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1 INTRODUCTION 

The multipurpose detector (MPD) is a 4π spectrometer to be used for studying charged 
hadrons, electrons, and photons generated in heavy ion collisions at energies provided by the 
NICA collider of the Joint Institute for Nuclear Research (Dubna). Figure 1.1 shows the general 
3D view of the MPD with the inner detectors.  

A constituent part of the MPD is a superconducting solenoid magnet with a superconducting 
NbTi coil and a steel flux return yoke. All magnet interfaces, including those for inner detectors, 
are described in [1]. 

 

Fig. 1.1. 3D view of the MPD 
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2. MPD MAGNET  

2.1 PURPOSE 

The superconducting magnet of MPD is intended for providing a highly homogeneous magnetic 
field of 0.5 T in an aperture 4596 mm in diameter to ensure the transverse momentum 
resolution within the range of 0.1–3 GeV/c at NICA.  

2.2 TECHNICAL CHARACTERISTICS 

The main parameters of the MPD magnet are listed in Table 2.2.1. General view drawing 
3НМ1002.00.000ВО of the solenoid is given in [2]. Requirements to the radial magnetic field 
component of the MPD solenoid in the cylindrical volume of the Charged Particle Tracker (TPC) 
are listed in Table 2.2.2. The field inhomogeneity in the TPC region must be less than 10-3. 

According to the calculations, the integral of the radial component of the magnetic induction in 
the TPC region for the nominal dimensions of the magnet system is  

mm08.0=  dz
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z
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 and the inhomogeneity of the magnetic field is  
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However, the real inhomogeneity and the integral of the radial component appear to be 
greater due to the technological deviations in dimensions that arise during the manufacture 
and assembly of the magnet. Nevertheless, the calculations show that even with the deviations, 
the homogeneity remains better than 10-3 and the integral of the radial component is 
Int ≤ 0.775 mm. The influence of possible deviations from the nominal geometrical dimensions 
due to technological manufacture and mounting inaccuracy on the integral of the radial 
magnetic induction component is illustrated in Table 2.2.3. 

The main dimensions of the cryostat and the magnet yoke are listed in Table 2.2.4.  

Rated current of the magnet is 1790 A (it corresponds to a field in the aperture of 0.5 T). The 
maximum magnet field at which the specified value of the integral of the radial component of 
the induction in the area of TPC Int ≤ 0.775 mm is maintained, and which can be achieved with 
a maximum level of technological deviations from the optimized geometry of the magnetic 
system, is 0.54 T. Maximum level of deviation is accepted as the simultaneous shift of SC coil in 
the axial direction by 20mm, the symmetrical increase of the interpole distance of 
2 x 5 = 10 mm, the linear change of the current density along the SC coil by 2%, SC coil radial 
offset by 20 mm, and the radial offset of one of the poles 1 mm. These values were obtained by 
expert judgment based on analysis of current manufacturing technologies of the detector 
magnets. Restriction on the field adjustment at the maximum level of the technology deviations 
for the induction above 0.54 T is imposed by allowable value of the trim coil currents - 151 kA-
turns. The maximum field which can be achieved without any technological deviations from the 
optimized geometry is 0.64 T. This means that in the field interval 0.54 - 0.64 T the specified 
value of the integral of the radial component of induction can be achieved by reducing to zero 
the level of technological deviations. The maximum design current of the magnet is 2388 A, 
which corresponds to a field 0.66 T. Assuming that the maximum test current is equal to the 
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maximum design current and shall be 5% above the maximum operating current, we find that 
the maximum operating field of the magnet is 0.629 T. However, it is unlikely that the actual 
level of technological deviations would provide this field while maintaining a given value of the 
radial component of induction. The practical value of the maximum operating field will be 
clarified after the magnet test and measuring of the magnetic field distribution in the tracker 
area. 

The design life of the MPD magnet is 15 years. 

 

Table 2.2.1. Main characteristics of the MPD magnet 

Rated current, kA  1.79 

Rated induction, T 0.5  

Maximum design current, kA  2.4 

Maximum flux density in the coil at maximum design current, T 1.2 

Total current (ampere-turns) at the rated induction, MA 3.0 

Stored energy at the rated induction, MJ 14.6 

Stored energy at the maximum design current, MJ 25.4 

Bare SC cable cross section, mm2 4.1 х 20 

Insulated SC cable cross section, mm2 4.5 x 20.4 

Number of turns in the SC coil 1674 

Inductivity of the SC coil, H 8.7 

Inductivity of the trim coil, H 0.007 

Mutual inductivity of the SC coil and each of the trim coils, H 0.05 

Decentering axial force density dFz/dz, kN/cm 61 

Decentering radial force density dFr/dr, kN/cm 5.4 

Rated current density in the trim coil at the nominal induction 
B=0.5 T, А/мм2 

1.142 

Total current (ampere-turns) in the trim coil at the nominal 
induction B=0.5 T, kA 

104 

Maximum current density in the trim coil for compensation of 
technological deviation in dimensions, А/мм2 

1.507 

Number of turns in each of the trim coils 34 

Hollow aluminum cable cross section in the trim coil, mm2  42 x 42 
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Table 2.2.2. Requirements to the MPD magnetic field homogeneity in the TPC volume 
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0z , 

mmzmax 1700=    
dz

B

B
Int

z

r

max
z

z

=   
 

mmInt 0.775|<|   

mmrmm 1203<<403       

 Radial magnetic field 
component  

    

0�z , 

mmzmin 1700=    
 dz

B

B
Int

z

r

min
z

z

=   
 

mmInt 0.775|<|   

mmrmm 1203<<403       

Table 2.2.3. Characteristics of the MPD magnet with variation in geometrical dimensions  

Nature of deviation from 
nominal position 

Integral of the radial 
component Br/Bz [mm] 

Current density in 
the trim1/ trim2 
coils [А/mm2] 

None 0.08 1.142/1.142 

Complex axial deviation* 0.41=0.08+0.33 0.851/1.507 

Radial shift of SC coil by 
20 mm 

0.27=0.08+0.19 1.142/1.142 

Radial shift of a pole by 
1 mm 

0.21=0.08+0.13 1.142/1.142 

Total complex deviation 0.73=0.08+0.33+0.19+0.13 0.851/1.507 

* Simultaneous shift of the SC coil in the axial direction by 20 mm, symmetrical increase of the 

interpole distance by 2 x 5 =10 mm, and linear change in the current density along the SC 
coil by 2% 

Table 2.2.4. Main dimensions of the cryostat and the yoke  

Cryostat 

Inner diameter (warm hole), mm 4656 

Outer diameter, mm 5443 

Length, mm 7910 

Yoke 

Inscribed diameter, mm 5883 

Circumscribed diameter, mm 6583 

Interpole distance, mm 7390 

Length, mm 8970 
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2.3 COMPONENTS 

The MPD magnet consists of (Fig. 2.3.1) 

 A cryostat with a superconducting coil and a control Dewar 

 A flux return yoke with two support rings, 24 bars, and two poles with trim coils 

 Magnet support cradles 

 Auxiliary platforms for moving the poles 

 Stationary supports 

 Hydraulic actuators for displacement of the yoke and poles 

 Roller skates for movement of the magnet and its poles. 

In addition, there are power supplies for the superconducting coil and for the trim coils in the 
poles, a SC coil quenching protection system, a cryogenic system with the cryogenic pipeline, a 
vacuum system, helium refrigerator and a magnet control system. 

 

 

Fig. 2.3.1. MPD magnet 

  



9 

2.4 DESIGN AND OPERATION  
2.4.1 STRUCTURAL ARRANGEMENT  

The set of drawings of the main MPD magnet assemblies [2] contains assembly drawings of the 
main units of the magnet yoke and the cryostat with the superconducting coil.  

Structurally, the MPD magnet yoke is a cylindrical barrel-like structure, which consists of 24 
beams that return the magnetic flux of the coil, two support rings, two poles, and two support 
cradles that carry the total weight of the detector (Fig. 2.3.1, Fig. 2.4.1.1).  The MPD yoke 
design is similar to that of the STAR magnet [3]. Each yoke beam is rigidly connected to the 
support rings by eight studs with Superbolt® nuts (see Appendix 1). The support rings are made 
as single forged pieces.  Eleven lower yoke beams are welded to each other and to the support 
cradles during the final assembly of the magnet. In general, the adopted structural 
arrangement of the yoke guarantees high rigidity of the whole magnet and will ensure the 
required field homogeneity (integral of the radial magnetic induction component) in the TPC 
region after subsequent withdrawals of the poles and multiple movements of the magnet to 
the assembly site for updating or repair.  

The cryostat with the superconducting coil is placed inside the flux return yoke (Fig. 2.3.1). 
After alignment of the coil with the support rings, the cryostat is rigidly fixed inside the yoke 
barrel. 

The weight load of the inner detectors is transferred directly to the support rings and further to 
the support cradles. The weight of the cryostat, as well as the decentering magnetic forces 
caused by the coil installation uncertainty, is transferred to the yoke beams and further to the 
support rings.  

When being assembled and when installed in the accelerator, the magnet rests on ten 
stationary supports. Roller skates and rail tracks are used for moving it with the cryostat and 
inner detectors from the assembly site to the operating position. Ten hydraulic jacks in the 
stationary supports allow transferring the magnet from the stationary supports to the roller 
skates and back again. The yoke and the completely assembled magnet are moved along the 
rail track using two bidirectional hydraulic cylinders and removable stops.  

Two end caps installed within the support rings form a magnet poles. The magnet poles 
equipped with the trim coils are assembled and mounted on individual platforms with roller 
skates. Each platform with the magnet poles can be moved on its own rail track in the collider 
axis direction by two hydraulic cylinders (see section 2.4.8.2). The disc calorimeters (ECal) are 
fixed on the poles. Their weight loads are transferred to the tips of the poles. 

The assembled flux return yoke is moved along the rail track to the intermediate position, 
where the poles are mounted. In this place the poles are moved up to the yoke and fixed to the 
support rings by pole stops with M48 bolts (Fig.2.3.1). Relative parallelism of the poles planes, 
positions of poles axes relative to the central magnet axis, and positions of the poles relative to 
the magnet center are corrected by inserting spacers between the pole stops and the support 
rings. The final positions of the poles are fixed by the locking pins.  

Any time when the yoke barrel with the internal detectors is moved to the assembly site for 
repair or maintenance, the poles are pulled out of the magnet and stay on the platforms on 
their rail tracks.   

A control Dewar is installed on the upper beam of the yoke barrel. It is connected to the 

cryostat by a demountable connecting pipe through the slot in the upper barrel beam. The 

control Dewar is connected to the forward and backward liquid Helium and Nitrogen pipelines 
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by bayonet-type joints on its side wall. The top plate of the control Dewar is supplied by the 

terminals of the gas-cooled current leads to which the SC coil power supply is connected, relief 

valves, and other valves and electrical connectors of the coil protection and control system. At 

the outer sides of the magnet poles there are electrical terminals for the power supplies and 

connecting pipes for the hydraulic cooling system of the trim coils. 

On top of the magnet there is a platform to accommodate vacuum pumps, a power supply and 

protection system of the SC coil (Fig. 2.4.1.2). 
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Fig. 2.4.1.1. Longitudinal cross section of the MPD magnet 
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Fig. 2.4.1.2. Assembled magnet on the stationary supports  
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2.4.2 SUPERCONDUCTING COIL 
2.4.2.1 SUPERCONDUCTING CABLE  

A conductor with a bare cross section of 4.1х20 mm2 is used for winding the 
superconducting coil (the insulated conductor cross section is 4.5х20.4 mm2). The 
conductor is manufactured by co-extrusion of stabilizing high-purity aluminum (purity 
99.999%, RRR>1000) and a superconducting NbTi wire 1.5 mm in diameter (Cu/SC ratio 

=0.9/1). Highly pure aluminum ensures high stability of the coil due to the low matrix 
resistance at the helium temperature, which allows the premature propagation of the 
normal zone to be avoided when local heat emissions occur in the coil due to 
mechanical disturbances during the energizing and de-energizing of the magnet. The 
cross section of the MPD solenoid superconducting coil is shown in Fig. 2.4.2.1.1. 

