurement of one beam and two beam-target asymme-
tries, we intend to extract all four quantities. The experiment will be performed at the new
tagged photon facility of MAMI using polarized photon beams (both linear and circular) on
both polarized (butanol) and unpolarized (liquid hydrogen) targets, with the reaction products
being detected using the CB/TAPS system.

4.9 Photoproduction of pions off polarized neutrons

The focus of this proposal is the production of pions and the study of their interactions
with transversely and longitudinally polarized neutrons. Our program centers on the use of
real polarized photons to produce short-lived mesons on polarized and unpolarized nucleon
targets. With the recent upgrade of MAMI-C to 1.6 GeV, we can now produce the complete
nonet of pseudoscalar mesons. The results of our program will be used to test theoretical
predictions based on QCD, lattice QCD, and different dynamical models. They will also be
used to expand the GW SAID, BnGa, JuBo, and MAID analyses in an energy region from the
pion threshold to 1.6 GeV. These data will also provide coherent π0 production off the polarized
deuteron which will allow us to expand our studies of the reaction mechanism of this process.
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Figure 8: Proton spin polarizability γE1E1 obtained from the measurement of the Compton
scattering asymmetry Σ2x. The points are the experimental data, the curves are dispersion
model calculations. The horizontal axis indicates the scattering angle.

The experiment will be performed using the 4π Crystal Ball (CB) spectrometer in con-
junction with the TAPS detector at MAMI. The facilities at MAMI needed for this proposal
include tagged, linearly polarized photons provided by the new Tagger and transversely and
longitudinally polarized (deuterated) targets.

5 Polarized frozen-spin target at Mainz
Polarization experiments using high density solid-state targets in combination with tagged

photon beams can reach the highest luminosities. For the double polarization measurements
planned with the Crystal Ball detector on polarized protons and deuterons a specially de-
signed, large horizontal 3He/4He dilution refrigerator has been built in cooperation with the
Joint Institute for Nuclear Research (see Fig. 4). It has minimum limitations for the particle
detection and fits into the central core of the inner Particle Identification Detector (PID2).
This was achieved by using the frozen spin technique with the new concept of placing a thin
superconducting holding coil inside the polarization refrigerator. Longitudinal and transverse
polarizations are possible. Highest nucleon polarization in solid-state target materials is ob-
tained by a microwave pumping process, known as "Dynamic Nucleon Polarization" (DNP).
This process is applicable to any nucleus with spin and has already been used in different
experiments with polarized proton and deuteron targets. The geometric configuration of the
target is the same for the polarized proton and deuteron setup. However, since the polarization
measurement of the deuteron is more delicate due to the small value of the polarization signals,
the modification of some basic components is needed. The reason for this is twofold: firstly
the magnetic moment of the deuteron is smaller than that of the proton and, in addition, the
interaction of the deuteron quadrupole moment with the electric field gradient in the sample
broadens the deuteron polarization signal. An accuracy δPp/Pp of 2 to 3% for the protons and
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δPd/Pd of 4 to 5% for the deuterons is expected in the polarization measurement. It has also to
be taken into account that the measured deuteron polarization Pd is not equal to the neutron
polarization Pn. Assuming a 6% admixture of the D-state of the deuteron, a calculation based
on the Clebsch-Gordon coefficients leads to Pn = 0.91Pd. Several polarized proton and deuteron
materials are available such as alcohols and deuterated alcohols (e.g. butanol C4H9OH), NH3,
ND3 or 6LiD. The most important criteria in the choice of material suitable for particle physics
experiments are the degree of polarization P and the ratio k of free polarizable nucleons to
the total number of nucleons. Further requirements on polarized target materials are a short
polarization build-up time and a simple, reproducible target preparation. The polarization
resistance against radiation damage is not an issue for experiments with a low intensity tagged
photon beam (Ṅγ ≈ 5 × 107 s−1) as will be used here. However, the limitations of a reduced
relaxation time due to overheating of the target beads (Kapitza resistance) will have to be
investigated.

Taking all properties together, butanol and deuterated butanol are the best material for
this experiment. For protons we have a maximum polarization of Pp = 90% and an average
polarization of Pp = 70% in the frozen spin mode. Recently, a deuteron polarization Pd = 80%
was obtained with Trityl doped butanol targets at 2.5 T magnetic field in a 3He/4He dilution
refrigerator. At a 0.5 T holding field an average neutron polarization Pn of 50% was obtained.
The filling factor for the ∼ 2 mm diameter butanol spheres into the 2 cm long, 2 cm diameter
target container equals around 60%. At a total tagged photon flux of 5 × 107 and atarget
temperature 30 mK relaxation times of about 2000 hours was obtained [29]. The polarization
has to be refreshed by microwave pumping approximately once a week of experiment running
time. In conclusion, main target parameters are presented:

• Maximum total tagged photon flux in the energy range of 4.7 to 93% of E0: Ṅγ ≈ 5 · 107

s−1, with relaxation time of 2000 hours.

