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Abstract—In order to achieve the design luminosity in the NICA collider, the rings are planned to be
equipped with stochastic and electron cooling. The 2.5 MeV electron cooling system consists of two coolers
that cool both ion beams simultaneously. This report deals with the design of the electron cooler and the
results of testing of its magnetic elements at the Budker Institute of Nuclear Physics, Siberian Branch, Rus-

sian Academy of Sciences (BINP SB RAS).
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INTRODUCTION

To date, QCD has been well studied at high ener-
gies. However, experimental data in the low and
medium energy region, which are important for
understanding the internal structure and dynamics of
hadrons, are insufficient; therefore, the precision
spectroscopy of these energy ranges is an urgent task.
The desire to be able to experiment with high-quality
beams with average energy gave impetus to the devel-
opment of NICA (Russia), FAIR (Germany), and
HIAF (China). The implementation of physical
experiments in the energy range up to 4.5 GeV/n
requires the use of various types of cooling (electronic
and stochastic) in order to improve the quality of
charged particle beams. To do this, the NICA complex
will be equipped with two cooling systems: stochastic
and electron. The electron cooling system (ECS) should
provide an electron beam with an electron energy of up
to 2.5 MeV and a direct current of up to 1 A.

1. ECS DESIGN

The electron cooling system for the NICA collider
consists of two practically independent electron cool-
ing systems (Fig. 1). The closest analogue of the NICA
ECS in terms of design and underlying physical prin-
ciples is the electron cooling for the COSY storage ring
for energies up to 2 MeV [1]. The entire high-voltage
system of each NICA cooler is located in a separate
tank with SF¢ gas under pressure up to 8 atm. The
electron beam is generated in the gun located in the

tank and accelerated in the electrostatic tube to the
required energy. The beam enters the cooling section
through the transport channel, where it interacts with
ions. Then, through another transport channel, the
beam returns to the tank, where it slows down in the
second electrostatic tube and is absorbed on the walls
of the electron collector. All the way from the gun to
the collector, the electrons move in a longitudinal
magnetic field to provide transverse focusing. In
medium and low-energy electron cooling systems a
strong longitudinal magnetic field is used, the electron
trajectories are tied to the force lines, and one can
speak that motion is “magnetized,” when a large value
of the transverse momentum of particles has little
effect on their trajectories. With an increase in the
electron energy, the situation changes significantly, so
any inhomogeneity of the longitudinal magnetic field
introduces a perturbation of the electron beam trajec-
tory, leading to the excitation of the Larmor rotation,
which can reduce the cooling rate. Despite the avail-
ability of special correctors to compensate for it, the
need to obtain the primary optics of the electron
beam leading to the minimum Larmor rotation
remains critical.

For the most efficient use of the place allocated for
the NICA collider ECS, the cooling sections of both
coolers are located one above the other and have the
same length. Electron beams in them, like ion beams,
will move in opposite directions.

Figure 2 shows examples of the implementation of
the main magnetic elements for transporting an elec-
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Fig. 1. Three-dimensional model of the ECS of the NICA
collider: (/) high-voltage system tank, (2) cooling section,
(3) transport channels.

tron beam. Particularly difficult conditions are
imposed on the region where the ion and proton
beams coincide. Here it is necessary to provide such a
profile of the change in the longitudinal magnetic field
with ~2 kG in the cooling section (Fig. 2 on the left, 7)
up to ~1 kG in the toroidal section (Fig. 2 on the left,
3), which would minimally perturb the transverse
motion of electrons. For this, a matching section is
used (Fig. 2 on the left, 2), where the longitudinal
position of the coils is selected based on the results of
magnetic modeling. The coils of the toroidal section
are of different sizes to ensure the alignment of the ion
and electron beam transport channels.
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The transition between the straight section of the
transport channel (Fig. 2 on the left, 5) and the toroi-
dal section was also made using a specialized insert
section (Fig. 2 on the left, 4). Despite the fact that here
the value of the longitudinal magnetic field is the
same, the coils of the insert section have a minimum
length. Then, due to their shift in the longitudinal
direction, it is possible to provide a place for the tech-
nological assembly of the vacuum chamber, place-
ment of pickup wire leads, and short corrector coils to
reduce the cyclotron rotation of the electron beam.
The value of the longitudinal field was chosen to
implement magnetized cooling and electron beam
optics. At the same time, a reasonable compromise is
required between energy consumption and the
achievable value of the magnetic field; therefore, the
value of the magnetic field in the transport channels
is reduced compared to the cooling section in order
to achieve an energy consumption of the system of
500—700 kW [2].

