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Abstract—A system of four magnets is described, which is a part of the SPASCHARM experimental setup at
the U-70 accelerator complex for the study of spin effects in hadron interactions. A unique magnet with a field
of 2.4 T and a field uniformity at the level of 10–4 in a working volume of 60 cm3 is used to pump and retain
polarization in a polarized proton frozen target. A special wide-aperture magnet is the central part of the spec-
trometer of the setup based on drift tubes. For precision guidance of the beam to the center of the target, two
small correcting magnets developed by the Efremov Research Institute of Electrophysical Equipment were
manufactured and introduced into the setup.
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INTRODUCTION

The SPASCHARM polarization experiment [1] is
being carried out at the U-70 accelerator complex in
Protvino to study the spin structure of the nucleon and
the spin dependence of the strong interaction at U-70
energies. The SPASCHARM experimental setup on a
secondary beam of negative particles with a momen-
tum of ~26.5 GeV/c is shown in Fig. 1.

The complex of the polarized proton target of the
SPASCHARM experiment includes a Dinozavr mag-
net with a high field uniformity in the working volume
of the target of 60 cm3. It ensures the operation of the
polarized target, which is a critically important subsys-
tem of the SPASCHARM experiment.

The front universal wide-aperture spectrometer is
intended to simultaneously detect all secondary parti-
cles in the forward hemisphere of interactions

Fig. 1. The layout of the SPASCHARM setup on channel no. 14 of the U-70 accelerator complex. S1, S2, S3, beam scintillation
counters; KM1, KM2, corrective magnets of the SP-140 type; H12, beam hodoscopes X and Y; HD, precision beam hodoscopes
X and Y; C3, third threshold Cherenkov counter (the first two, C1 and C2, are not shown in the figure, they are far to the left);
H2, beam hodoscope; RT, polarized target ZPPM-200M; Target Magnet, Dinozavr magnet of the polarized target; PWC1-3,
block of proportional chambers; DTS0-1, small drift chambers; Spectrometer Magnet, SPASCHARM wide-aperture magnet;
DTS3, DTS4-5, large drift chambers; BK, beam counter; ECAL, electromagnetic calorimeter ChSPP-720 based on TF1-000
lead glasses.
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(according to the Feynman variable xF > 0.3) up to
transverse momenta of 2 GeV/c. Hence, it follows that
the angular acceptance of the experimental setup for a
beam with a momentum of 26.5 GeV/c should be on
the order of ±110 mrad. In this case, the spectrometer
implements a complete geometry in the azimuthal
angle, which allows measuring spin asymmetries with
extremely low systematic errors. Measurement and
intercomparison of polarization effects for a large set
of different reactions in a wide kinematic range is fun-
damentally important for revealing the role of spin in
the most difficult to understand nonperturbative
region of strong interactions. The SPASCHARM
spectrometric magnet is the central part of the front
wide-aperture spectrometer.

For accurate guidance of the beam at the center of
the target, the setup includes two corrective magnets
designed from the blueprints of the Efremov Research
Institute of Electrophysical Equipment; these mag-
nets are used in the particle channels of the U-70
accelerator complex [2]. The four magnets of the
SPASCHARM experiment are thoroughly described
in this paper.

1. THE COMPACT DINOZAVR 
ELECTROMAGNET FOR A “FROZEN” 

POLARIZED PROTON TARGET

The polarization in the ZPPM-200M target is
obtained (“pumped”) in the magnetic field transverse
to the beam of the Dinozavr electromagnet with warm
windings [3]. It is a further development of the original
project of the Dzhin magnet [4], which for many years
provided the operation of a polarized target in the
PROZA [5] and PROZA-M [6] experiments. The
general appearance of the Dinozavr magnet is shown
in Fig. 2.

The ZPPM-200M target is placed in the center of
the magnet’s working gap. The field in the gap is
formed by poles of permendur 49KF with a width of
164 mm, a length of 1000 mm, and a thickness of 80
mm. The field f lux is closed through magnetic circuits
made of steel grade St.3.

Proton polarization pumping is based on the effect
of excitation of electron paramagnetic resonance
(EPR) with polarization of atomic electrons in the
magnetic field and subsequent transfer of polarization
to protons through a chain of atomic transitions [5].

The resonant frequency of the EPR depends on the
induction of the magnetic field. The microwave gener-
ator we have at our disposal covers the frequency range
from 66.17 to 67.17 GHz. For EPR, this corresponds to
an induction from 2.365 to 2.401 T, which is necessary
for successful pumping of the proton polarization in
the target. On this basis, the working field of the Dino-
zavr magnet in the polarization pumping mode was
chosen to be 2.4 T.