A distinctive feature of this solenoid is that the main superconducting coil has no 
correcting coils at its ends. This is because maintaining the needed value of the radial 
component integral would require rigid adherence to the relationship between the 
numbers of the turns in the main and correcting coils within the given coil dimensions, 
which is hardly possible in view of the manufacturing tolerances on the conductor cross 
section. 

The choice of the conductor parameters is presented in [4]. The main parameters are 
listed in Table 2.4.2.1.1.  

The radial thickness of the conductor was chosen to be 20 mm for the reason of limiting 
the maximum temperature rise after all stored magnetic energy is released in the coil at 
the unprotected quench process.   

The maximum design current of 2388 A  (Table 2.2.1) at the maximum magnetic 
induction of 1.2 T in the coil corresponds to the critical conductor temperature of ~6.8 K 
and is approximately 2.9 times lower than the critical current in the conductor at a 
temperature of 4.5 K and the same induction. The safety margin of the maximum 
current in relation to the critical current according to the critical parameter curve at 
T=4.5 K is ~1.9 (Fig.2.4.2.1.2).  

The stability level of the chosen conductor corresponds to that of other similar magnetic 
systems. The minimum energy necessary for the superconducting-normal transition of 
the coil (Minimum Quench Energy) is MQE ≈ 3 J. Calculations of the MQE and the length 
of the minimal propagating zone MPZ using the QUENCH code are given in [5]. 
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Table 2.4.2.1.1. Main parameters of the cable  

Superconductor NbTi/Cu 

Stabilizer Pure Al 

RRR of stabilizer >1000 

Strand diameter, mm 1.5 ± 0.005  

Filament diameter, µm ~20  

Number of filaments ~2000 

Twist pitch, mm ~20  

RRR of copper matrix >100 

SC/Cu/Al ratio 1:0.9:100 

Outer dimensions of bare conductor, mm2 4.1 x 20  

Edge radius, mm 0.2  

Insulated conductor dimensions, mm2 4.5 x 20.4 

Current density in aluminum matrix of coil conductor for 
design current, A/mm2  

29.8 

Critical current density Jc(5 T,4.2 K), A/mm2 2800 

Critical current (1.2 T, 4.5 K), kA >6.9  

Number of turns in winding  1674 

Conductor length, km ~27  

Conductor weight, kg ~6350 
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Fig. 2.4.2.1.1. Cross section of the superconducting coil of the MPD solenoid  

 
Fig. 2.4.2.1.2. Magnet load line I(B) for the point with the maximum induction in the coil and 
the critical parameter curves of the conductor with d=1.5 mm at a temperature from 4.2 K to 

6.8 K for Jc(4.2 K, 5 T)=2800A/mm2  
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2.4.2.2 TURN-TO-TURN AND GROUND WALL INSULATION 

The coil insulation consists of the turn-to-turn insulation, which separates coil turns, and the 
ground wall insulation between the coil and the support cylinder. The insulation is designed for 
the maximum voltage up to 500 V relative to the support cylinder at the energy release during 
the quench. The ground wall insulation is made of G10 fiberglass 0.8 mm thick applied to the 
inner surface of the aluminum support cylinder before the coil winding begins. The turn-to-turn 
insulation is made by the fiberglass tape wrapping the conductor with half-width overlap before 
winding the coil. After vacuum impregnation with epoxy compound and thermal treatment, the 
conductor gets turn insulation with a total thickness of 0.2 mm per side of the conductor 
(Fig. 2.4.2.1.1).  

2.4.2.3 CONDUCTOR JOINTS 

There will be several joints of superconductor pieces in the coil. These joints will be made by 
soft-alloy soldering over the whole turn length. The resistance of each joint must be < 1e-9 
Ohm @ B = 1 T to ensure that losses in a joint no higher than a few mW.  

According to calculations, the presence of the joints doesn’t virtually effect on the values of the 
integral of the radial component of induction and the field homogeneity in the TPC area [10]. 

Thickness of a finished length of the conductor can vary in the range of 1 ÷ 2% (it is determined 
by the process of extrusion). 

Pieces of the superconducting cable when winding should be placed so that the directions of 
the turn width variation would interchange along the winding. It is necessary to reduce the 
influence of the current density variation along the coil on the integral of the radial induction 
component and on the force acting on the coil. 

Two nonsuperconducting joints will be placed on the feedthrough insulators at the entrance of 
the lead-ins into the He volume of the control Dewar.  

2.4.2.4 SUPPORT CYLINDER 

The support cylinder serves to limit the azimuthal stresses in the aluminum matrix of the 
superconducting cable, which result from magnetic pressure, provide indirect cooling of the 
coil, and fix the coil inside the cryostat against weight load and magnetic decentering forces 
(Fig. 2.4.2.4.1). The cylinder will be made of the Al 5083 aluminum alloy. The weight of the 
cylinder is 6950 kg. The cylinder length is 7598 mm; its outer diameter is 5092 mm, the 
thickness is 18 mm in the central part and 45 mm at the ends, where tie rods are attached for 
suspending the cylinder on the outer vacuum shell of the cryostat and keeping it stable against 
the axial shifts. 

Fabrication of an aluminum cylinder as large as this with machine treatment of its inner surface 
for laying the conductor is a difficult task that requires complicated auxiliary equipment. Before 
the final machine treatment of the inner cylinder surface, a heat exchanger tube is welded to 
the cylinder outer surface and the axial and radial tie rod fixation units are placed there.  
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Fig. 2.4.2.4.1. Support cylinder with the superconducting coil (the dimensions are given for the 
“warm” state)  

2.4.2.5 SC COIL 
2.4.2.5.1 COIL MANUFACTURING  

The coil is a one-layer solenoid made of a superconducting NbTi cable in the aluminum matrix. 
The conductor preinsulated by dry fiberglass tape is wound onto inside the support cylinder 
with the larger side of its cross section kept radially directed. Internal winding and indirect 
conductor cooling simplify the cryostat design and allow the amount of liquid He in the coil to 
be minimized, thus avoiding the risk of emergency pressure increase in the cryostat. 

The ground-wall insulation is made by applying a fiberglass layer a few millimeters thick to the 
inner surface of the support cylinder. This layer, consisting of several prepreg layers, is 
compressed for having a high glass filling factor and then polymerized at the prescribed 
temperature. The inner surface of the insulation is machined to the final ground-wall insulation 
thickness of about 0.8 mm (Fig. 2.4.2.1.1).    

To prevent unexpected quenching due to the local inelastic shifts of the conductor, the coil 
turns must be monolithically connected to each other and to the ground-wall insulation to 
avoid separation of the conductor and the insulation and the coil and the support cylinder.  

At the several stations that the conductor will pass before being wound inside the cylinder, 
degreasing and sandblasting will be performed and the turn insulation (dry fiberglass tape) will 
be applied. The final station will be the caterpillar-type tensioner, which will help wind the 
conductor with slight compression (about few MPa) applied along the conductor axis. During 
the winding process, permanent axial compression will be applied to the coil with the aid of 
roller holders to ensure uniform winding density.   

After the winding process is accomplished, a pressure of 10 MPa is applied to the coil in the 
axial direction using the aluminum end rings. Then a fiberglass ground plane insulation layer is 
applied to the inner surface of the coil and radially pressurized. Then vacuum compounding of 
the coil by epoxy resin with its high-temperature polymerization at a constant pressure is 
carried out.  

Since it is a single-layer winding, its lead-out cable must come to the beginning of the winding 
to pass through the vacuum chimney to the cooled current leads in the control Dewar. This 
cable is directed strictly along the solenoid axis and is attached to the inner surface of the 
aluminum cylinder close to the cooling tube. 

The inner diameter of the finished coil is 4958 mm and its length is 7534.6 mm (Fig. 2.4.2.5.1). 
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In the cooling-down mode and at the quenching the maximum allowed temperature gradient in 
the coil must be no higher than 20–30 K to avoid considerable thermomechanical stresses.  



 
 

 

Fig. 2.4.2.5.1. Superconducting coil within the cryostat (the dimensions are given for the “warm” state)  



 
 

2.4.2.5.2 STATIC STRUCTURAL STRENGTH OF THE SC COIL  

The superconducting coil is a rather stressed component of the magnet. Its cooling is 

accompanied by appreciable thermal stresses arising from the difference of the thermal 

expansion coefficients of its constituent materials. The operating magnet produces a radial 

magnetic pressure of 0.1–0.175 MPa on the inner surface of the support  cylinder. The axial 

magnetic force compressing the coil is as high as ≈688 kN at the central cross section of the coil. 

The axial forces acting on the coil are partially transmitted to the support cylinder through the 

ground-wall insulation.  

The results of the SC coil stress-strain computation with allowance for the influence of the axial 

after-winding compression, cooling-down to the helium temperature, and action of the 

magnetic forces after the energizing are presented in [6]. The inelastic deformation of the 

aluminum matrix of the conductor is also taken into account.  

The radius of the cooled coil decreases by 9.9–10.4 mm (the larger deformation corresponds to 

the end of the support cylinder). The magnetic pressure increases the coil radius by no more 

than 0.4 mm; the axial shortening of the coil after the cooling is 33.3 mm. In addition, magnetic 

forces make the coil ~0.5 mm shorter.   

According to the computations, the maximum overall equivalent stresses in the support 

cylinder arise in its central part. The thickness-averaged equivalent stresses (von Mises) in the 

cylinder and the pressing rings after the cooling are 8.3 MPa, and those due to the joint 

influence of the temperature deformations and the magnetic force are 18.9 MPa, which is less 

than the allowable stress for Al5083 m = 92 MPa. The maximum equivalent stresses that 

locally arise in areas of contact between the pressing rings and the coil turns in the cylinder and 

in the pressing rings do not exceed 117 MPa in all operation modes, which is less than the 

allowable value eq = 120 MPa.  

The temperature field gives rise to maximum equivalent stresses, which are 183 MPa < , in 

the superconducting NbTi cable at the coil ends. The cable is compressed due to the difference 

of the thermal expansion coefficients of the cable material and aluminum. At the center of the 

coil these stresses come to a lower value of 173 MPa (the cross section of the support cylinder 

is smaller in this region). 

In the conductor matrix the maximum elasto-plastic equivalent stresses in a small region 

around the superconducting cable in the end turns of the coil are as high as 21 MPa, and at the 

center of the coil these stresses have a lower value of 19.7 MPa.  

The average equivalent stresses in the conductor matrix at the coil center are ~4.3 MPa after 

cooling and increase to 14.6 MPa when the maximum design current is applied. At the coil ends 

these stresses do not exceed ~11.2 MPa in both cases. 

The maximum tensile detaching stresses in the insulation do not exceed the adopted allowable 

value отр = 6.6 MPa over the entire coil structure, except for the local areas of contact 

between the last coil turns and the pressing rings. For example, in the connection region of the 

pressing ring insulation and the cylindrical surface insulation the maximum detaching stress is 
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higher than the ultimate strength of the insulation. However, the region where this value is 

exceeded is smaller than 0.9 mm. The insulation can split in this region. In the rest of the 

contact zone between the pressing ring insulation and the turn-to-turn insulation the detaching 

stresses are below the allowable limit. In addition, stresses in this part of the coil exceed the 

allowable value in the ground-wall insulation on the surface of the support cylinder. The 

maximum stresses in this area are 8.7 MPa, but this area is smaller than 1.1 mm. 