2. MAGNETIC MEASUREMENT SYSTEM

To compare the results of calculations of magnetic
fields using the specialized MAG3D program and the
results of measurements, a set of elementary guides
was used consisting of straight segments of various
lengths and a turn of 90° with a radius of 100 cm. With
their help, it is possible to measure almost any set of
magnetic elements (see Fig. 3). In this case, it is pref-
erable to measure as part of a triad, when two adja-
cent elements are attached to the main element for a
more correct measurement of the edge effects of the
magnetic field. Figure 4 shows a photograph of a sys-
tem of magnetic elements for measuring a bending
magnet.

To move the magnetic field sensor, a flexible
toothed one-sided Elatech polyurethane belt (type M

Fig. 2. Three-dimensional model of the ion and proton beam superposition area in the ECS of the NICA collider (left): (/) cool-
ing section, (2) matching section, (3) toroidal section, (4) insert section, (5) straight section of the transport channel, and (6) vac-
uum chamber. 3D model of a swing magnet (right): (/) bending (vertical) field coil, (2) longitudinal field coil, (3) vacuum cham-
ber, and (4) terminals of longitudinal field coils.
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Fig. 3. 3D model of a magnetic measurement system in a bending magnet in combination with adjacent elements (left) and the
maximum possible set of magnetic elements for measurement as part of a single design (right).

Fig. 4. System of magnetic measurements in a bending magnet.

(open) with an aramid cord) was used: profile T5
(pitch 5 mm) and width of 10 mm.

The magnetic field sensor holder was mounted on
a movable carriage that could move along the mag-
netic elements. The position of the carriage along the
rails was used as the longitudinal coordinate.

2. 1. Three-Axis Magnetic Field Sensor

Electron cooling systems have high requirements
for the transverse components of the solenoidal mag-
netic field. For the high-quality cooling of ion beams,
it is necessary to have transverse components in the
cooling section (B,, B,) at level 1073 relative to the lon-
gitudinal component of the magnetic field B, [3, 4].
Since the longitudinal field of the cooling section has
the value ~2 kG; then the order of magnitude of the
transverse components to be measured is from 0.01 to
0.1 G. To determine the components of such a small
value, the Budker Institute of Nuclear Physics, Sibe-
rian Branch, Russian Academy of Sciences (BINP SB
RAS), developed the Compass system [4]. This system

PHYSICS OF PARTICLES AND NUCLEI LETTERS

uses a 4-quadrant photodiode to measure the deflec-
tion of a laser beam reflected from a mirror sensitive to
transverse field components. However, such supersen-
sitive systems are of little use for magnetic fields on the
order of 10 gauss. Therefore, to measure the parame-
ters of the transverse components of the magnetic
fields in the cooling section and in the transport chan-
nels, “rough” measurements with Hall sensors in the
range of 0.1—10 G are also required.

To this end, the BINP has been using for many
years a system consisting of the following electronic
modules installed in the VME crate: BIVME-1 con-
troller, VME RS-232 interface, VM EHSI analog Hall
sensor interface with a 32-channel multiplexer and
amplifier, and a precision ADC VMEADC [5]. To
move the carriage with a step of 0.5—10 mm along the
magnetic device, a stepper motor is used, controlled
via the RS-232 interface. The coordinate of the car-
riage in the magnetic device is determined by the
number of steps taken. After the end of the measure-
ment, the carriage with the sensor in continuous mode
returns back 10 mm further than the starting position,
Vol. 20
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Fig. 5. Calibration cube with “sensor + board + carrier” kit installed without a communication cable between the board and the
measuring electronics. On the right is a diagram for determining the angles characterizing the nonorthogonality of the Hall sensors.

after which it moves forward by the same 10 mm, com-
pensating for the mechanical hysteresis of the move-
ment. As a result, it is possible to achieve a repeatabil-
ity of passages at the level of 250—80 pm. The ampli-
fied Hall sensor signals from the analog interface are
transmitted to a 24-bit ADC capable of measuring
with a resolution of 0.1 gauss (determined mainly by
the system’s own noise) and an accuracy no worse
than 2 x 1073 from the full measuring range (which is
determined by the temperature stability of the elec-
tronics).