• Target proton density in 2 cm cell: NT ≈ 9.1 · 1022 cm−2 (including dilution and filling
factors).
• Average proton polarization Pp = 70%.

• Target deuteron density in 2 cm cell: NT ≈ 9.4 · 1022 cm−2 (including dilution and filling
factors).

• Average neutron polarization Pn = 50%.

The new Mainz frozen spin target will be used together with the Crystal Ball detector
in order to perform double polarization experiments, that will bring new information about
the spin structure of the nucleons. As it was shown earlier, to polarize a target material
high magnetic fields and low temperatures are required. Temperatures in the mK range are
achieved with a dilution refrigerator. It should fit in the geometry of the Crystal Ball detector,
therefore has to be horizontal and with a well defined maximum radius. A superconducting
magnet provides a magnetic field of up to 5 T with high homogeneity. A microwave system
enlarges the degree of polarization via the dynamical nuclear polarization (DNP) method. The
developed nuclear magnetic resonance (NMR) system will provide an accurate measurement of
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the degree of polarization. The next sections will present the main parts of the Mainz frozen
spin target, and its actual status.

5.1 Refrigerator

The horizontal dilution cryostat has been developed in close collaboration with the polarized
target group of the Joint Institute for Nuclear Research, Dubna, ( [30–33, 67]). Fig. 5 shows
a schematic view of the cryostat.The 4He pre-cooling system is pictured in blue, and the 3He
line in green color. The outgoing helium gas is collected in a reservoir container and afterwards
liquified in a standard Linde liquifier. 4He is inserted from a Dewar into the separator. A needle
valve controls this flow. In this vessel the helium is separated into gas and liquid phases. A
superconducting wire is used to measure the level of liquid helium. One 60 m3/h rotary pump
circulates the gas through different heat exchangers attached to the external shield to thermally
isolate the inner part of the cryostat. Another 100 m3/h rotary pump reduces the vapor pressure
from above the liquid, cooling down the separator. This outgoing gas pre-cools the incoming
3He gas in two steps with some high temperature and tube-in-tube heat exchangers (HE). One
needle valve manages the outgoing flow between the two HEs.

Liquid helium from the separator can move to the evaporator pot via a HE, where the
incoming 3He is liquified, or directly through a bypass for the cool down process, since the flow
resistance of the HE is too high for warm gas. Two needle valves rule these possibilities. As in
the separator, the level of liquid is measured with a superconducting wire. The temperature in
the evaporator is reduced down to about 1.5 K by exhausting helium with a 250 m3/h rotary
pump. This gas is also used to cool down the incoming gas. The evaporator surrounds the still
vessel and thermally isolates it.

The incoming 3He liquid passes through an helix immersed in the cold helium of the evap-
orator and another one inside the still. Behind the still are ten sintered heat exchangers that
reduce the temperature of the liquid 3He as much as possible before it enters the mixing cham-
ber. There the diluted-concentrated phase separation is produced and the lowest temperatures
are achieved. Liquid from the diluted phase goes to the still via the sintered heat exchangers
pre-cooling the incoming 3He.

A heater is placed in the still to evaporate the liquid. This gas is pumped out by powerful
roots pumps, and in its way out it cools the whole cryostat. After the roots pumps the warm
gas is re-injected and the continuous process starts again.

5.2 Polarizing magnet

In order to polarize the target material a superconducting magnet able to produce up to 5
Tesla with a central homogeneity of ∆B/B ≤ 10−4 is used. The high compact field solenoid
consists of a single block of multifilamentary NbTi wound onto an stainless steel former. The
conductor is casted in epoxy resin to eliminate wire movement. The inductance of the coil
is 17.5 H. It is immersed in a bath of liquid 4He. Radiation heat load is minimized by the
use of high purity aluminium nitrogen-cooled radiation shield, and multi-layer superinsulation
enclosed in vacuum.

The magnet contains a 70 liter nitrogen storage dewar, and a 100 liter liquid helium reser-
voir monitored with a helium level meter HLG200/210 with a probe type 250 from Cryogenic
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Limited. Three RhFe thermometers, with a well defined response between 300 and 4.2 K, at-
tached to the superconducting coil, the helium reservoir and the insulation respectively provide
an immediate indication of temperatures from four terminal resistance measurements.

The magnet control system was developed mainly by the company Cryogenic Limited. The
power supply able to produce the 97.06 A needed to achieve 5 T incorporates a sophisticated
microprocessor unit, with all operations monitored through the internal firmware. It is con-
nected to a PC via an IEEE-488 interface, and it is fully controlled by a LabView program. The
ramping speed and maximum current can be set, and the induced magnetic field is continuously
displayed. The temperature sensors and the helium level gauge are verified at any time by the
program.

A superconducting persistent mode switch is connected in parallel to the magnet coil and
wired to the main input/output current terminals. Resistive heaters wound into the switch
enable it to be either resistive or superconducting.