The preliminary compression of the coil in the axial direction by a pressure of 10 MPa reduces 

the average tensile stresses in the turn-to-turn insulation. At the center of the coil the 

average/maximum tensile stresses decrease from 7.7/9.5 MPa to -0.7/0.7 MPa. At the coil end, 

near the pressing ring, they decrease from 6.7/9.8 MPa to 2.3/4.3 MPa. The influence of the 

magnetic forces on the axial stresses in the turn-to-turn insulation at the coil end is insignificant 

while at the coil center it is higher: the average compressive stresses increase from -0.7 MPa to 

-1.6 MPa. 

The shear stresses in the insulation do not exceed the allowable value  = 7 MPa in practically 

the whole coil structure, except for the local regions around the end turn contact with the 

pressing ring, as in the case of detaching stresses. The shear stresses exceed their ultimate 

strength in the contact area (~2.3 mm) of the ground wall insulation on the pressing ring with 

the ground wall insulation on the support cylinder. In all other local areas with heightened 

shear stresses in the insulation they do not exceed the shear strength, and the average shear 

stresses are below the allowable value.   

Thermal cycling affects the level of stresses in the coil. Most dependent on the number of 

thermal cycles are radial stresses in the end turns of the coil. After the 8th thermal cycle the 

radial stress at the outer surface of the end turn near the pressing ring increases within the 

range from 20% (farther from the pressing ring) to 75% (nearer to the compressing ring). 

However, in the next coil turns this effect is practically negligible.  

Therefore, according to the calculations, glue splitting between the ground wall insulation and 

the support cylinder and between the end turns of the coil and the pressing rings is only 

possible in local areas about 2 mm large within the contact zone of the pressing ring insulation 

with the ground wall insulation. Considering that local deformations in this zone are restricted 

to the areas where stresses do not exceed the allowable values, no significant propagation of 

this splitting can be expected.  

It should be noted that the stresses caused by the magnetic forces are appreciably lower than 

those arising from the thermal deformations due to the low rated magnetic field. 

According to the calculations, the maximum temperature difference in the ground wall 

insulation during the unprotected quench will not exceed 30 K. 

The results of the computations confirm that it is correct to choose the coil design that has 

already been used in other similar magnets and proved to operate appropriately.   



22 
 

2.4.2.6 COIL COOLING 

The cooling method chosen for the MPD magnet is based on the natural convection of liquid 

helium flow (thermosyphon mode). The coil conductor is cooled indirectly via the thermal 

contact with the aluminum support cylinder and heat removal through the cylinder to the 

square aluminum tubes of “rib-cage” type heat exchanger, where vapor-liquid helium mixture 

circulates. The cross section of a tube is 25x25 mm with a hole of 19 mm. There are 28 parallel 

branches attached to the external surface of the cylinder by epoxy glue (Fig. 2.4.2.6.1, 

2.4.2.6.2).  

The volume of liquid helium in the tubes is about 70 L. After a quench the evaporating helium 

will be expelled from the tube through the relief valves to the gaseous helium collection and 

storage system.  

Heat interceptors are used (strips of pure aluminum RRR 1000) to reduce the maximum 

temperature rise in the superconducting coil because of heat inflow trough the cold mass 

supports. These interceptions shunt the thermal resistance from the suspension tie foots to the 

cooling tube).  

The maximal temperature rise in the sc coil ~4.99 K corresponds to the current ramping. The 

results of computing the maximal temperature in superconducting coil are presented in [21]. 
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Fig. 2.4.2.6.1. Cooling tube glued to the support cylinder surface 

 

Fig. 2.4.2.6.2. Layout of the tubes of the “rib-cage” type heat exchanger on the support cylinder 

surface   
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2.4.3 CRYOSTAT OF THE SOLENOID  

Since there are no requirements on radiation transparency, the vacuum vessel of the solenoid 

cryostat (Fig. 2.4.3.1) can be made of stainless steel. The cryostat should be designed, 

manufactured, and tested in accordance with the Rostekhnadzor requirements [14, 15]. 

The cryostat consists of 

 A vacuum vessel with a support system for fixating the cryostat to the yoke.  

 A cold mass with a system for suspending it inside the vacuum vessel.  

 A thermal shield.  

 A control Dewar with a system of valves and gas-cooled current leads.  

 A connecting tube (chimney). 

The computation of stresses which arise in the cryostat shells as the magnet is moved or 

operates is given in [8].  

 

 

 

Fig. 2.4.3.1. General view of the cryostat of the solenoid  
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2.4.3.1 VACUUM VESSEL OF THE CRYOSTAT 

The cryostat vacuum vessel (Fig. 2.4.3.1.1) is made of stainless steel. It consists of an inner and 

an outer shell 16 mm and 25 mm thick respectively.  At the ends of the shells there are beads 

45 mm thick, to which the cryostat flanges are attached. Two collars of the radial suspension 

are connected to the outer shell thickenings. Axial tie rods of the coil are fixed at the cryostat 

flange on the chimney side. 

The vacuum vessel is designed  

 To withstand the ambient air pressure in accordance with the requirements [16]. 

 To bear the weight of the cold mass and the thermal shield that is attached to the radial 

ties during the transportation of the magnet (including load handling), movement 

together with the magnet from the assembly site to the operating position (and back), 

and operation of the magnet. 

 To withstand the magnet decentering forces when the SC coil deviates from the 

prescribed position (in the normal and emergency modes of operation). 

The weight of the vacuum cryostat vessel is 49.1 t. Under all loads, the change in the outer 

cryostat dimensions (diametric or axial) must not exceed 2 mm. 

Under the normal operation conditions the inner volume of the cryostat is pumped out, which 

results in membrane compressing stresses at the outer shell due to the external atmospheric 

pressure. In addition, during the magnet operation an emergency situation of an overpressure 

up to 0.7 bar in the inner cryostat volume can occur, giving rise to membrane compressing 

stresses in the inner cryostat shell. The buckling analysis of both cryostat shells in various 

operation modes of the MPD magnet is given in [8]. Negative tolerances on the shell thickness 

specified at the computations are -0.8 mm for the inner shell with t=16 mm and -1 mm for the 

outer shell with t=25 mm.  

The minimum acceptable safety margin in the buckling analysis was taken to be 2.86, identical 

for the normal operation mode and for the emergency mode According to the calculations, the 

shell stability is guaranteed both in the normal operation mode and in the emergency mode. 

The safety margins for the inner and outer shells in the modes considered were 5.82 and 2.9 

respectively.  

 

  



 
 

 

 

Fig. 2.4.3.1.1. Main dimensions of the cryostat 
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2.4.3.2 COLD MASS 

The cold part of the cryostat includes a superconducting coil with a support cylinder. After 

winding the coil is impregnated with epoxy compound together with the support cylinder, 

which makes them into a single solid unit. The cold mass weight is 13.3 t.   

When cooled down to the operation temperature, the support cylinder with the coil shrinks 

radially by 9.9–10.4 mm. The total shortening of the coil is 33.3 mm. The increase in the outer 

radius of the support cylinder due to magnetic pressure (0.1–0.175 MPa) does not exceed 

0.51 mm.  

The support cylinder with the coil is installed inside the cryostat and fixed by axial ties so that 

after cooling it takes a position symmetric about the magnet poles. 

The minimum gap between the end of the support cylinder and the thermal shield on the 

antichimney side for the warm coil and the cold shield is 36 mm (without the thickness of the 

multilayer shield-vacuum insulation). The minimum radial gap between the support cylinder 

and the external thermal shield is 11 mm after the cooling of the coil and the shield. 

2.4.3.3 THERMAL INSULATION OF THE CRYOSTAT COLD MASS  

To ensure thermal stability, the cold mass of the cryostat is effectively insulated between the 

inner and outer vacuum shells of the cryostat and fixed with radial and axial ties of low heat 

conductivity. 

At the surface of the cold mass the specific heat flow is generated due to radiation. The heat is 

transmitted to the cold mass due to heat conduction of six axial ties, which carry the axial load, 

and 12x12 radial ties, which fix the coil in the radial direction. Heat is also transmitted to the 

cold mass through the current leads cooled by the boiling helium vapor. Heat inflow in the cold 

mass also arises from heat losses in the superconducting cable junctions, a heat flow along the 

measurement cables, and heat losses in the aluminum cylinder due to eddy currents during 

energizing and de-energizing of the magnet.  

The coil is indirectly cooled by the two-phase helium flow in the heat exchanger tube fixated on  

the outer surface of the aluminum support cylinder. Between the inner surface of the vacuum 

cryostat shell and the cold mass there is a thermal shield, which is cooled by liquid Nitrogen at 

an the temperature of ~80 K. Approximately 30 layers of superinsulation separate the shield 

surface from the vacuum shell of the cryostat. 

The calculated values of the heat inflow to the cryostat cold mass and to the thermal shields 

are given in Table 2.4.3.3.1 [21]. 
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Table 2.4.3.3.1. Thermal loads to the cold mass and the thermal shield  

 

T=4.5 K Thermal load, W 

Cryostat  

Radiation (0.07 W/m2 x 240 m2) 16.8 

Heat inflow to the cold mass supports 11.2 

Conductor joints and wires 1 

Eddy current losses in the Al cylinder  4.2 

Cryogenic chimney and Control Dewar  

LHe vessel, tubing, valves, supports  3.9 

Transfer line 3.8 

Total (normal/transit regime): 36.7/40.9 

With safety factor 2 73.4/81.8 

Current leads   

without current 4.2 (6.8 l/h) 

with current 7.0 (11.3 l/h) 

T=80 K  

Cryostat  

Radiation (1.3 W/m2 x 253 m2) 326 

Heat intercepts of the coil supports 69 

Shield supports 640 

Cryogenic chimney and Control Dewar  

Thermal screen, valves, supports 21 

  

Total: 1056 

With safety factor 2  2112 
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2.4.3.4 COLD MASS SUSPENSION 

At the maximum design Ampere-turns of the SC coil ISC = 4 МA, induction B0 = 0.66 T, and total 

current in each of the trim coils ITRIM = 151 kA, the cold mass of the magnet is affected by the 

coil dead weight 133 kN and the decentering axial and radial magnetic forces 61 kN/cm and 

5.4 kN/cm respectively. At the emergency de-energizing of one of the trim coils, the 

superconducting coil will be exposed to a force of 243 kN directed toward the other (operating) 

trim coil. If the superconducting coil is displaced by 20 mm, this force will additionally change 

by ±128 kN and the linear change in the current density along the SC coil by 2% changes the 

force by ±50 kN. Therefore, at the emergency shutdown of one of the trim coils, the force 

acting on the superconducting coil can be as high as 420 kN. 

But in fact, the maximum force has to be significantly less. According to calculations, even when 

the field in the center of the magnet is 0.64 T the specified value of the integral of the magnetic 

field radial component can be achieved only for complete absence of technological deviations 

from the optimized magnetic system configuration. So, the higher values of the magnetic field, 

up to the induction in the center of the magnet B0 = 0.66 T, is advisable to attain only by 

switching off the power supply of the correction coils. Furthermore, the power supply circuit in 

accordance with Section 2.4.13 will be used in order to reduce the maximum value of the axial 

force acting on the superconducting coil. Taking into account these restrictions, the maximum 

axial force applied to the superconducting coil during emergency switching off of one of the 

power supplies of the trim coils is 143 kN.  

To avoid contact between the coil and the cryostat shell and prohibitive turning of the magnet 

axis relative to the TPC axis, the position of the support cylinder should not change in either the 

axial or the radial direction under the action of all loads in the operation regimes. According to 

the calculations [10], in order to guarantee the required value of the integral of the radial 

induction component in the TPC region, the deviation of the coil axis direction from the TPC 

axis under the action of magnetic forces should not exceed 0.01°. Under this turning the coil 

ends would be shifted in the radial direction by ±0.67 mm, and the maximum integral for the 

nominal dimensions of the magnet system would become two times greater. At the same time, 

the turning of the coil axis by an angle of ~ 0.1O with respect to the yoke (it corresponds to the 

radial shift of the coil ends by ±6.6 mm) would not lead to a significant increase in the integral 

of the radial component, provided that the TPC axis rotates with the coil by the same angle. 