The upper and lower magnetic circuits, together
with the poles, can be symmetrically pulled together or
apart using a power movement system, which consists
of a 5 kW electric motor, a two-stage worm gear, and a
chain drive. The total transmission coefficient of the
power system is 700. The load-bearing power struc-
tures consist of two steel plates 50-mm thick fastened
with four racks.

In a pulled-together state, with a gap height
between the poles of 75 mm and a rated magnet supply
current of 1440 A, the field reaches 2.4 T in its central
part. In this mode, the proton polarization is pumped
for 4–6 h in the target cooled to a temperature of
approximately 0.2–0.3 K. Further, after the target is
cooled by another order of magnitude (to ~0.03 K),
the procedure for spreading the poles apart to 250 mm
begins, opening the magnet aperture for secondary
particles emitted from the target within ±300 mrad
horizontally and ±250 mrad vertically. At the begin-
ning of the pole-spreading procedure, the field in the
working gap is reduced to 0.65 T, so as not to deal with
the full force of attraction between the two halves of
the magnet (which is approximately 40–50 tons at
2.4 T) and thereby not damage the spreading mecha-
nism. Further, the upper and lower halves of the mag-
net are pulled apart in several steps with a simultane-
ous gradual increase of the supply current so that the
magnetic induction in the target zone never drops
below ~0.4 T. Upon completion of this separation
phase, which takes 10–15 min, the magnet supply cur-
rent again reaches its rated value of 1440 A and the
field in the target zone is ~0.4 T. The polarization of
the target is maintained in this field for the time of col-
lecting statistics on the beam (1–2 days).

For successful pumping of proton polarization over
the entire working volume of the target, it is necessary
that the inhomogeneity of the magnetic field inside
this volume does not exceed the natural width of the
absorption line of the nuclear magnetic resonance sig-
nal in an ideally uniform field. This width depends on
the dipole–dipole interaction of protons in the target
material the structure of this material [7]. In pentanol
C5H12O with the addition of the TEMPO radical,
which is currently used as a working substance, the rel-
ative absorption line width (RMS) in a field of 2.4 T is
approximately ~1.65 × 10–4. It is a complicated task to
build a warm magnet with ferromagnetic poles that
provides such a high field uniformity at its magnitude
close to saturation of the poles. At the design stage of
the magnet, numerous calculations were carried out
[8] in order to optimize its parameters.

A design with two main and two forming windings
was chosen. Two main coils are built into the magnetic
circuits; each coil consists of 5 sections (5 × 8 turns);
these are made of a 8 × 8 mm2 copper tube with an
inner diameter of 4.5 mm for demineralized water. The
forming windings, which partially fill the interpolar
space and leave a free aperture 80 mm wide, consist of
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three sections (3 × 5 turns). The total number of turns
in the winding is 110. Electrically, all sections are con-
nected in series, and water-wise, in parallel. To form a
field with good uniformity, it was also necessary to
place triangular steel shims in the corners of the aper-
ture along the entire length of the poles; the shims
were glued to the poles with epoxy resin.

As a result, in the central part of the magnet in a
cylinder with a diameter of 20 mm and a length of 200
mm, a uniform field was obtained with an induction of
2.4 T, the highest relative minimum-to-maximum
variation of 13 × 10–4 and a standard deviation from a
constant volume of 4.3 × 10–4. The topography of the
relative deviations of the resulting field on the target’s
surface from its average value over the volume, 〈B〉, is
illustrated in Fig. 3 on the left.

However, such deviations from homogeneity were
still too large for work with a polarized target. The rea-
son for this is not only the final accuracy of the
mechanical manufacture of magnet parts and their
assembly. The uncertainty in the magnetic character-
istics of the ferromagnetic materials and their variation
from sample to sample and even within the same
structural element is a serious problem in saturation
mode. In order to improve the quality of the field,
additional shimming in the magnet aperture was
undertaken. As a result, the field pattern noticeably
improved, which is shown in Fig. 3 on the right. The
maximum relative variation in this field is ~±4 × 10–4

and the standard deviation from the constant in vol-
ume is ~±1.3 × 10–4, which fits rather well into the
allowable inhomogeneity ~±1.65 × 10–4 (see above).
The evidence of the successful shimming is that a sta-

Fig. 2. The general form of the Dinozavr magnet with the veto system in the working position and working communications at
the SPASCHARM setup on channel no. 14 of the U-70 accelerator complex.
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ble polarization of protons in the pentanol target up to
75% was obtained in such a field and a session on col-
lecting statistics on the beam was successfully carried
out at this polarization.