The outer magnetic field was simulated and successfully compared with measurements.
Just 20 cm away from the center of the coil less than 10 Gauss are measured, therefore, no
electromagnetic devices will be affected by it.

About 100 liters of liquid nitrogen are initially needed to cool the shielding. It takes around
10 hours to cool it down from room temperature to 100 K. After 3 days the rest of the magnet
is below 200 K. The 4He reservoir and the solenoid container are then pre-cooled by a small
amount of liquid nitrogen within 1 hour. With the system pre-cooled and all nitrogen expelled,
liquid helium can be transferred into the dewar via the siphon port. In about 3 hours the
magnet coil reaches temperatures of 4.2 K and the reservoir container starts to fill. It is also
possible to pre-cool the magnet using only the liquid nitrogen shielding container. This method
avoids the complicated process of extracting the nitrogen from the helium pot. If the nitrogen
container is filled for at least 7 days temperatures below 150 K are achieved in the magnet can
and in the helium reservoir. The helium consumption of the magnet is less than 1 m3/h gas in
stable operation, and about 1.5 m3/h when it is operated at magnetic fields of 2.5 T.

The magnet was manufactured by Cryogenic Limited and delivered in 2002.

6 Conclusion
A2 Collaboration performs a broad program of the polarization experiments since 2010.
Experiments are carried out with high intensity unpolarized, linearly or circularly polarized

photons and transversely or longitudinally polarized nucleons.
Scientific program includes the study of the spectrum and properties of baryon resonances

and the internal structure of the hadrons.
Measurements will continue in Bonn together with CBELSA/TAPS Collaboration.
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7 NN-interactions

7.1 Motivation

The existence of three-nucleon forces (3NFs) is not doubted both in the standard meson-
exchange picture [42] and in chiral perturbation theory [43]. Their strength and detailed struc-
ture are still under discussion . Qualitatively, the importance of many-body forces for nuclei
was already realized in the early days of nuclear physics [44]. In the 1950s, the pion field theory
was extensively used to derive nuclear forces. In this era, there were attempts to derive 3NF
on the same footing as NN interactions.

The development of today’s most widely used 3NF models began in the 1970s and early
1980s and was based on the work by Fujita and Miyazawa [45]. The Tucson–Melbourne (TM)
collaboration studied the approach in more detail [42] which led to the widely used TM 3NF.

Around the same time, the Urbana group found, that for a description of saturation of
nuclear matter, a short range repulsive interaction is required. The force was then adjusted to
reproduce the triton binding energy. This lead to a series of 3NF called Urbana. The most
up-to-date version is called Urbana-IX [46].

The modern approach of the Effective Field Theory considers two- and three-nucleon forces
jointly, i.e., selfconsistently [47–49]. The last results on theory of NN and 3NF are in the
papers [50–53].

Development of chiral effective field theory of interaction between nucleons provides a self-
consistent treatment of two-, three- and many-nucleon forces and exchange currents on the basis
of symmetries of underlying theory of strong interactions – quantum chromodynamics. This
approach is widely applied for low energy nuclear physics and nuclear astrophysics. Necessary
low-energy parameters of the theory have to be extracted from experimental data [54].

Nuclear forces obey a certain hierarchy implying that 3NF effects are much smaller, on
average, than 2NF. This can be very nicely demonstrated by the inclusive total np and nd
scattering data measured at Los Alamos. First calculations including the 3NF have shown
that current models of the 3NF can explain approximately 1/2 of deviation of the calculations
from the data. Whether shorter range 3NF can help to resolve this issue needs to be seen in
future. These observations demonstrate the need for exclusive measurements which can provide
a significantly larger sensitivity to 3NF effects for specific regions in phase space or for other
observables than total cross sections [55].

7.2 Experiments

In the past decades, detection systems suitable for the study of certain aspects of the
dynamics of the three-body systems have been developed at various laboratories. The use of
polarized beams and/or polarized targets has been very common in the past two decades. In
addition to protons and deuterons, neutron beams have also been extensively used at TUNL,
Bonn, Erlangen, PSI, Uppsala, LANSCE and RCNP. The obvious disadvantage of the neutron
beam is that it cannot be manipulated in the beam lines so that experiments are more difficult.
In contrast to charged particle detectors where efficiencies close to 100% can be achieved, the
efficiency of the neutron detectors is generally lower and requires a complicated calibration.
All this issues are not particularly a problem in these experimental studies. Moreover the
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theoretical estimates are model independent since Coulomb distortions are absent when one
uses neutron beams.

To measure more complicated spin observables such as spin-transfer coefficients or spin-
correlation coefficients, one needs to measure the polarization degree of the outgoing particle
in the former case or have a polarized target in combination with a polarized incident beam for
the latter case.

The existing database is far from being complete. Most of the data correspond to differen-
tial cross sections and nucleon and deuteron analyzing powers. A restricted number of more
complicated spin observables such as the spin-transfer coefficients has also been measured.