The cold mass is fixed relative to the outer cryostat shell by 2x12 radial and 6 axial tie rods, 

which are fixted on the thicker parts of the aluminum support cylinder (Fig. 2.4.3.4.1). So many 

radial rods are needed because the coil must be rigidly fixed in relation to the outer shell of the 

vacuum vessel and the cylindrical shape of the coil must be maintained under the action of the 

radial decentering force.  

It is accepted that the maximum axial shift of the coil from its nominal position (symmetric 

about the yoke) due to technological deviations can be  20 mm. Since the axial rods are placed 

on one side of the coil, they can be either tensioned or compressed, according to the coil shift 

direction. The maximum magnetic force attracting the coil to the magnet poles at the maximum 

deviation of the coil will be Pz=122 kN (under the Normal Operation Conditions). Since the 
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hardest operation mode for the rods is compression, when buckling can appear, the coil should 

be installed with its center displaced from the magnet center towards the antichimney side to 

provide strictly tensile loads to the rods.  To reduce the influence of the current density 

variation along the coil on the integral of the radial component, the coil should be wound with 

superconducting cable pieces placed in such a way that the directions of the cable thickness 

variation in these pieces alternate.  

The following loads to the radial tie rods are possible: 

1. Dead weight of the cold mass G=166.7 kN  

2. Operation loads under the normal operation conditions:   

 weight of the cold mass G=166.7 kN,  

 radial magnetic decentering force PR=9.2 kN, which can be directed along the 
circumference in any direction. The maximum stress arises in the vertical rods 
when the radial decentering magnetic force is directed downwards and in the 
inclined rods  when the force is directed along the X axis  

 the force caused by thermal stresses during the cooling, 

 external pressure on the cryostat, 0.1 MPa , 

 tightening force Qz of the threaded rod-nut connection. 

3. Dynamical loads as the cryostat is lifted/lowered (ay=1.6 g, ax=0.5 g), which act together 

with the tightening force Qz=40 kN of the threaded rod-nut connection. 

The maximum tension force in the radial tie rod at the maximum design current of the magnet 

under normal operation conditions is 198 kN. All tie rods of the cold mass suspension are made 

of the Inconel 718 alloy. The diameter of plain part of the radial rods is taken to be d=23 mm. 

The diameter of their threaded part corresponds to the М302 thread. The radial rods are 

860 mm long, and their cold part is 480 mm long. The diameter of the axial rods is taken to be 

d=24 mm, and the diameter of their threaded part corresponds to the М24 thread. The total 

length of the axial rod is 485 mm, and its cold part is 345 mm long. 

According to the calculations [9], the chosen radial and axial tie rods are sufficiently strong: 

under the normal operation conditions the yield and buckling resistance margins with respect 

to the maximum acting loads are not less than 2.6.  

There is no displacement of the cold mass under the action of the thermal load, because of the 

symmetrical arrangement of the radial tie rods. The downward cold mass shift in relation to the 

stationary supports, due to caused by elastic deformations of the rods and the cryostat shells 

under the effect of the vertical loads (cold mass weight G=166.7 kN + decentering radial force 

PR=9.2 kN) is fG = 0.2 mm. The decentering radial force makes a relatively small contribution 

(0.01 mm) to the vertical displacement, as compared to the weight of the cold part. According 

to the calculations, the irregularity of the load on the axial tie rods practically does not have an 

impact on the turning of the coil axis with respect to the magnet axis. For example, with two 

neighboring axial ties missing, the displacement of the coil end is no greater than 0.11 mm, 

which corresponds to the angle =0.0008°. 
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Thus, when the magnet operates, the coil will keep its position unchanged under the action of 

magnetic decentering forces and will not therefore change its position with respect to the TPC.  

The design of the radial suspension units is shown in Fig. 2.4.3.4.2, and the design of the axial 

suspension is shown in Fig. 2.4.3.4.3. To reduce the heat inflow to the cold mass, the tie rods 

are equipped by heat flow interceptors at the level of 80 K. 

 

.  

Fig. 2.4.3.4.1. Arrangement of the tie rods of the cold mass suspension system  

 

 

 

Fig. 2.4.3.4.2. Radial suspension unit of the cryostat cold mass  
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Fig. 2.4.3.4.3. Axial suspension unit of the cryostat cold mass  
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2.4.3.5 THERMAL SHIELD 

The thermal shield cooled by circulated liquid nitrogen consists of an inner and an outer shells 

connected by two end flanges. It is made of Al 5083 aluminum alloy plates of 3-4 mm in thick 

(Fig. 2.4.3.5.1). A cooling pipe of Al-1100 is fixed to the shield surfaces facing the 

superconducting coil. The nitrogen flow (11.5 g/s, 3 bar) comes from the Nitrogen re-condenser 

at the temperature of 80 K. After passing the shields, the saturated vapor flow returns to the 

re-condenser.  

Nitrogen flow coming from the nitrogen re-condenser is divided into four parallel streams 

which cool inner and outer thermal screens independently. The end flanges of the shield are 

cooled by conduction from the heat exchangers of the inner and the outer shields. 

To reduce the losses caused by eddy currents at the coil energizing/de-energizing, the shields 

have longitudinal slits spanned with insulation inserts.  

  

Fig. 2.4.3.5.1. Cooling scheme of the cryostat thermal shields  

The shields are fastened to the cryostat body by fiberglass supports of low thermal 

conductivity. The total number of supports is ~1500. The nitrogen flows are also used for 

thermal interception on the radial and axial tie rods at a level of 80 K. 

To reduce the heat inflow due to radiation, the 30 layers of multilayer insulation are applied to 

the shield surface facing the cryostat shell. 
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The weight of the thermal shields is 2 t. 

2.4.3.6 CONTROL DEWAR  

The control Dewar (fig. 2.4.3.6.1) is a functional unit of the cryogenic system. It is placed 

between the superconducting coil cryostat and the helium satellite refrigerator. The control 

Dewar serves to accumulate the liquid helium in the helium bath, maintain the required 

parameters of the helium and nitrogen flows (flow rate, pressure, temperature), and to provide 

cooling of the current leads.  

The control Dewar is located outside the yoke on its upper barrel beam on the east side of the 

detector and is connected with the cryostat by the vacuum tube (chimney), which passes 

through the upper yoke beam (Fig.2.3.1). 

The control Dewar of rectangle shape is made of stainless steel. Two large covers on both sides 

of the control Dewar provide easy access for installation and maintenance of its components. It 

consists of an outer vacuum housing that encloses a stainless steel vessel for liquid helium. 

Thermal shield cooled by liquid nitrogen is placed between the outer housing and the helium 

vessel. Its surfaces facing the cryostat housing are covered by multilayer high-vacuum thermal 

insulation.  

Current leads cooled by vapors of boiling helium, control valves, temperature and pressure 

sensors are allocated in the vacuum volume of the control Dewar. Safety valves, sensor 

connectors, bayonet connectors of the transfer lines are placed on the sidewalls and top plate 

of the control Dewar housing. 

The hydraulic volume of the helium vessel is chosen to ensure an essential helium flow for the 

period needed for safe de-energizing the sc coil if the satellite-refrigerator is stopped. The heat 

inflows to the helium bath of the control Dewar and to the superconducting coil, including heat 

losses in current leads, amount to 80 W, which corresponds to the liquid helium flow rate of 

130 L/h. Since it takes 60 min for safe de-energizing the coil at the nominal rate, the volume of 

the helium vessel is chosen to be 300 L with the twofold safety margin.  

The flow (4.34 g/s, 1.3 bar, 4.5 K) comes to the helium vessel of the control Dewar from the 

helium satellite-refrigerator in the steady-state regime. 

Electrical heater is located in the helium bath of the control Dewar. It is required to maintain a 

specified level of the liquid helium bath (maintenance of thermal balance). The heater can also 

be used for accelerated removal of liquid helium from the bath. Its power is 100W. 
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Fig. 2.4.3.6.1. Control Dewar with the front cover removed 

Figures 2.4.3.6.2 and 2.4.3.6.3 show the schematic pneumohydraulic diagram and the structural 

layout of the control Dewar. 

  

Fig. 2.4.3.6.2. Pneumohydraulic diagram of the control Dewar  
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Fig. 2.4.3.6.3. Structural layout of the control Dewar  
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2.4.3.7 CHIMNEY 

The vacuum connecting tube (chimney) connects the vacuum volumes of the cryostat and the 

control Dewar (Fig. 2.4.3.7.1). Its vacuum jacket of stainless steel encloses superconducting bus 

bar lines, direct and return helium and nitrogen tubes, measurement cables, and a thermal 

shield.  

Superconducting bus bar lines cooled by a direct liquid helium flow are necessary to connect 

the superconducting coil lead-outs with the vapor-cooled current leads placed in the control 

Dewar. The thermal shield of the chimney is cooled by liquid nitrogen, which flows in the tubes 

welded to its surface and used for liquid nitrogen supply of the thermal shields of the 

superconducting coil.  

Chimney is supplied by two flanges for vacuum pumping of the cryostat and the control Dewar 

and placement of connectors for wiring of sensors located on the cold mass and thermal 

screens. Furthermore, a safety valve is located on chimney allowing cryostat protection against 

possible pressure increase in the vacuum cavity. 

The design of the chimney allows detaching the control Dewar from the cryostat for its 

transportation from the manufacturer to JINR. Besides it has the bellows decoupling at its top 

which provides the control Dewar montage on the upper platform of the magnet. 

Superconducting bus bar lines in the chimney consist of the double superconducting coil cables, 

which are soldered with each other, insulated with the ground plane insulation, and thermally 

connected with direct liquid helium flow pipeline. The cross section of the chimney is shown in 

Fig. 2.4.3.7.2. 
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Fig. 2.4.3.7.1. The vacuum connecting tube (Chimney) 
 

 

Fig. 2.4.3.7.2. Cross section of the Chimney 
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2.4.3.8 VAPOR COOLED CURRENT LEADS  

A conservative design of the vapor-cooled current leads is used to ensure high reliability of the 

MPD magnet. The current leads were chosen to provide stably operating of the magnet and to 

ensure its safe de-energizing in case of cooling stops. They are intended for supplying the 

maximum design current to the superconducting coil from the temperature level of 300 K to 

the level of 4.5 K. The nominal current of the superconducting coil is 1790 A and the maximum 

current is 2388 A. The current leads are mounted at the top plate of the control Dewar hosing. 

The helium flow to cool both current leads is 0.38 g/s at 1792 A and 0.23 g/s at the zero 

current.  

The current leads are of vapor cooled type. They are supplied by helium from the helium vessel 

trough the insulation decoupling. Their “cold” ends are connected with the superconducting 

bus lines coming from the superconducting coil. The flow of warm helium from the current 

leads returns to the low pressure line of the satellite refrigerator.  

The current lead cooling is monitored by observing the change in the cold gas flow rate through 

the current leads. The flow rate is measured by flow transducers and controlled by the control 

valves СV6 and СV7 (Fig. 2.4.3.6.1).On the warm side of the current leads there are terminals 

for connecting bus lines. They are equipped with heaters to prevent sweating and frosting.  

The current leads are insulated from each other, from the control Dewar walls, and from the 

flange by fiberglass capable of withstanding the output voltage up to 500 V.   