The Metrolab MV2 chip was used as a 3D (three-
coordinate) Hall sensor. The sensor itself is made
using integrated technology and, in addition to the
Hall converter, also contains a stabilized power supply
and a programmable amplifier that allows it to operate
in several ranges of magnetic fields. The nominal sen-
sitivity of the sensor in the range of interest to us
(£3 kG) is 0.7 mV/G for the Zaxis and 0.65 mV/G for
the X and Y axes with a linearity of 0.2% of the scale
and a stability of about 250 ppm/K [6]. However, it
should be noted that the manufacturer of the 3D sen-
sor does not specify the orthogonality of its magnetic
axes.

The measurement of sensitivity and nonorthogo-
nality was carried out using a “calibration cube” made
of nonmagnetic aluminum alloy with three orthogonal
faces with a deviation of no more than 10 um on a base
of 50 mm. On one of'the faces of the cube, a board car-
rier was mounted in the form of a corner, on which a
board with a 3D sensor was installed (Fig. 5). Subse-
quently, the corner with the board was fixed in the car-
riage. Installing the carrier on the calibration cube
made it possible to measure the complete nonorthog-
onality of the “sensor + board + carrier” combination,
abandoning intermediate separate measurements.

During calibration, this assembly was placed in a
dipole magnet with a uniform magnetic field, the
value of which was determined using a precision NMR
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magnetometer with a measurement error of about
2 ppm [7]. The calibration assembly was installed on
one of the planes of the cube at the pole of the magnet,
the field in which is perpendicular to the pole and,
accordingly, to the plane of the calibration cube. To
determine the sensitivity and nonorthogonality, the
field was measured at 18 points in the range of £3 kG.
Next, the cube was alternately placed on two other
planes, and the procedure was repeated.

Determining the intrinsic nonorthogonality of the
axes of the three-dimensional sensor MV2 can be
reduced either to solving three two-dimensional prob-
lems (Fig. 5) or to constructing a transformation
matrix that diagonalizes the experimentally measured
values to orthogonal axes chosen as a basis. For the XY
plane, the angles were B = 0.008 rad, y = 0.006 rad.
When measuring the fields of cooling solenoids and
transport channels of the NICA ECS, a large longitu-
dinal field component can have a great influence B, to
small values of the transverse components of the mag-
netic field (B, and B,); therefore, to analyze the
results, it is necessary to know the angle v for the coor-
dinate systems ZX (0.025 rad.) and ZY (0.007 rad.).

2.2. Results of Measurements of the Longitudinal Field
with a Three-Component Sensor

The results of measurements of the longitudinal
field for several bending magnets are shown in
Figs. 6, 7. In our measurements, the X direction of the
sensor was oriented along the vertical direction of the
rotary magnet and Y was oriented along the radial
direction. The longitudinal direction corresponded to
the Z axis of the three-component sensor. It can be
seen that, for a longitudinal field of 1 kG (see Fig. 6),
the vertical component in the magnet is B, = 20 G and
radial is B, = 40 G (see Fig. 7). The radial component
can be explained by the displacement of the center of
the magnetic field sensor relative to the wheels of the

No.4 2023
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Fig. 6. Longitudinal magnetic field in a bending magnet at
current Jg.ng = 195 A.

carriage, which ensure the movement of the sensor
along the guides (Fig. 8). The field sensor goes almost
above the frontmost wheels of the cart, so it describes
the trajectory with good accuracy: line—arc—line, but
at the same time on the arc it turns out to be inclined
in the radial-longitudinal plane by an angle of
0.04 rad. The vertical component of the magnetic field
appears due to the nonorthogonality of the corre-
sponding Hall sensors (see Section 2.1).

After eliminating the above connection between
the magnetic field components, it became possible to
compare the magnetic field components with the sim-
ulation results. Figure 9 shows the experimental and
calculated value of the radial and vertical magnetic
fields, as well as the difference between the experiment
and calculations for the longitudinal component. A
fairly good agreement between them is seen. At the
same time, in this design, the geometry of the mag-
netic circuit is not a determining factor for the forma-
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tion of a magnetic field. Uncertainties associated with
the switching wire leads and the position of the copper
conductors relative to the measuring planes and the
outer frame of the coils of the longitudinal field are
possible.