Many of the current nucleon-nucleon (NN) potential models describe neutron-proton and
proton-proton scattering data with remarkable precision. However, when these potential models
are used to calculate the binding energy of the triton, the predictions are 500-800 keV below
the measured value of 8.48 MeV. Three-nucleon forces (3NF) correct the problem, but do not
eliminate discrepancies in other 3-nucleon systems. For example, in Nd elastic scattering, the
differential cross section minima are underpredicted by NN interactions starting at 60 MeV and
extending to higher energies. Adding the 3NF fills up the minima, but does not eliminate the
disagreement. This is known as the Sagara discrepancy [56].

The experimentally established analyzing power (Ay) is also 25-30% too small, as calculated
from NN potentials in neutron-deuteron scattering at low energies. This is the so-called "Ay
puzzle". Reasonable changes in the NN interaction and the inclusion of current three-nucleon
forces do not rectify the situation. However, new three body forces which have not yet been
taken into account, such as the spin-orbit type, may resolve the disagreement [57]. Finally,
in very precise measurements of the nd coherent neutron scattering length [58], it was found
that almost all theories were in disagreement with the experiment. It is clear from these
disagreements between theory and experiment that the three body system is not completely
well understood and that the current 3NF does not always correct apparent deficiencies in NN
interactions.

The spin-dependent cross-section difference, ∆σL(nd), in the nd total cross section has been
shown to be sensitive to the same 3NF components that correct the triton binding energy
problem. ∆σL is the difference in the nd total cross section for beam and target spins parallel
and anti-parallel to each other, with both spins aligned with the beam momentum axis. ∆σT
is similarly defined. Theoretical calculations predict that the Tucson-Melbourne three-nucleon
force changes ∆σL by 5-10% [59] from its value calculated using only NN interaction potentials.

The total cross-section difference ∆σL(nd) was measured firstly at TUNL [60] for incident
neutron energies of 5.0, 6.9 and 12.3 MeV. The results were compared to the theoretical pre-
dictions based on the CD Bonn NN potential calculations, with and without the inclusion
of the TM-3NF, "but are not of sufficient precision to distinguish the presence or absence of
three-nucleon force contributions to the cross-sections".

7.3 Former experiments at Prague

At the Charles University Nuclear Center the measurements of ∆σL(np) and ∆σT (np)
were performed using the transmission method, i.e., the relative difference in attenuation of
a polarized neutron beam passing through a polarized proton target was measured.

A polarized neutron beam was based on the Van de Graaff electrostatic accelerator HV 2500
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of the Nuclear Center, Charles University (now belongs to IEAP CTU), using the reaction
T(d,n)4He with a deuteron beam (Ed = 1.82 MeV). To achieve a monoenergetic collimated
neutron beam, the associated particle method was used [61]. The transversely polarized neutron
beam with an energy En = (16.2± 0.1) MeV was emitted at an angle θlab = (62.0± 0.7)◦. The
value of neutron polarization was taken from [62] and amounts Pn = (−13.5 ± 1.4)%. To get
longitudinal polarization for the ∆σL experiment, spin was rotated with the help of a permanent
magnet of 0.5 T m.

For these experiments, the frozen spin polarized target has been developed which includes
a stationary cryostat with a dilution refrigerator, a movable magnetic system including a su-
perconducting dipole magnet with a large aperture, a superconducting solenoid and electronic
equipment for providing a dynamic polarization and NMR signal detection . The polarized
sample of 20 cm3 in volume contained propanediol with paramagnetic Cr(V) impurity. The
maximum obtained polarization was 93% and 98% for positive and negative values respectively.
The target temperature in a frozen mode was about 20 mK. Under these conditions the proton
spin relaxation was approximately 1000 h for positive polarization and 300 h for negative one
(with a holding field of 0.37 T). The important peculiarity of the developed target was a big
aperture for scattering neutrons detection (50◦ in the vertical plane and almost 360◦ in the
horizontal plane). The polarization direction is defined by the orientation of the holding field.
A detailed description of the target can be found in [63].

The measured value of the total cross section difference for the transverse polarization is
∆σT = (−126± 21± 14) mb.
The first uncertainty shown is the statistical and the second one is systematic error. For

longitudinally polarized beam and target
∆σL = (−55± 21± 7) mb.
A phase-shift analysis has been performed to extract the value of the 3S1 – 3D1 mixing

parameter ε1. The result is
ε1 = (1.36± 0.66)◦.
The physical results obtained in Prague permit a new view to the earlier data in this energy

range. Earlier, experimental results of other authors (Bonn, Erlangen, Triangle Universities)
supported the hypothesis on the minimum value of ε1 in the vicinity of 15 MeV. Our results
disproved this. which is in good accord not only with the other experimental data in this energy
range, but with model predictions, in particular [64,65].

7.4 Proposed experiments at Prague

Now the PPT has been transformed into the frozen spin deuteron polarized target (DPT).
DPT is a facility consisting of a 3He/4He dilution refrigerator, 3He and 4He pumping system,
two superconducting magnets providing longitudinal and transverse deuteron polarizations and
a PC-controlled equipment to build-up and measure the target polarization. Deuterated 1,2
propanediol with a paramagnetic Cr (V) impurity having a spin concentration about 1020 cm−3
is used as a target material.