2.4.3.9 CONNECTING BUS LINES AND FEEDTHROUGH INSULATORS  

To connect the coil lead-outs with the current leads in the control Dewar, the coils lead-outs 

are reinforced with additional pieces of the superconducting cable soldered to them along the 

entire length of the bus lines (up to the feedthrough insulators at the helium tight shells of the 

current leads). The bus lines are insulated by the fiberglass ground-wall insulation. The coil 

lead-out on the anti-chimney side is mechanically fastened over the entire length of the 

support cylinder as close as possible to the heat exchanger pipe for indirect cooling of the 

superconductor. This is also why the bus lines are kept against liquid helium supply tubes in the 

chimney.   

Current leads run into the helium volumes of the current leads through feedthrough insulators 

rated at 500 V. In the helium volumes the bus lines are soldered and mechanically pressed 

against the terminations of the gas-cooled current leads.   
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2.4.3.10 ASSEMBLING THE CRYOSTAT  

The cryostat is assembled in the vertical position.   

2.4.3.10.1. After the cooling pipes are welded to the thermal shields and eddy current insulator 

inserts are mounted, multilayer vacuum insulation blankets are attached to the 

shield surfaces facing the vacuum vessel walls. Then the shields are fixed relative to 

the cryostat vacuum shells with fiberglass supports.  

2.4.3.10.2 The superconducting coil wound into the support cylinder and impregnated with 

epoxy compound is installed vertically (lead-outs at the top). Axial suspension tie 

rods are mounted on the support cylinder.  

2.4.3.10.3 The outer and inner vacuum shells of the cryostat with the thermal screens fastened 

to them are fit over the coil from above with the coil end becoming slightly higher 

than its final position relative to the vacuum shells.  

2.4.3.10.4 Tie rods of the radial suspension of the cold mass are mounted on the chimney side, 

and the end thermal shield with multilayer insulation is installed.  

2.4.3.10.5 The cryogenic pipelines and current buses are passed through the chimney, the 

cryostat end flange is mounted, and “warm” ends of the axial suspension tie rods 

are attached to it.  

2.4.3.10.6 The position of the support cylinder relative to the cryostat shells is measured and 

the reference marks are made on the outer surface of the cryostat.  

2.4.3.10.7 The inner and outer shells of the cryostat are lifted to the level of the end flange and 

fastened with bolts (by welding).   

2.4.3.10.8 The lower tie rods of the radial suspension and the end thermal shield are mounted 

(the partially assembled cryostat can be slightly lifted for convenience).   

2.4.3.10.9 The position of the support cylinder is measured, reference marks are made on the 

cryostat surface, and the lower flange of the cryostat is mounted.  
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2.4.3.11 FIXATING THE CRYOSTAT TO THE YOKE  

The structural arrangement of the yoke makes it possible to minimize relative displacements of 

its units as the magnet operates or is moved and thus to fixate rigidly the cryostat to the yoke 

beams. The cryostat fasteners are four brackets attached to the yoke beams for the cryostat 

bracket flanges to rest on them (Figs. 2.3.1, 2.4.3.1.1, 2.4.3.11.1). The cryostat is fixed relative 

to the yoke with four M42 bolts and threaded holes in the 80-mm bracket flanges on the yoke 

beams. The plane through the surfaces of all support bracket flanges is close to the median 

plane of the magnet.   

The most unfavorable loads in the cryostat fixating bolts occur in an emergency event (the 

magnet resting on two diagonally located points when running into an obstacle 6 mm high). In 

this case the maximum stresses are 60 MPa in the shells and flanges and 162 MPa in the 

supports of the cryostat, which are lower than the allowable value 169 MPa.   

The fastening hardware is designed to allow adjustment of the cryostat position in all planes by 

inserting individually made spacers between the flanges of the brackets on the yoke and the 

cryostat vacuum shell and securing them in place (Fig. 2.4.3.11.2). The position of the cryostat 

with respect to the yoke can be varied within ±20 mm relative to the nominal value along the 

longitudinal axis of the magnet, ±10 mm along the transverse axis of the magnet, and 

from 0 to +20 mm along the vertical axis.   

During adjustments the cryostat is supposed to be lifted using a special device (Fig. 2.5.3.1.4). 
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Fig. 2.4.3.11.1. Cryostat-to-yoke fastening unit  
 

 

Fig. 2.4.3.11.2. Adjustment of the cryostat position relative to the yoke by spacers inserted 

between the flanges of the brackets on the yoke and the cryostat vacuum shell  
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2.4.3.12 BUSBAR ON THE CRYOSTAT OUTER SURFACE TO COMPENSATE 
THE STRAY FIELD OF THE REVERSE COIL CURRENT LEAD  

Since the superconducting coil of the MPD magnet is made single layer, the second coil current 

lead should return to the beginning of the winding to be passed through a vacuum manifold to 

the vapor cooled current leads located in the control Dewar. This conductor is directed strictly 

along the solenoid axis and mounted on the outer surface of the aluminum support cylinder in 

the immediate vicinity of the cooling tube. 

In order to compensate the field of this lead an additional conductor with the opposite current 

direction is used which passes along the outer surface of the cryostat in accordance with Fig. 

2.4.3.12.1 [10]. This conductor has also to be strictly directed along the axis of the solenoid, and 

is attached to the outer vacuum shell of the cryostat. The conductor should be made as a 

hollow pipe, cooled with demineralized water from the water recycling system. Current 

carrying capacity of the conductor and its cooling must be considered for the maximal design 

current of the sc coil 2388 A.  
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Fig. 2.4.3.12.1. Laying of the compensating conductor 
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2.4.4 VACUUM SYSTEM  

The control Dewar, chimney, and superconducting coil cryostat have a common vacuum 

volume. The preliminary vacuum pumping is performed by two roughing rotary pumps (main 

and reserve) and a Roots pump. The high-vacuum pumping will be performed by a 

turbomolecular pump. The pressure to be obtained by vacuum pumping before cooling is 

10−5 Torr. Further pumping will be performed in the process of cooling and cryostatting by 

cryogenic panels mounted on the outer surface of the support cylinder.     

On the vacuum casings of the chimney and the control Dewar there are relief valves and a relief 

diaphragm.  

To pump the vacuum volume, a pumping line is connected to the Chimney. Figures 2.4.4.1 

show the position of the turbomolecular pump relative to the control Dewar. The forepumps 

and the Roots pump are placed on the upper platform of the magnet. Two pressure sensors are 

fitted on the vacuum casings of the chimney and the control Dewar to check the pressure. The 

block diagram of the vacuum system is shown in Fig. 2.4.4.2. 

The main technical and operating characteristics of the vacuum pumps chosen for the 

preliminary and high-vacuum pumping of the cryostat vacuum volume are presented in 

Table 2.4.4.1. To pump the vacuum volume, the rate of the turbomolecular pump should be 

1000 L/s. The Pfeiffer Vacuum GmbH TPH 1201 pump with a rate of 1200 L/s was chosen. 

Calculations of the vacuum system parameters and vacuum pump rates for the MPD magnet 

cryostat are given in [7]. Considering the chosen pumps, the total time for the preliminary and 

high-vacuum pumping of the superconducting coil cryostat, control Dewar, and chimney 

vacuum volume is estimated to be about 48 h.   
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Fig. 2.4.4.1. Position of the turbomolecular pump.  
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Fig. 2.4.4.2. Block diagram of the MPD solenoid vacuum system  
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Table 2.4.4.1. Technical and operating characteristics of the vacuum pumps 

Pump 
 

Q-ty 
 

Rate, 
m

3
/h 

Power 
consumption, 

kW 

Power supply 
parameters 

Mass, 
kg 

Dimensions 
LхWхH, 

mm 

Cooling 
parameters  

 
DUO 255 

 
2 255 7.5 

3 phases, 50Hz 
220/380 V 

360 1360х480х700 - 

 
Okta  

250АМ 
 

1 250 0.75 
3 phases, 50Hz 

220/380 V 
125 800х330х280 - 

 
TPH 1201 

 
1 4320 0.9 

1 phase, 50Hz 
220 V 

47 300х300х340 
Water, 100L/h, 

Тmax=25°С 

 

2.4.5 CRYOGENIC SAFETY SYSTEM FOR THE VACUUM VESSEL  

The cryostat and the control Dewar are designed to comply with the Rostekhnadzor 

requirements [14, 15, 17]. The most dangerous event in terms of cryostat safety is a cold 

helium leak in the helium pipelines within the cold volume of the cryostat or control Dewar. 

The working pressure in the coil cooling circuit is 1.3 bar, and in the cooling circuit of the 

thermal shield it is 3 bar; i.e., the pressure inside the vacuum volume can increase to higher 

than the atmospheric pressure, which can result in destruction of the vacuum vessel. 

Relief valves are fitted on the vacuum casings of the chimney and control Dewar to protect the 

cryostat and control Dewar shells. The valves are rated to an internal pressure excess of 

0.25 bar. There is also a relief diaphragm on the vacuum casing of the control Dewar, which 

breaks at a slightly higher pressure excess when the relief valve fails to operate. It is rated to an 

internal pressure excess of 0.5 bar. The strength of the cryostat vacuum vessel shells was 

calculated [6] for the emergency pressure excess of 0.7 bar to allow for a possible pressure 

drop in the chimney.   

2.4.6 CRYOSTATTING SYSTEM FOR THE SUPERCONDUCTING COIL  

Initially the forced two-phase helium circulation using helium refrigerator and control Dewar 

with a heat-subcooler was selected for cooling the sc coil of MPD magnet [22]. After analyzing 

the operational characteristics of the regime and in accordance with the recommendations of 

the independent expertise of the project it was decided to replace the cooling method of the sc 

coil by natural convection of two-phase helium flow (thermosyphon). As in the previous case 

the coil is cooled indirectly by removing heat inflows to the liquid helium circulated in the heat 

exchanger tubes fixed on the outer surface of the coil support cylinder. 

Helium cooling capacity at the specified temperature level is provided by a helium satellite 

refrigerator. Diagram of the cryogenic supply system of the sc coil of the MPD magnet is shown 

in Fig. 2.4.6.1. 
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Main components of the cooling system: 

1. Cryostat comprising: 

 SC coil cooled by indirect heat conduction to liquid helium circulated 

through heat exchanger tubes fixed on the outer surface of its support 

cylinder; 

 Thermal shield cooled by liquid nitrogen flowing through the tubes fixed on 

its surface; 

 Vacuum casing. 

2. Control Dewar, including: 

 Vessel with liquid helium; 

 Current leads; 

 Thermal shield cooled by liquid nitrogen flowing through the tube, fixed 

on its surface; 

 Valve block (valves, sensors); 

 Vacuum casing. 

3. Vacuum tube (Chimney) connecting the cryostat with sc coil and control Dewar; 

4. The helium satellite refrigerator (4.5 K) for cooling (heating) and cryostatting the sc 

coil; 

5. Nitrogen re-condenser for cooling (heating) and cryostatting the thermal screens; 

6. Transfer lines between the satellite refrigerator, nitrogen re-condenser and control 

Dewar.  

In the steady state regime liquid helium from the satellite refrigerator enters the helium bath of 

the control Dewar through the transfer line and the valve CV1 at a pressure of 1.3 bar. From the 

helium bath liquid Helium through the valve CV3 and supply line enters the lower manifold of 

the heat exchanger of the rib-cage type on the support cylinder of the sc coil. After passing 

through the heat exchanger parallel channels vapor-liquid mixture from the upper manifold of 

the heat exchanger comes into the upper part of the helium vessel of the control Dewar. In the 

vessel the liquid is separated from the steam and used to cool the current leads and to 

compensate for heat inflows of the control Dewar helium bath. Backflow in the form of 

saturated steam at a pressure of 1.25 bar returns through the valve CV4 back to the satellite 

refrigerator.  

Heat influxes to the cold mass due to radiation, through the suspension rods, measuring wiring 

and due to resistive losses in the joints of the sc cable are taken by the latent heat of 

vaporization of liquid helium in the tubes of the heat exchanger. The circulation of the helium in 

the circuit is carried out because of the density difference of the helium flows in the supply and 

return pipes. Helium gas from the current leads heated up to 300 K is fed into the low pressure 

line (LP). 