2.3. Spatial Sensor Based on 12 Hall Sensors

The measurements described in point 2.2 allow
measuring the distribution of the magnetic field only
along the center line of the bending magnet. For mag-
netic measurements in a certain area near it, a cali-
brated set of 12 Hall sensors was used. They were
placed on a special cross-shaped holder in such a way
that three components of the magnetic field were
measured and each component was measured at four
points around the center line of the solenoid. Figure 10
shows the design of the cross holder together with the
carriage. The distance between points 1—-2 and 3—4 is
30 mm. The offset of the Hall sensors within one spa-
tial point is 5 mm. Using a linear approximation, all
values were recalculated to a transverse position of
15 mm relative to the center of the cruciform holder
and to one longitudinal position. To reduce the influ-
ence of the angles between the sensors arising from
inaccuracies in the manufacture of faces and errors
when gluing the Hall sensors to them, a calibration
procedure was carried out in a magnet according to the
same procedure as for a 3-component sensor. Thus, a
matrix of transformations of the measured values of
the magnetic field to three fixed orthogonal projec-
tions was obtained.

2.4. Results of Measurements of the Bending Field
near the Axis of the Bending Magnet

The results of measurements at a current in the coil
of the bending field Ji,., = 270 A are shown in Figs. 11
and 12. It can be seen that the measured values are in
good agreement with the simulation results and look

B,.G

50 100 150 200 250 300 cm

50 100 150 200 250 300 cm

Fig. 7. Transverse components of the magnetic field in a bending magnet at current Jg,.,q = 195 A. The current in the vertical

field coil is zero.
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Fig. 8. Sketch explaining the appearance of an angle
between the longitudinal and radial components of the
magnetic field caused by the noncentral location of the
Hall sensor. (I) Magnetic field sensor together with
the board, (2) carriage for moving the sensor, and
(3) curved guide.
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Fig. 9. Comparison of experimental (red curve) and calcu-
lated data (blue curve) when a longitudinal magnetic field
of 1 kG is turned on in bending magnets.

even more symmetrical and plausible in detail in the
edge regions. The latter is due to the complexity of
modeling complex coils in the selected software pack-
age. At the edge of the magnet, one can clearly see the
longitudinal magnetic field that arises above and
below the plane of rotation due to the fulfillment of
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Fig. 10. Cross-shaped holder for Hall sensors together with
carriage. The numbers indicate the points of the cross at
which the magnetic field components are measured.

Maxwell’s equations (see Fig. 12). The symmetry of
these values allows us to judge how accurately we pass
through the magnetic center of our turn, as well as how
accurately it coincides with the center of the structure
of our turn obtained during the mechanical exhibition
of the measurement system. This must be controlled,
since the position of the magnetic circuit is weakly
related to the configuration of the magnetic field, and
everything is determined by the accuracy of the loca-
tion of the coils of the rotary and leading fields.

Spatial measurements of the vertical magnetic field
also make it possible to estimate its field index n,
which can be defined as

p=l(tB dB) o g
2\dv dr B,

where B, and B, are the radial and vertical components
of the magnetic field, R is the bending radius, and v is
the vertical coordinate. Here we have used the equality

dB, _dB,
dv dr

to increase the experimental accuracy of determining
this parameter.

Figure 13 shows that, over the entire length of the
magnet, coefficient b, = 0.5 g/cm, and n = 0.45, which
is close to the expected value » = 0.5 when designing
this element. The choice of this value is due to the

rot(B)=0 =
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Fig. 11. Vertical magnetic field in a 90° bending magnet. On the

left, a more detailed distribution is shown in the region where it

reaches a constant value. The solid curves are the experimentally measured values; the dotted lines are the simulation results.
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Fig. 12. Longitudinal magnetic field in a 90° bending magnet when the bending field is turned on. On the left, its more detailed
distribution is shown when entering (exiting) a bend. The solid curves are the experimentally measured values; the dotted lines

are the simulation results.
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Fig. 13. Radial gradient of the bending magnetic field. The
value of the bending field B, = 110 G, bending radius 100 cm.
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need to preserve the shape of the beam during its
transportation in a longitudinal magnetic field. Other-
wise, the beam will be stretched in the transverse
direction, acquiring an elliptical shape, which may
have a negative impact on its recuperation and on the
efficiency of the cooling process.

CONCLUSIONS

When implementing the electron cooling system of
the NICA accelerator complex, a detailed study of the
quality of the magnetic field in bending magnets was
carried out. The measurements were made both with
the help of a specialized three-coordinate magnetic
field sensor, which allows measuring three field com-
ponents at one point, and with the help of a set of mag-
netic field sensors in the vicinity of the central line. It
is shown that the measurement results are in good
Vol. 20
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agreement with the calculation results. For the bend- components of the solenoids’ magnetic field,” Instrum.
ing field, the measured field index of 0.45 was in good Exp. Tech. 48, 772—779 (2005).
agreement with the design value of 0.5. 4. V. N. Bocharov, M. 1. Bryzgunov, A. V. Bubley,
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