In conclusion, we list some technical characteris-
tics of the Dinozavr magnet that were not mentioned
in the text:

• The electrical voltage on the winding at a rated
current of 1440 A is 207 V.

• The magnet cooling system is designed for
demineralized water at a pressure drop of 20 atm. The
inlet water temperature should not exceed 30°С. The
total water consumption under these conditions is 8
m3/h.

The electromagnet is powered using a 28TP2 thy-
ristor power supply (Urate = 215 V, Irate = 1500 A). The
thyristor converter is based on the 3-phase Larionov
symmetrical bridge circuit. A passive L-shaped LC fil-
ter is used to suppress rectified voltage pulsations.

Considering the specific nature of the disturbances
acting on the system, which can be arbitrarily divided
into high-frequency oscillations of the supply network
and low-frequency oscillations, including heating of
the load, a double-circuit structure of the thyristor
converter control system was chosen. This is ensured
by its division into a fast-acting voltage stabilization
circuit and a slow-acting current circuit, which allows
a high degree of stabilization to be obtained with a rel-
atively simple correction.

The mode of polarization pumping in the target has
severe restrictions on the field f luctuations (no more
than ~±1.5 × 10–4), which is the same as the require-
ments for field uniformity. The permissible value of
the field pulsations in all modes is also limited by the
thermal load from eddy currents on the dissolution
chamber in the refrigerator. At operating temperatures
of 30 mK, it should not exceed 100 mW. Estimates
show that at a frequency of 300 Hz, which is the main
frequency in the spectrum of 6-pulse thyristor con-
verters, this corresponds to a limit on the field pulsa-

tion amplitude of no more than 0.25 mT in the polar-
ization retaining mode.

Figure 4 shows the dependence of the induction
B(I) on the supply current I at the center of the work-
ing region of the Dinozavr magnet with a closed yoke.

2. A WIDE-APERTURE SPECTROMETRIC 
MAGNET OF SPASCHARM

For momentum analysis of charged particles the
SPASCHARM experiment uses a large magnet (see
Fig. 5) with an aperture of X × Y = 2.3 × 1 m2, which
ensures the detection of secondary particles by the sys-
tem of all track detectors in the angular range up to
~±110 mrad vertically and, potentially, up to ~±240
mrad horizontally; this reliably exceeds the require-
ments for the angular acceptance of the spectrometer
with regard to the goals of the physical program of the
experiment.

This magnet, which was originally C-shaped, with
a magnetic field of 1 T at a vertical gap of 1 m, was con-
structed in the mid-1980s for the NEPTUNE experi-
ment [9] at the UNK collider [10]. To work as part of
the SPASCHARM experiment, the magnet was sig-
nificantly modernized, namely, the yoke was modified
to a W-shape using 30% of the previous yoke, changes
were made to the magnet winding, and new screens
were made to protect the track detectors from the scat-
tered magnetic field. To optimize the geometry,
including the location of the protective screens, the
choice of optimal power supply modes for the magnet,
etc., detailed numerical calculations of the magnetic
field were carried out for a large number of options.
Precision measurements of the field topography in the
working aperture of the magnet with an accuracy of
~(0.1–0.3)% were also made.

A predominantly vertical magnetic field is formed
in the aperture of the SPASCHARM spectrometric
magnet by two steel poles with dimensions X × Z =
800 × 1000 mm2. The magnetic f lux is closed through

Fig. 3. The relative variations in the magnetic field on the surface of a cylinder with a 20 mm diameter and 200 mm length. Left:
before extra shimming; right: after shimming.
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two symmetrical branches of the steel yoke with a
cross section of 850 × 1000 mm2 each. The winding of
the magnet consists of two sections: upper and lower,
each with 256 turns. In the present configuration, the
sections are connected to the power supply in parallel.
The magnet has the following operating parameters:

• The operating current is 2000 A/turn;
• The conductor is a copper tube with a square sec-

tion of 16.5 × 16.5 mm2 and an internal hole with a
diameter of 10 mm for cooling water;

• The resistance of one winding section is
0.105 Ohm;

• The restriction on the specific resistance of the
cooling water is no less than 10 000 Ohm cm;

• The cooling water pressure drop across the wind-
ing is 20 atm;

• The magnet weight is 150 tons.
The magnet is powered by a generator 1GP-550-

750 (Urate = 150 V, Irate = 3670 A) of a 10AP electric
machine converter unit. The stabilization of the cur-
rent through the load is carried out by a current feed-
back circuit acting on the control system of a low-
power thyristor converter of the generator excitation
(Uexcit.max = 250 V, Iexcit.max = 13.2 A).