Nitrogen re-condenser is used for cooling the thermal screens by flow of liquid nitrogen that 

enters the control Dewar through the valve CV8. After passing through the thermal shields the 
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nitrogen vapor-liquid mixture is returned through the valve CV9 to nitrogen re-condenser back, 

where the vapor phase is condensed and fed for cooling thermal screens (nitrogen closed 

system). 

 

 

Fig. 2.4.6.1. Cryogenic supply system of the sc coil of the MPD magnet  
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2.4.7 SUPERCONDUCTING COIL PROTECTION SYSTEM  

In superconducting detector magnets the coil and support cylinder thickness should normally 

be as small as possible to ensure maximum radiation transparency.  However, this requirement 

is in conflict with the necessity to protect the coil after the quench. It is believed that if all the 

energy stored in the coil is deposited in the cold mass of the cryostat, the cold mass can be kept 

safe only if the E/M ratio (energy stored in the coil to the conductor and support cylinder mass) 

is not larger than 6 kJ/kg, which corresponds to the average after-quench temperature of the 

cold mass ~70 K. Since there are no limitations on the coil and cryostat radiation transparency 

for the MPD detector magnet, the E/M ratio was taken to be appreciably lower, 1.83 kJ/kg, 

which corresponds to the maximum after-quench average temperature of the cold mass ~46 K. 

A small E/M ratio allows avoiding additional measures for speeding up the propagation of the 

normal zone over the coil volume, such as gluing strips of pure aluminum to the inner surface of 

the coil. The maximum temperature rise in the coil remains limited to 108 K.  

The protection system of the MPD magnet superconducting coil (Fig. 2.4.7.1) must protect the 

coil against overheating and decrease the level of mechanical stresses caused by the 

temperature gradients in the coil during the quench. In addition, the de-energizing system must 

ensure accelerated de-energizing of the coil without its quench when helium supply stops or 

power is lost.  

After the electronic protection circuit detects quench, switches S1 and S2 operate and the 

superconducting coil with inductance Ls discharges to the series-connected dump resistors Rd1 

and Rd2 and its energy is partially dissipated in the coil itself and in the aluminum support 

cylinder (Fig. 2.4.7.1). Doubling of the switches increases the emergency operation reliability of 

the protection system. The dump resistor Rd1 + Rd2=0.104 Ω limits the maximum coil voltage 

during de-energizing to 250 V.  

The switch S3 allows the discharge resistance to be varied for varying the coil de-energizing 

rate. When the helium supply stops or a power loss signal comes from the magnet control 

system, the switches S1, S2, and S3 operate and the superconducting coil is rapidly discharged 

through the dump resistor Rd1 without quenching.  

The discharge resistors Rd1 and Rd2 used for energy absorption during the coil discharge are 

made of stainless steel. The maximum deposited energy is 24.4 MJ in the resistor Rd1 and 

~22 MJ in the resistors Rd1 + Rd2. The maximum temperature of the resistors during de-

energizing will be limited to ~300°C. They will be cooled by natural air convection.   

The aluminum support cylinder helps decrease the maximum temperature during the coil 

quench by providing accelerated propagation of the normal zone over the entire coil volume 

(so-called “quench-back effect”). Accelerated propagation of the normal zone leads to a 

decrease in the temperature gradients inside the coil and in the voltage drop in the normal 

zone.  
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Fig. 2.4.7.1. Superconducting coil protection circuit, MPD magnet power system 
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2.4.7.1 EMERGENCY DE-ENERGIZING OF THE SUPERCONDUCTING 
COIL  

The operation threshold of the electronic protection circuit will be determined in test low-

current energizing of the coil. It is estimated to be 1 V and depend on the noise level in the 

circuit. Inductance of the MPD superconducting coil with the yoke is 8.7 H, and the stored 

energy at the maximum current of 2.4 kA is 24.4 MJ.  

According to the calculations by the QUENCH code [5], after the protected coil quenching at the 

maximum current the maximum temperature in the coil is 27 K. The maximum temperature 

difference in the entire cold mass (winding, insulation, and support cylinder) is in the order of 

11 K, which corresponds to a time of ~ 20 s after the beginning of the quenching. If the 

protection system fails to operate and all the stored energy is deposited in the coil, the 

maximum temperature of the coil after its quenching will be 108 K when the normal zone 

originates at the coil edge. The maximum temperature difference in the radial direction across 

the insulation is ~30 K, and the maximum voltage drop in the normal zone is 193 V. When the 

normal zone originates at the center of the coil, the maximum temperature in the coil will be 

lower.  

Figure 2.4.7.2 shows time variation of the current, voltage drop on the normal zone, and 

maximum coil temperature during the coil discharge to the protective resistor. Similar plots for 

the unprotected coil quenching are presented in Fig. 2.4.7.3.  

The coil will be energized with the maximum current of 2.4 kA only in the acceptance test of the 

magnet with the yoke, when failure of the protection system to operate during the coil 

quenching is hardly possible. If the protection system fails to operate at the rated current of 

1.79 kA, the coil temperature will be 74 K.   
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Fig. 2.4.7.2. Maximum coil temperature, coil current, and voltage drop at the current leads 
when the coil is de-energized through the dump resistor after quenching  

 

 

Fig. 2.4.7.3. Maximum temperature, coil current, and voltage drop on the normal zone in the 
unprotected quench process  
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2.4.7.2 ACCELERATED DE-ENERGIZING OF THE SUPERCONDUCTING 
COIL  

Accelerated de-energizing is used for rapidly removing energy from the coil without its 

quenching, e.g., when power is lost to the coil. In this mode de-energizing is not performed 

using the power supply but rather by discharging to the dump resistor with a resistance lower 

than in the case of emergency de-energizing.  

When the liquid helium circulation in the heat exchanger of the superconducting coil stops and 

after de-energizing begins, the cold mass of 13 300 kg begins heating due to heat inflows to the 

coil through the suspension, radiation heat inflows, and eddy current loss in the coil support 

cylinder. The coil heating time will depend on the cold mass and the vaporization heat and 

enthalpy of helium that is left in the support cylinder cooling pipe. The cable and support 

cylinder heat conductance and the liquid helium vaporization heat in the support cylinder 

cooling pipe should be enough to maintain the winding temperature below the critical value 

and thus avoid its quenching at the accelerated de-energizing. 

According to the calculations, the time for accelerated de-energizing of the coil without its 

quenching should be limited to 20 min [7], which corresponds to a current decay rate of 2 A/s. 

A stainless-steel resistor with resistance Rd1=0.0073 Ω will be used for de-energizing. The 

maximum voltage drop across the resistor during the energy removal will be ~18 V, and the 

maximum power during the energy removal will be about 43 kW.    

 

2.4.8 YOKE  

The MPD solenoid yoke (Fig. 2.3.1) is mainly intended for returning the magnetic flux produced 

by the superconducting solenoid and shielding the environment against the scattered field of 

the solenoid. In addition, the yoke makes a contribution of about 18% to the total field in the 

central part of the magnet. The yoke is made of steel similar in composition to steel 10. The 

chemical composition of steel 10 is presented in Table 2.4.8.1. The main mechanical 

characteristics of steel 10 are presented in Table 2.4.8.2, and its magnetic characteristics аre 

given in Table 2.4.8.3. 

Table 2.4.8.1. Chemical composition of Steel 10 

C Si Mn S P Cr Ni Cu N2 

0.07-
0.014 

0.17-
0.37 

0.35-
0.65 

0.04 0.035 0.15 0.25 0.25 0.08 

 
  



56 
 
Table 2.4.8.2. Mechanical properties of Steel 10 

Item Unit Value 

Coefficient of thermal expansion at -50-+18°C Deg-1 13l0-6 
Young's module Gpa 198 
Tensile strength of annealed sample Mpa 340 
Yield stress of annealed sample Mpa 210 
Elongation % 29 

Table 2.4.8.3. Magnetic properties of Steel 10 

Induction, T  Magnetizing Field, A/m 

1.55 <2179 

2.01 <23881 

The yoke comprises two support rings, 24 barrel beams, two poles with trim coils and 

transportation platforms, and a support structure consisting of two cradles, six stationary 

supports, and four roller skates (Fig. 2.3.1.). The weights of the main yoke components are 

presented in Table 2.4.8.4. The total mass of the assembled yoke is 727 t.  

The calculation of the magnetic forces applied to the yoke is given in [10]. During the operation 

at the maximum solenoid current without any technological deviations each yoke beam is 

pressed against the support rings by an axial magnetic force of 116 kN and radial force of 

125 kN. The axial force acting on the pole is FZ = 2.68 MN and the corresponding force acting on 

the pole + support ring is FZ = 2.79 MN.  

If the SC coil is axially shifted by 20 mm, the axial force acting on the pole from which the coil 

shifts away is FZ = 2.61 MN and the corresponding force acting on the pole + support ring is 

FZ = 2.69 MN. The axial force acting on the pole toward which the coil shifts is FZ = 2.74 MN and 

corresponding force acting on the pole + support ring is FZ = 2.81 MN. 
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Table 2.4.8.4. Weights of the main magnet components  

Item Dimensions, m Pcs. 
Weight, 

tons 

Sum, 

tons 

1. Iron Yoke Barrel     

Support ring 4.596 I.D., 6.64 O.D., t=0.35 2 41.8 83.6 

Barrel beam 8.47 x 0.866 x 0.35 24 18.54 445 

Yoke support 6.96 x 6.8 x 3.85 1 92.77 92.77 

Auxiliary ironware (roller 

skates, etc) 
   9.55 

Total (weight of the 

yoke without poles) 
630.92 

2. Poles     

Pole 1.93 I.D., 4.586 O.D., t=0.79 2 43.65 87.3 

Trim coil 1.93 I.D., 3.592 O.D., t=0.11 2 2.14 4.28 

Pole transport platform 2.54 x 4.03 x 6.433 2 55 110 

Auxiliary ironware (roller 

skates, pole rests, etc) 
   6.76 

Total (weight of a poles 

on the transport 

platforms) 
208.34 

Grand Total 1 (weight of the 

yoke with the poles) 
727.06 

3. Cryostat & sc coil     

Vacuum vessel 4.656 I.D., 5.443 O.D., l=7.945 1 48.76 48.76 

Thermal shield 4.834 I.D., 5.265 O.D., l=7.678 1 2.68 2.68 

Coil+Support cylinder 4.936 I.D., 5.070 O.D., l=7.571 1 13.9 13.9 

Control Dewar +chimney  1  0.7 

Auxiliary ironware (tie rods,  

rests, etc) 
   0.37 

Total (cryostat+coil) 66.41 

Grand total 2 (magnet weight) 793.47 
Inner detectors and support 

cylinder 
   166 

Magnet top platform with 

equipment 
   20 

Grand total 3 (MPD weight) 979.47≈980 tons 
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Static strength calculations for the main yoke components in various modes of MPD magnet 

operation are given in [8, 20]. The purpose of the calculations was to analyze the strain-stress 

state of the structural elements of the MPD magnet resulting from weight loads, initial 

stud/bolt tightening force, and magnetic forces during its movement and under operating 

conditions. The design load for the MPD magnet moved without poles is the weight load and 

the initial tightening force applied to the studs of the support ring flange joints. The design load 

under the operating conditions includes the weight load, the initial tightening force applied to 

the M48 studs of the support ring flange joints, M48 bolts of pole stops, and M42 fastening 

bolts of the cryostat, and forces acting on the poles, support rings, and beams due to the 

magnetic field.   

Several possible MPD magnet load regimes during its assembly, movement from the assembly 

site to the operating position, and operation in the accelerator were considered (see Table 

2.4.8.5).  