A system providing the microwave pumping of deuteron polarization consists of a microwave
generator, a wave guide inside and outside the dilution refrigerator, and a multimode cavity
containing the target material. The microwave generator is a 4-mm wavelength oscillator using
an ATT diode placed inside the invar cavity, an output power is above 100 mW. A frequency
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Figure 9: Absorption DMR spectra with the maximum achieved polarization are presented. Top
plot: experimental spectrum. Bottom plot: points – experimental spectrum; the components
correspond to: 0 ←→ -1 transition (green line), 1 ←→ 0 transition (yellow line), whole DMR
spectrum (blue line), sum of the decomposition of a spectrum on the components (red line).

tuning in 73.0-75.5 GHz range is provided by the cavity piston. The frequency modulation of
the microwave power is necessary to obtain higher deuteron polarization.

The universal system of polarization measurement was created: PC based Liverpool type
Q-meter has been put into operation in order to enlarge a range of nuclei whose polarization
can be measured. A polarization value for particles with spin I = 1 can be extracted from
the measured intensities of transitions between states with spin projections 1, 0, -1 (+1←→ 0,
0 ←→ −1) using the formula P = (r2 − 1)/(r2 + r + 1) where r is the ratio of the transition
intensities. A total error on the polarization measurement does not exceed 3 − 4%. In Fig.1
a typical NMR spectrum together with the fit is shown. At the top plot the experimental
spectrum is given with a linear scale, at the bottom plot the spectrum is linearised with NMR
frequency. The maximum deuteron vector polarization achieved was 40%. The DPT was
described in detail in [66,67].

Experience showed, that all components of the polarized deuteron target as well as the
accelerator worked well. Unfortunately, the intensity of the neutron beam was not sufficient.
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The attempts to increase the intensity brought problems in the stability of the measured values,
and the systematic error increased. It was suspected that the electronics used is responsible
(many old modules are still present in the system). Several measurement runs were performed,
in order to diagnose the sources of the measurement instabilities. In these runs, individual
parts of data acquisition system were analyzed and as a result, better solution has been found
(triggering the time-to-digit converter TDC by the coincidence signal of neutron with alpha
particle rather than the alpha-particle itself). This improvement was tested with an accelerator
and gave improved results. The systematic errors were lowered and the number of events per
second was increased 3-4 times. The second reason for the large uncertainties is the polarization
of the deuteron target, which is lower than expected. The average polarization achieved has
been ' 29%.

The last experiments showed that the polarization and intensity of the neutron beam and
also the deuteron polarization of the target are insufficient for achieving the necessary accuracy
on the measurement of the cross-section difference. Now a modernization of the facility is in
progress with the aim to increase the deuteron polarisation of the polarized target and the
intensity and polarization of the neutron beam. We will replace our current target material
(propanediol) with the novel material, trityl-doped butanol. With this material, polarizations
as high as ' 80% were achieved by the Mainz group [68]. But, in order to use new target
materials it is necessary to improve the stability and precision of existing dynamical nuclear
polarization apparatus. The linewidth of the resonance of trityl is approximately three times
narrower compared to the ones of usually used materials. So we must make a new generator
with the required parameters. Also we should test the homogeneity of the superconducting
solenoid and correct the field if necessary. The solution to the problem of instability and low
statistics would be the increase of the polarisation and intensity of the neutron beam. To
improve the parameters of the neutron beam it is proposed to use the reaction T(d,n)4He with
polarized deuterons of an energy 100-150 keV. This can be achieved using the known Kaminsky’s
method [69,70].

As a first step, it will be production of the polarized deuteron beam with an energy up to
200 keV using channeling of the unpolarized deuteron beam through magnetized Ni film. The
electron polarization of the produced deuterium atoms arises from the preferential attachment
of electrons of one spin sign. The electron polarization is transferred to the nuclei by the
hyperfine interaction. In the ideal case, vector polarisation of deuterons reaches 67% and this
polarisation is almost totally transferred to neutrons from the dt reaction.

7.5 Polarized deuterons

As to the polarized beam, the first proposal concerning the nuclear polarization via a pick-up
of polarized ferromagnetic electrons was made by Zavoiskii in 1957 [71]. The method proposes
adiabatic transition of atoms from a high magnetic field to a low magnetic field on the order
of 1 mT where nuclei are polarized through the hyperfine interaction.

In Kaminsky’s setup a beam of deuterons with a half angle of 0.01◦ was incident on a Ni(110)
foil ≈ 2µm thick within 0.1◦ of the [110] direction (the critical acceptance angle (1.6 − 1.8)◦).
This is a hyperchanneling regime. He obtained 500 nA/cm2 of channeled deuterium atoms
with an energy of 100-200 keV with nuclear polarization Pzz = −0.32 ± 0.010 (without a
significant lattice damage for 25 h of operating time). To test Zavoiskii’ proposal Kaminsky
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passed deuterons through magnetized polycrystalline foils and observed no significant tensor
polarization (i.e. Pzz ≈ 0).