The calculated dependence of the field induction
in the center of the magnet versus the supply current is
shown in Fig. 6.

Currently, due to power supply limitations, the
magnet is operated at a reduced current of 1 kA/turn.
To remove the heat generated during the operation of
the magnet, demineralized cold water is pumped
through the winding with an inlet temperature no
higher than 30°C under a pressure of 11 atm. The water

temperature at the outlet of the magnet usually does
not exceed 50°C.

The magnet is positioned so that its center is 3.26 m
down the beam from the center of the polarized target.
In this case, approximately 1.5 m remains for placing
track detectors between two magnets in the region of a
weakened magnetic field. A 100-mm-thick steel
screen with a window X × Y = 2.3 × 0.7 m2 is placed at
a distance of ~0.85 m up the beam from the center of
the magnet to protect the track detectors from the
scattered magnetic field. For the same purpose, a dou-
ble screen of two iron sheets, which are 50-mm thick
each, with a much larger window, X × Y = 2.3 ×
1.5 m2, was installed down the beam at a distance of
~1.7 m from the center of the magnet.

The magnetic field in a magnet with this geometry
is obviously far from uniform, as illustrated by some of
the distributions in Fig. 7.

To use the magnet for charged particle tracking,
detailed measurements of the field topography were
carried out by a system of Hall sensors [11] in a volume
with dimensions X × Y × Z = 1.24 × 0.84 × 1.96 m3.
All three field components were measured at 34 496
points on the grid with a step of 4 cm for each of the
coordinates. The Hall sensors were calibrated in the
induction range of ±0.8 T using an NMR magnetom-
eter [12] with an accuracy of ~(0.4–0.6) mT. During
the field topography measurements, the full cycle of
which took ~10 h, the “floating” of the supply current
and the field in the magnet did not exceed ±0.01%.
Variations were monitored by a current monitor and
two NMR sensors fixed on the poles.

The measurements covered a significant part of the
working volume of the magnet, but, unfortunately, not

Fig. 4. The induction B(I) in the center of the Dinozavr magnet as a function of the supply current with a closed yoke.
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the entire volume. Due to the specific design features
of the magnet and the limitations of the system for
moving the Hall sensors [11], it was not possible to

make measurements at distances more than 0.4 m
from the center of the magnet up the beam, as well as
near the aperture boundaries. For this reason, the

Fig. 5. The general view of the W-shaped yoke of the SPASCHARM magnet.
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analysis of data for tracing charged particles in a mag-
net currently uses the calculated field pattern com-
pared against magnetic measurements. The root mean
square deviation (RMS) of the calculations and mea-
surements for all 101 920 measured values of all three
field components was found to be ±1.9 mT, which is
±0.35% of the field at the center of the magnet.

The positioning error of the sensors near the edges
and corners of the poles, where the induction gradi-
ents are very large and reach ~5 mT/mm, significantly
contribute to the deviations over the entire volume. If
we limit ourselves to the region far from the magnet
poles (|Y| < 30 cm), here RMS = ±0.95 mT = ±0.18%
from the field at the center of the magnet. In the abso-
lute normalization, on average over the volume, the
calculated and measured magnetic inductions nearly
coincide: the difference is ~0.13% with the error of the
comparison procedure estimated at ±0.15%.

Some illustrations for the comparison of calcula-
tions and measurements are presented in Fig. 8 in
terms of field integrals along the Z axis. The figure
shows only two transverse components that make a
dominant contribution to the deflection of charged
particles f lying at small angles to the Z axis in the mag-
net. In the root-mean-square deviations from zero for
the entire XY plane, there is agreement within ~±0.3%

for the integral of BX and ~±0.18% for the integral of
BY. Far from the poles (at |Y| < 30 cm), the agreement
is no worse than ~±0.14% for both components.

The measured induction at the center of the mag-
net is 0.5398 ± 0.0004 T, and the field integral along
the magnet axis is 0.703 ± 0.001 T m. Hence, the
effective length is ~1.3 m. The scattered field reaches
approximately 15–17 mT in the zone of the nearest
track detector up the beam and 0.2 mT in the zone of
the nearest detector down the beam.