According to the calculations, the maximum bending stress in the yoke beams is 8.7 MPa 

(regime 5), which is lower than the allowable value 169 MPa. In other structural elements of 

the magnet (except mounting hardware) the reduced stresses are also below the allowable 

values. For example, the maximum stresses in the magnet supports are 70 MPa. In the pole 

rests maximum bending stresses are 22 MPa. In the support rings and magnet poles the total 

banding stresses are no higher than 17/10 MPa.  

During the manufacture of the magnet the end surfaces of the support ring and the beams 

(especially three lower beams) must be aligned as much as possible for increasing the total 

rigidity of the magnet structure and thus decreasing the stresses in M48 studs. The tightening 

force for M48 studs taken to be 296 kN guarantees that the beam will not slip on the support 

ring surface under the effect of its own weight and magnetic forces.  The tightening force for 

M48 pole stop bolts taken to be 263 kN guarantees that the pole (plus disk calorimeters fixed to 

the pole tips) will not slip under the effect of its own weight and magnetic forces.  

The maximum possible force 270 kN arises in M42 bolts in the case with running into an obstacle 

6 mm high. To prevent the contact between the support surface and the cryostat leg from 

opening, the initial tightening force for M42 bolts was taken to be 290 kN in all calculation cases.   

The maximum stresses and strains arise in the structural elements of the magnet during its 

movement when it comes to rest on two diagonally located support roller skates, e.g., when it 

runs into an obstacle of 6 mm in high (load case 7 in Table 2.4.8.5). In this case terms of 

strength are met for all parts of the magnet and correspond to Normal Operating Conditions. 

The exception is three studs M48 where there is an increased by 11% (σ)4w stress (tensile + 

bending) with respect to allowable stress. Nevertheless, these increased stresses meet the 

requirements of the regime of Violation of Normal Operating Conditions. Stresses in these 

three studs in the subsequent magnet operation in beam position will also exceed by 5.4% 

stresses corresponded to Normal Operating Conditions, but will meet the requirements of the 

regime of Violation of Normal Operating Conditions. These circumstance dictates the need for 

leveling the surface of the rail track with a maximum tolerance of ±2.25 mm.  
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Table 2.4.8.5. Calculations of magnet strain-stress state cases  

 

  

Case Description 

1.  The yoke without the poles, cryostat, and inner detectors rests on six stationary supports  

2.  The yoke without the poles, cryostat, and inner detectors rests on  four roller skates  

3.  The yoke with the poles, cryostat, and inner detectors rests on six stationary supports 

4.  The yoke with the poles, cryostat, and inner detectors rests on  four roller skates  

5.  
The yoke with the poles, cryostat, and inner detectors rests on  two diagonally located 
points (along the other diagonal the contact of the roller skates with the rails is lost)  

6.  
One of four roller skates carrying the  yoke with the poles, cryostat, and inner detectors 
runs into an obstacle 1 mm high    

7.  
One of four roller skates carrying the  yoke with the poles, cryostat, and inner detectors 
runs into an obstacle 6 mm high 

8.  
The yoke with the poles, cryostat, and inner detectors rests on six stationary supports with 
the maximum decentering magnetic forces (after loading steps 3 and 5)  

9.  
The yoke with the poles, cryostat, and inner detectors rests on six stationary supports with 
the maximum decentering magnetic forces (after loading steps 4 and 6) 

10.  
The yoke with the poles, cryostat, and inner detectors rests on six stationary supports with 
the maximum decentering magnetic forces (after one loading step) 

11.  
The yoke with the poles, cryostat, and inner detectors rests on six stationary supports with 
the maximum decentering magnetic forces (after loading steps 4 and 5) 

12.  
The yoke with the poles, cryostat, and inner detectors rests on six stationary supports with 
the maximum decentering magnetic forces (after loading steps 4 and 7) 



60 
 

2.4.8.1 YOKE BARREL  

The barrel of the solenoid yoke (Figs. 2.3.1, 2.4.1.1, 2.4.8.1.1) consists of two end support rings 

and 24 beams, which are rigidly connected to the rings and make up a cylindrical barrel-like 

structure, and a support structure. To have the field of the required quality in the TPC region, 

the relative displacements of the yoke components under loads should be smaller than 1 mm. 

This is achieved by choosing an appropriate yoke design, precisely fitting the components 

together, tightly connecting them using studs with  supernuts (see Appendix 1) and pin joints of 

aligned components, and laying a rail track of appropriate quality for moving the magnet (see 

Section 2.4.8.7).  

A support ring (inner diameter 4596 mm, outer diameter 6640 mm, thickness 350 mm, weight 

41.8 t) has a 24-face surface at a diameter of 5883 mm for fixing beams (length 8470 mm, 

thickness 350 mm, trapezoidal section, weight 18.5 t each) in the azimuthal and radial 

positions. This design involving support rings ensures general stability of the structure and 

minimum relative displacements of the magnet elements under the effect of weight load and 

magnetic forces and also during the movement of the assembled magnet, which is necessary 

for reproduction of highly homogeneous magnetic field in the magnet operation area after 

each movement.   

The weight load of the cryostat with the superconducting coil and the forces produced by the 

magnetic stress arising from the displacement of the coil axis relative to the yoke axis are 

transferred to the yoke beams. The weight of the inner detectors is transferred to the yoke 

support rings.   

In the beams there are additional radial slots for bringing cables and pipes of inner detectors 

out of the magnet aperture (see Section 2.4.15 “Recesses for bringing cables and pipes out of 

the magnet aperture”).   

Each of the yoke beams is rigidly attached by eight M48 studs (four studs on each side) and 

supernuts (see Appendix 1) to the solid-forged support rings. Supernuts allow avoiding the 

torque that causes twisting of the stud body as the nut is drawn up. In addition, a small size 

allows the supernut to be recessed in the support ring body, which decreases the axial 

dimension of the magnet. The studs are arranged in two radial rows that are 180 mm apart. The 

studs are spaced at 550 mm in the outer row and at 500 mm in the inner row. The tightening 

force for each stud is 296 kN.   

The yoke barrel rests on two cradles (Fig. 2.4.1.1), each consisting of two vertical steel plates 

150 mm thick, which are  in contact with the beams at the top and are connected by a 

horizontal plate 150 mm thick. The cradles are connected to each other by two beams that 

allow joining them for machining their common plane on the lower horizontal surface to attach 

four roller skaters for moving the magnet along the rail track and six stationary supports with 

hydraulic jacks (see Section 2.4.8.4).   

Eleven lower beams of the yoke are welded to the support cradles and to each other during the 

final assembly in Dubna. Thirteen upper beams of the yoke are not connected to each other 

over their length and have a mounting gap of 2 mm between them.  
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Terms of strength are met for all elements of the design of the magnet under Normal Operating 

Conditions after running over an obstacle height of 6 mm. The exception is the M48 studs - 

their stress for the design group categories of stress ()4w exceeds the permissible value under 

Normal Operating Conditions by 5.4% and does not exceed the permissible values for the 

regime of Violations of Normal Operating Conditions. Terms of strength for these studs under 

Normal Operating Conditions are to be provided after running over an obstacle of ≤4.5 mm in 

height only. 

According to the calculations, the condition of rigidity with respect to mean tangential stresses 

in the welds connecting the beams is fulfilled in all modes of magnet operation. The maximum 

mean tangential stress is 33 MPa (in the case of the magnet running into an obstacle 6 mm high 

as it is moved), which is lower than the allowable stress [τ] = 65 MPa.   
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Fig. 2.4.8.1.1. MPD solenoid yoke barrel  
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2.4.8.2 MAGNET POLES  

The poles of the magnet (Figs. 2.3.1, 2.4.8.2.1, 2.4.8.2.2) are made up of two end caps fit into 

the borings of the support rings. Each pole weighs 43.7 t (without the transport platform and 

the trim coil). The poles are inserted in the magnet and fixed relative to the yoke support rings 

by axial stops and radial spacers. The internal recesses of the poles are cone shaped with an 

angle of 14°.  

At the maximum magnet current (with no axial shift of the SC coil) the axial force FZ = 2.68 MN 

acts on the pole. When the SC coil is axially shifted by 20 mm, the axial force acting on the pole 

from which the coil shifts away is FZ = 2.61 MN. The axial force acting on the pole toward which 

the coil shifts is FZ = 2.74 MN.  

The disc calorimeters (ECal) weighing 20 tons each are fixed on the poles. Their weight loads 

are transferred to the tips of the poles. 

When moved on the platform, the pole is fixed in the vertical position using a flange on two 

vertical knee braces. Flanges allow the planes of the poles and support rings to be aligned as 

the pole is fitted into the support rings. Relative parallelism of the pole surfaces is obtained 

using shims between the support ring surfaces and the axial stops.   

The pole is fixed relative to the support ring of the magnet barrel using eight stops and 64 bolts 

M48. The pole and the support ring are precisely aligned using three guide pins 60 mm in 

diameter with the tapered lead-in parts (Fig. 2.4.8.2.3).  

The tightening force for the M48 bolts is taken to be 206 kN, which guarantees that the pole 

will not slip under the effect of its own weight and magnetic forces. The most unfavorable loads 

in the bolts occur in an emergency event (the magnet resting on two diagonally located points 

when transported). In this case the tensile force in a bolt will be 211 kN. The reduced stresses 

under mechanical exposure determined from the components of the tensile, bending, and 

torsion stresses in the bolts for the given case are 314 MPa < 2.4[]w = 1001 MPa. 

The friction force between the pole stops and the support ring surfaces is enough to keep the 

pole immune to the effect of its weight and the magnetic decentering force with a safety factor 

of 2.2. Nevertheless, wedge-shaped distance pieces are inserted in the gap between the pole 

and the support ring to fix the pole in the radial direction and keep the gap uniform along the 

perimeter of the pole (< 0.25 mm). The wedges are exactly positioned using spacers between 

them and the pole (Fig. 2.4.8.2.3). 

According to the calculations, the maximum total bending stresses in the pole stops are 

22.3 MPa. The total bending stresses in the magnet poles are no higher than 10.2 MPa.  

Roller skates are used to move both the magnet barrel and the poles.  

The magnet poles are placed on their own transport platforms that allow them to be moved 

relative to the yoke along their own rail tracks and stay on the rail tracks when the yoke 

complete with the poles is moved to the operating position.  
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To prevent the pole from turning over when moved, there is a counterweight at the opposite 

end of the platform (the center of gravity of the platform with the pole and the counterweight 

is 2.92 m high). The pole moves at a speed no higher than 5 mm/s. The mass of the pole with 

the trim coil, platform, counterweight and disc calorimeter is ~143 t.  

The platforms with the poles will be moved using two pairs of hydraulic cylinders. Considering 

the rolling friction force (the friction factor is taken to be 0.05), the force to move the platform 

is 50 kN. With a safety margin, the maximum force developed by each cylinder for moving the 

pole should be about 50 kN. Since the poles are moved on the platforms from the yoke to a 

minimum distance allowing free movement of the magnet, there is no need for successively 

transferring stops for pole cylinders from place to place. The maximum distance to which the 

pole is moved at the full working stroke of the hydraulic cylinder is 1420 mm. It takes about 1 h 

to move one pole without considering the time for detaching the pole from the barrel.  
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Fig. 2.4.8.2.1. Magnet pole assemblies (hydraulic cylinders for moving the poles are colored 

yellow)  
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Fig. 2.4.8.2.2. Position of the center of gravity of the pole assembly 



 
 

 
Fig. 2.4.8.2.3. Arrangement of stops and guide elements on the solenoid pole   
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2.4.8.3 POSITIONING OF THE MPD MAGNET FOR ASSEMBLY AND 
OPERATION  

The magnet yoke barrel with the cryostat and inner detectors is assembled at the assembly site in 

the experimental building (Fig. 2.4.8.3.1) and then moved to the operating position in the 

accelerator. In the intermediate position (Fig. 2.4.8.3.2) poles are fixed into the support rings of the 

yoke. Then the transport platforms are detached from the poles and moved to the parking 

positions.  Figure 2.4.8.3.3 shows the magnet in the operating position  

To align the NICA and MPD axes, the floor level in the detector area is lowered to −3.19 m, and the 

distance from the beam axis to the magnet foundation plane is 4.69 m (Fig. 2.4.8.3.4).   