Feldman et al. [72] also made polarization measurements with an experimental arrangement
very similar to that of Kaminsky. Their data qualitatively agree with Kaminsky’s data (Pzz =
−0.14 ± 0.06). Also, as in Kaminsky’s experiment, no effect was seen for polycrystalline foils.
In addition, these authors attempted to observe an effect using thin polycrystalline foils of Fe.
No effect was seen, possibly because of the presence of fairly thick (50-100 Å) surface oxide
layers.

Quite a different electron field-emission experiment [73] on Ni showed that electrons emitted
along the [100], [110] and [137] directions had predominantly spin-up (along the magnetic field),
but when emitted along the [111] directiom they had a spin-down.

Rau and Sizmann [74], who also used the 3H(d,n)4He reaction, measured polarization of the
nuclei in neutral deuterium atoms created by electron capture during reflection of a 150-keV
D+ beam incident at glancing angles (< 0.4◦) on the surface of magnetized Ni crystals.

The results show that the electron spin orientation is predominantly parallel to the mag-
netizing field for electrons in the (100), (110), and (111) surfaces and antiparallel in the (120)
surface. In the (110) surface the electron polarization is P = 96% [75]. This explains the high
polarization in Kaminsky’ experiment.

On the other hand, there is evidence for polarization of 1s electrons (P1s = 0.10 ± 0.03)
attached to F ions as they emerge from magnetized polycrystalline Fe layers [76].

It was found that a vacuum of 2 × 10−8 Torr was necessary in order to see polarization
effects. If the vacuum was allowed to deteriorate to 5 × 10−6 Torr, the polarization gradually
vanishes, presumably as a result of the build-up of thin layers of surface contaminants.

Ebel [77] tried to explain the high observed polarization by postulating that once a deuteron
has captured a spin-up electron inside the crystal, the probability of its losing this electron
would be small since the spin-up 3d-band states are filled. A captured spin-down electron, on
the other hand, could readily be lost since the spin-down 3d-band states in the crystal are not
filled. This would give rise to a pumping of electrons from spin-down to spin-up atomic states
of deuterium.

Brandt and Sizmann [78], however, pointed out that stable bound electronic states could
not exist in deuterium atoms passing through metals at these velocities. They proposed instead
that the electron capture took place in the tail of the electron density distribution at the crystal
surface where the density was low enough for bound states to be stable.

Later, Kreussler and Sizmann [79] discussed that at high energies (more than 250 keV/amu)
neutralization took place chiefly in the bulk of the crystal and the surface effects were important
at lower energies.

7.6 Experimental setup

The scheme of the experimental setup is shown in Fig.10. We propose to apply the Sona
method, zero-field transitions with total transfer of the electron polarization to deuterons in
the atomic beam [80]. We use two permanent magnets (2×20 cm) with a changing distance
between the poles (Bmax = 0.08 T). The charged deuterons are deflected by the magnetic and
electric fields. The Ni foil and the target of a polarimeter are placed in oppositely directed
magnetic fields.
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Figure 10: Scheme of the polarized deuteron source; 1 – nickel foil, 2 – permanent magnet (0.07
T), 3 – solid state detector, 4 – a goniometer, 5 – polarizing permanent magnets (for the Sona
transitions), 6 – electrostatic plates, 7 – the target of a polarimeter.

Figure 11: Photo of the experimental setup.

The magnetic field is directed along the foil plane (vertically), and we must use Sona tran-
sitions with vertical magnetic fields. This is different from the standard configuration.

The single-crystal nickel foils of thickness up to 2 µm are grown epitaxially on NaCl crystals
cleaved to expose the (110) plane (produced by Princeton Scientific Corp.). The substrate was
dissolved by water and the Ni foils were floated on the Cu disc mounted on the goniometer.
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Vacuum of better then 10−4 Pa was used.
The atomic beam in a strong magnetic field has vector polarization of deuterons up to the

theoretical limit P3 = 2/3 and zero tensor polarization.
If we pass the deuterium beam to a tritium target, 14-MeV neutrons of the dt-reaction

produced at an angle of 90◦ (center of mass) have almost the same vector polarization as the
deuterons [81].

Figure 12: Goniometer.

The deuteron vector polarization may be measured using the reaction D(d, p)T [82]. The
polarimeter target consisted of deuterated polyethylene with a thickness of about 2-3 µm on
a Cu support. The protons produced in this reaction were detected by two surface barrier
detectors, each having an effective area of 20 mm2.

The detectors were placed symmetrically at ±120◦ with respect to the beam axis, and the
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Figure 13: Au-foil.

Figure 14: Magnets.
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solid angle was ≈ 1 msr. In order to suppress the elastically scattered deuterons, 3H and 3He,
each detector was masked with a 10-µm-thick aluminum foil.