3. THE KM1 AND KM2 CORRECTING BEAM 
MAGNETS

The SP-140 Electromagnet correctors were designed
at the Efremov Research Institute of Electrophysical
Equipment in 1968 (blueprint no. OA502738). In accor-
dance with this blueprint, two identical magnets were
manufactured under production conditions at the
Institute for High Energy Physics for the SPAS-
CHARM setup (see Fig. 9) for precision guidance of
the beam to the center of the polarized target.

The magnet dimensions are 662 × 630 × 310 mm3;
their weight is 380 kgf. At a working magnet current of
9 A in its working aperture with a height of 100 mm
and width of 200 mm, the magnetic field reaches 0.1 T.

Fig. 7. Some distributions of the field in the aperture of the magnet in planes passing through its center. Five out of the 6 distri-
butions are taken from measurements, and the sixth in the bottom right corner is the result of numerical simulation [1] using the
ANSYS program.
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The aperture dimensions were chosen so that the
beam completely fits it in the zone where the corrector
magnets were placed. The length of the magnet along
the iron poles is 500 mm. By varying the excitation
current of the windings, it is possible to aim the center
of the particle beam at the center of the polarized tar-
get ZPPM-200M with an accuracy no worse than 0.3
mm. The beam size (full width at half height) in the
target with a diameter of 20 mm is 7 mm.

The winding of the SP-140 magnet consists of four
coils connected in series. The number of turns in the
winding is 2240, the average length of a turn is 1.3 m,
the conductor is a PSD wire. The winding resistance
at 15°C is 8.4 Ohm, the inductance of the electromag-
net assembly is 4.4 H, the winding is cooled by natural
air, the maximum overheating of the winding copper is
65°C.

Figures 10 and 11 show some results of measuring
the magnetic field of the SP-140 magnet using a Hall
sensor. It can be seen that the field is linear in current
up to 12.5 A and uniform in length up to 200 mm from
the center of the magnet.

Currently, rectifiers of the VU-110/24A type are
used as power sources for the magnets; at a network
voltage of 220/380 V they produce a rectified voltage
of 110 V and a current of 24 A at the output. The weight
of the rectifier is 60 kg.

CONCLUSIONS

The electromagnets of the SPASCHARM experi-
ment presented in this paper are an organic part of the
physical setup and perform the following functions:

• A dinozavr magnet with an induction of 2.4 T at
a magnetic field uniformity of ~±0.013% in the work-
ing volume of the target of 60 cm3 provides the proton
polarization pumping up to 75%, followed by sustain-
ing the polarization for 1–2 days;

• The wide-aperture SPASCHARM magnet pro-
vides simultaneous measurement of momenta with an
accuracy potentially up to ~±(0.1–0.3)% for all
charged secondary particles in the forward hemi-
sphere of interactions (in the Feynman variable xF >
0.3) up to transverse momenta of 2 GeV/c with uniter-
rupted 2π coverage over the azimuth angle within the

Fig. 8. An illustration of the degree of agreement between the calculations [1] and measurements in integrals along the Z axis (par-
allel to the beam) with respect to the transverse field components BX and BY. Top row: calculated distributions of integrals in the
transverse X–Y plane for the full working volume of the magnet. Bottom row: relative differences between the calculated and mea-
sured integrals normalized to the integrals of the principal component BY for the part of the working volume where the measure-
ments were made. Notation: ΔB(X, Y, Z) = Bcalc(X, Y, Z) – Bmeas(X, Y, Z). In the bottom row, the numbers in the stat-boxes cor-
respond to the fitting by a constant with unit errors of 2D distributions in the band |Y| < 30 cm.
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acceptance of the setup, which minimizes systematic
errors in measurements of spin effects;

• Precise guidance of the particle beam in the
channel to the center of the polarized target is per-
formed by the KM1 and KM2 corrective magnets.

During a number of sessions of work on the beam,
the magnets described here showed good reliability of
operation and stability of parameters. They are intended
to be used in the program of the SPASCHARM experi-
ment at the U-70 accelerator complex for the next decade.

Fig. 9. The general form of the location of the KM1 and KM2 corrective magnets on channel no. 14 of U-70.

Fig. 10. The induction By(I) in the center of the SP-140
magnet as a function of the supply current I.
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Fig. 11. The induction By(I) at the center of the SP-140
magnet along the central axis.
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