For a vector polarized beam the particle intensities detected by two detectors placed on the
right and on the left of the beam axis are proportional to the cross sections σR(θ) and σLθ),
respectively,

σR(θ) = σ0R(θ)

[
1− 3

2
PzAy(θ)

]
(4)

and
σL(θ) = σ0L(θ)

[
1 +

3

2
PzAy(θ)

]
, (5)

where Ay(θ) is the Cartesian analyzing power for the reaction.
Replacing the cross sections by the corresponding right and left detector intensities, NR and

NL, for polarized beam and N0R, N0L for unpolarized beam, we obtain

NR(θ)

NL(θ)
× N0L(θ)

N0R(θ)
=

1− 3/2PzAy(θ)

1 + 3/2PzAy(θ)
. (6)

Designating

κ =
NR(θ)

NL(θ)
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N0R(θ)
, (7)

one obtains
Pz =

1− κ
3/2(κ+ 1)Ay(θ)

. (8)

The statistical error is
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where
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According to the calculations, for the real magnetic field value the tensor polarization after
the Sona transitions is not equal zero, Pzz ≈ 0.1. In this case we use the general formula

σ(θ, φ) = [1 +
3

2
sin β cosφPzAy(θ)− cos β sin β sinφPzzAxz(θ) (11)

−1

4
sin2 β cos 2φPzzAxx−yy(θ) +

1

4
(3 cos2 β − 1)PzzAzz(θ)], (12)

For β = 90◦ and φ = 0◦

σL(θ) = σ0L(θ)

[
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3
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4
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1

4
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]
(13)

and for φ = 180◦

σR(θ) = σ0R(θ)

[
1− 3
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4
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1

4
PzzAzz(θ)

]
. (14)
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According to Ad’yasevich [83], at 300 keV Azz = Axx−yy ≈ 0, at 400 keV Azz = −Axx−yy =
−0.1 and in this energy range additional terms can be neglected.

For deuteron with an energy of 200 keV the expected count rate is ∼ 2 sec.−1 per 1 µA of
neutral deuterium atoms on the target and ∼ 1017 cm−2 thickness of the target. The range in
CD2 is 0.4 µm.

In experiments with nonchannelled atoms the statistics was too low to measure the vector
polarization. So, we decided to measure the tensor polarization with TiT target as the cross
section for the reaction T(d, n)4He [84] is approximately 200 times higher than for dd-reaction.

The cross section depends on the c.m. angle between the spin and the particle direction:

σ(θ) = σ0

[
1− 1

4
(3 cos2 θ − 1)Pzz

]
. (15)

As a result, Pzz = −0.12± 0.04 (theoretical value is Pzz = −0.33 at the deuteron energy of 500
keV for the Ni foil thickness 1.5 µm (the deuterium atom energy is 250 keV).

During this experiment the goniometer was at a random position, and we used only the first
magnet of the Sona transition system and the detector was at a small magnetic field. Excluding
the nonadiabatic transitions this corresponds to electron polarization of the deuterium atoms
after the Ni foil Pe = 0.36 in the direction of the magnetic field and to the deuteron vector
polarization Pd = 0.24 after the Sona transition system.

It seems possible that the effect of channeling permits to increase the available deuterium
current at the target and polarization. The experiments with channeling are in progress.

7.7 Neutron beam

If the target material TiTN contains N = 1.5 tritium atoms/titanium atom, then the density
of the target material is ρT iTN = 0.85ρT i(47.88+3.015N)/47.88 = 4.19 g/cm3, where ρT i = 4.505
g/cm3. The factor 0.85 arises from the 15% expansion which the titanium lattice undergoes
during tritiation. The total yield of neutrons per incident deuteron with an energy of Ed = 200
keV is given by integration on the deuteron energy in the target. As a result, the yield is
Y = 3 × 10−5 neutrons per one deuteron, or 1.5 × 107 neutrons per steradian per one µA of
deuterons, the deuteron range in the target is R ' 1.3 µm, the activity of the TiT target is
' 0.45 Ci/cm2.

M. Kaminsky obtained 0.5 µA/cm2 of channeled deuterium atoms with nuclear spin po-
larization without a significant lattice damage for approximately 25 h of operation time. At
the beam radius of 3 mm we would have ' 0.15 µA of deuterium atoms. With a solid angle
3× 10−4 the neutron beam would be ' 6× 102 neutrons/s.

With the neutron emission angle (83± 0.5)◦ the α-particles associated with these neutrons
are emitted at the angles (90±4)◦ for deuteron energies from 25 keV up to 200 keV. This defines
the dimension of the α-particle detector. We can easily cut off the scattered deuteron of 200
keV from the α-particles with a thin foil.
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7.8 Statistical error

Estimate of statistical error for ∆σL,T . It may be written as

∆σL,T =
ln ξ(antiparallel)− ln ξ(parallel)

ωPbPt
, (16)

where ω – deuteron surface density of polarized target, deuterons/cm2, Pb, Pt – the po-
larization of the beam and target, respectively, and ξ = Ndet/Nmon, where Ndet and Nmon –
neutron counting rates of the detector and monitor, respectively.

Absolute statistical error is

δ(∆σ) =

√
2

ωPbPt
×
√

1

N̄mont
+

1

N̄dett
, (17)

where N̄mon,det = 1
2
(Nmon,det(par.) +Nmon,det(antipar.)

For the present target (propanediol) ω = 3× 10−4 mbarn−1.
At Pt = 0.8 и Pb = 0.6, one obtains 1/ωPbPt ≈ 7× 104 mbarn.
If the detector efficiency is 10−2, and solid angle 3 × 10−4, then at Nmon ' Ndet = 6

neutrons/s to get δstat(∆σ) = 10 mbarn it is necessary t = 180 hours of data taking for two
values of polarization sign.

8 Conclusion
An experimental setup has been developed to produce the beam of deuterium atoms with

energies of 100-400 keV with polarized nuclei and to measure vector and tensor polarizations
of deuterons.

The ultimate aim is to produce a highly polarized 14-MeV neutron beam for measuring the
neutron-deuteron total cross section differences ∆σL(nd) and ∆σT (nd) using the frozen spin
polarized deuteron target (as a first experiment).

To improve the parameters of the neutron beam, it is proposed to use the reaction T(d, n)4He
with polarized deuterons with an energy of 100-150 keV.

For a nonchanneled beam (the goniometer in a random position), the tensor polarization
measurements were carried out with a TiT target in the reaction T(d, n)4He. Our result is
Pzz = −0.12± 0.04 for a weak field at the target.

The experiments are continued to get the nuclear polarized deuterium beam with an energy
of about 150 keV and vector polarization up to 2/3 via pick-up of electrons in a magnetized
single crystal nickel foil.

Working plan

2020:
− Experiments on channeling at the stand of the polarized deuteron source.
− Upgrade of all the systems of the deuteron polarized target at Prague.
− Preparation of a new stable microwave source.
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2021
− Manufacture of the polarized neutron source on the base of polarized deuteron source

and its connection with the polarized deuteron target.
− The exact measurement the vector and tensor polarizations of the deuterons.
− Preparation of the design of the necessary steps to use new target material based on

Trityl-dopped butanol in Prague.

2022
− The measurement of the polarization observables at the experiments with polarized neu-

tron source and polarized deuteron target.
− To prepare apparatus for measurements of the neutron polarisation via scattering on the

4He target.
− To make the electronics and to measure the neutron polarisation.
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9 Form No 26

Proposed schedule and necessary resources for realization of the project "SPASCHARM-
GDH-NN" (k$)

Title of expense item Total cost Laboratory proposal for
distribution of finances
2020 2021 2022

1. The modification of the UHF system 15.0 9.0 2.0 4.0
of the polarized target
2. Design and preparation of 6.0 4.0 2.0 -
the parts of "Active Target"
3. Modification of the polarization 4.0 2.0 2.0 -
measurement system
4. Purchase of standard devices 41.0 16.0 14.0 11.0
Total (equipment) 66.0 31.0 20.0 15.0
Materials 26.0 10.0 8.0 8.0
TOTAL 158.0 72.0 48.0 38.0

Finance sources
Budget expenses
a) direct (immediate) 201.0 71.0 65.0 65.0
b) grant of Germany (BMBF) 30.0 10.0 10.0 1.0
c) grants of CR 54.0 18.0 18.0 18.0
Total immediate expenses 285.0 99.0 93.0 93.0

Table 4:

Leaders of the Project A. Kovalik, Yu.A. Usov

Deputies of the Leaders Yu.A. Plis, Yu.N. Uzikov
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10 Form No 29

Estimate of the expenses for the Project "SPASCHARM-GDH-NN" (k$)

Title of expense item Total cost 2020 2021 2022
1 R & D agreement expenses 12.0 8.0 2.0 2.0
2 Job cost at the LNP’s experimental 3.0 1.0 1.0 1.0

shop
3 Materials 66.0 22.0 22.0 22.0
4 Transport expenses 4.5 1.5 1.5 1.5
5 Unforeseen expenses 6.0 2.0 2.0 2.0
6 Electronic instruments 45.0 15.0 15.0 15.0
6 Annual contribution to "A2" -collaboration 24.0 8.0 8.0 8.0
7 Travel expenses 124.5 41.5 41.5 41.5

inclusive
a) to nonruble zone countries 108.0 36.0 36.0 36.0
b) to ruble zone countries 12.0 4.0 4.0 4.0
c) visits to JINR 4.5 1.5 1.5 1.5

Total immediate expenses 285.0 99.0 93.0 93.0

Table 5:

Leaders of the Project A. Kovalik, Yu.A. Usov

Deputies of the Leaders Yu.A. Plis, Yu.N. Uzikov

Director of the Laboratory V.A Bednyakov

Assistant director on finance G. A. Usova
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