The 3D view of the assembled magnet complete with the inner detectors and an electronics and 

with top platform for equipment at the assembly site and in the operating position is shown in 

Figs. 2.4.8.3.5 and 2.4.8.3.6 respectively.   
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Fig. 2.4.8.3.1. Positioning of the magnet at the assembly site  
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Fig. 2.4.8.3.2. Positioning of the magnet for mounting the poles 
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Fig. 2.4.8.3.3. Positioning of the magnet in the accelerator area  

ци



 
 

 

Fig. 2.4.8.3.4. Positioning of the magnet in the accelerator area  
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Fig. 2.4.8.3.5. Yoke complete with the cryostat, inner detectors, and platform at the assembly 

site  
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Fig. 2.4.8.3.6. Completely assembled MPD detector in the operating position in the accelerator  

 

  



75 
 

2.4.8.4 MAGNET AND POLE SUPPORTS  

To transfer the weight load to the foundation, the yoke rests on a support consisting of two 

cradles joined by box profiles (Fig. 2.3.1). The total mass of the support is ~93 t. Eleven lower 

beams embraced by the cradles are welded to them and to each other.  

At the assembly site the magnet is assembled on six stationary supports (Fig. 2.4.8.4.1.), which 

are also used later to position it for operation in the accelerator. The magnet is moved on the 

rail track using four roller skates (Fig. 2.4.8.4.1). The total weight of the yoke complete with the 

cryostat and inner detectors moved on the rail track is ~870 t (with the upper equipment 

platform, it amounts to ~890 t). The total weight of the yoke with the cryostat, inner detectors, 

upper equipment platform, and poles is ~980 t.  

The assembled magnet with the detectors is adjusted with respect to the accelerator beam 

using six hydraulic jacks mounted in the stationary supports (Fig. 2.4.8.4.2) and fixed in position 

on the stationary supports using shims between them and the foundation baseplate.  

The total weight of the pole completed with the trim coil, disc calorimeter (ECal) and the 

transport platform is ~125 t. The platform is moved on the rail track using four roller skates (see 

Figs. 2.4.8.2.1 and 2.4.8.2.2).  

According to the calculations [18], the foundation plate made from concrete of compressive 

strength class B25 keeps its strength under the stationary and mobile supports. The allowable 

load on the stationary support [703 t] is higher than the load under normal operating 

conditions (250 t) and the emergency load (500 t). The allowable load under the mobile support 

(roller skate) ~[500 t] is equal to the emergency load on the support (500 t), when the magnet 

rests on two diagonally located supports.  

To keep the bearing load under the jack support at an allowable level of 200 t, a steel distance 

spacer with a thickness of at least 150 mm, width of 200 mm, and length of 560 mm should be 

used between the jack rod and the rail plate.  
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Fig. 2.4.8.4.1. Stationary (yellow) and roller (green) supports of the magnet. Shown in red are 
the shims under the stationary supports (in the figure the magnet rests on the stationary 

supports).   
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Fig. 2.4.8.4.2. Stationary support of the magnet. At the center of the suppport there is a 
hydraulic jack. Shown in red is the shim between the support and the baseplate.   
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2.4.8.5 YOKE AND POLE TRANSPORT SYSTEMS  

The transport system of the assembled magnet with the cryostat and inner detectors is 

intended for moving it after the assembly or repair at the assembly site to the operating 

position in the accelerator beam and back for repair or update of the detectors. It is tentatively 

planned that the magnet complete with the detectors will be moved to the assembly site for 

repair or adjustment of the detectors and back twice a year for 15 years.   

On the way from the assembly site the yoke complete with the cryostat (and the detectors) is 

stopped at the intermediate site to install the poles that lie on their own individual roller skates 

moving on their own rail tracks. When the magnet is moved from the operating position to the 

assembly site, there is also an intermediate stop to remove the poles. 

The magnet transport system comprises  

 A rail track (two parallel rails attached to the foundation) ~30 m long (Fig. 
2.4.8.5.1). 

 Four roller skates under two magnet cradles (Fig. 2.4.8.4.1). 

 Two hydraulic cylinders to move the magnet (Fig. 2.3.1).  

The pole transport system comprises 

 Rail tracks for the poles (two pairs of parallel rails attached to the foundation) 
~8.1 m long (Fig. 2.4.8.5.1). 

 Four roller skates under each pole platform (Fig. 2.4.8.2.2). 

 Two pairs of hydraulic cylinders to move the poles (Fig. 2.3.1).  
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Fig. 2.4.8.5.1. Diagram of the rail track for moving the magnet and the poles 
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2.4.8.6 ROLLER SKATES FOR MOVING THE MAGNET AND THE 
POLES 

Under each of two yoke cradles there are two roller skates for moving the magnet 

(Fig. 2.4.8.4.1). Each of the platforms for moving the poles has four roller skates (Figs. 2.4.8.2.1 

and 2.4.8.2.2).  

Two types of roller skates manufactured by Boerkey (Germany) were chosen as meeting the 

requirements on the use in the transport systems of the MPD magnet and its poles (see 

Appendix 2):  

 Models VIv AS-H-50CrV4-FR-K and VIv AS-H-50CrV4 to carry the 500-t load. 

 Models V AS-H-50CrV4-FR-E and V AS-H-50CrV4 to carry the 85-t load.   

Both roller skates have guide rollers on one of the two rails and no guide rollers on the other.  

The overall dimensions of the roller skates for the magnet and the poles are shown in 

Figs. 2.4.8.6.1 and 2.4.8.6.2.  

Each of the roller skates to be used for moving the magnet is designed for a weight of no 

smaller than half the weight of the magnet in view of high rigidity of the barrel structure and 

possible local deviations of the rail surfaces from the common plane. According to the 

calculations, if one of the magnet supports has a local deviation in height amounting to 

~5.8 mm, these supports are loaded by a half of the detector weight. This case is treated as a 

Violation of the Normal Operating Conditions.  

The center of gravity of the platform used to move the magnet pole and loaded by pole and 

disc calorimeter weights is shifted to the pole (see Fig. 2.4.8.2.2). Since the counterweights do 

not completely compensate the shift of the center of gravity during the motion, the roller 

skates of the platforms are loaded unevenly (center of gravity position is moved in proportion 

~1.137/0.817, see Fig. 2.4.8.2.2). As a result, the load on a front roller skate can be up to 

~85 tons.  

In the operating position, after alignment with the beam, the magnet is put on the stationary 

supports, and the roller skates are relieved.  

According to the manufacturer’s specification, the roller skates allow any cargo to be moved at 

a speed as high as 10 to 15 m/min, but it is recommended that heavy cargo be moved at a 

much lower speed to avoid problems arising from the effect of inertia forces on the cargo as 

the roller skate speeds up or slows down. Considering the experience of moving large detector 

magnets, the magnet movement speed was chosen to be 2 to 3 mm/s (except for the final 

step). At the final step it will be decreased to 0.4–0.5 mm/s to allow the detector to be aligned 

more precisely with to the beam.    
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Fig. 2.4.8.6.1. Roller skate to move the magnet  

 

 
 

Fig. 2.4.8.6.2. Roller skate to move the pole  
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2.4.8.7 RAIL TRACKS FOR MOVING THE MAGNET AND THE 
POLES  

The rail tracks for moving the magnet and the poles are shown in Fig. 2.4.8.5.1. In both cases 

rails of identical dimension will be used. They are laid in the recesses in the foundation. First, a 

metallic distribution plate (baseplate) is set in the recess and its plane is leveled with the 

horizon using forcing screws that rest against the recess bottom. Next, the plate is fastened to 

the foundation by anchor bolts, and the cavities under and around the plate are filled with no-

shrink concrete. Then rails made from individual Boerkey segments (Rail Middlepart 

1225x200x60) are fastened to the plate surface (Fig. 2.4.8.6.1). The rails are made of high-

quality steel С45 (used for skate rollers as well). The rails are thermally treated 3 mm deep. To 

avoid damage, rails are covered by protective covers for periods between movements of the 

magnet and the poles.  

According to the calculations, when the magnet is set on the stationary supports after one of 

the roller skates ran into a bump, the load on the supports is different from the load in the case 

of no bumps on the rails. For example, running into a bump ~5.8 mm high leads to an increase 

in the load on two middle stationary supports by ~250 kN and a decrease in the loads on the 

other supports by ~390 kN at maximum because of the mechanical hysteresis effect in the 

joints of the magnet. This effect has virtually no effect on the geometry of the magnet (with the 

accuracy of one tenth of a millimeter), that is important to save the mutual position of the 

magnetic axis of the solenoid and TPC axis after the movement. However, the change in the 

load in the supports running into a bump can lead to an additional lateral force, which creates 

an additional burden on the guide rollers of the roller skates. In addition, there is a loading 

studs M42, connecting barrel beams with end rings by forces close to the maximum allowable 

values. For this reason, the rail pairs are leveled to a tolerance for horizontal coplanarity not 

worse than ±2.5 mm over the entire length of movement (12 m). 

As required in Section 2.4.9 “Adjusting the spatial position of the magnet”, the magnetic center 

of the detector must be positioned in the accelerator beam direction with an accuracy no 

worse than ±2.5 mm, which is attained by precisely fixing rails on the foundation and having 

gaps of ±0.5 mm between the roller skate guide rollers and rails. 

For even loading rollers of roller skates the rail surfaces should be leveled to better that 

0.2 mrad in the plane perpendicular to the direction of the rails. 

Calculations of the load capacity of the foundation should be performed for the ultimate 

possible load, when the weight of the magnet in the process of its movement turns out to be 

distributed between two diagonally located supports (i.e., 490 t on each support). This case is 

classed as an emergency event and corresponds to having a local rail bump ~5.8 mm high.  

When the magnet is moved, the rails will not only bear vertical and longitudinal loads but also 

be affected by a transverse force arising, for example, from the deviation of the roller skate 

position from the direction of the movement. The calculations yield a rather low value for this 

force. Given a vertical load of 500 t on the support, the deviation of the roller skate by 1 deg. 

gives rise to a transverse force of ~1 t. However, calculations of the baseplate fasteners for 
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fixing the rails relative to the foundation should be performed for a local transverse load of 

±45 t, which corresponds to the load-carrying capacity of the roller skate guide rollers for 

moving the magnet of 500 t. The baseplate fasteners for the pole movement rail track should 

be calculated for a local transverse load of ±20 t.  

The magnet movement speed was chosen to be 2–3 mm/s. At the final step it will be decreased 

to 0.4–0.5 mm/s for precise positioning of the detector relative to the beam.  Considering the 

time for transferring stops from place to place, it will take about eight to ten hours to move the 

magnet from the assembly site to the operating position (or back).  

According to the calculations [18], the depth of the groove weld in the rail track base plates will 

be t = 22 mm. To have stability with respect to compression, the length of a free segment 

between the bolts fastening the support plate to the foundation should not be larger than 

Lmax = 4.6 m. The weight load will bend the rail track support plate protruding beyond the skate 

edge like a beam on an elastic foundation, which is the concrete foundation in this case.    

According to the calculations, the strength of the solid (seamless) support plate is high enough 

both under normal operating conditions ( = 50 MPa <  = 169 MPa ) and under violated 

normal operating conditions when the load on the support rises twice as high to 500 t. The 

weld seam at the junction of the two supporting plates must be carried out with an inclination 

to the longitudinal axis 30-40°.  

The bolts M27 of strength class 10.9 (b100 MPa) have to be used for attachment of the 

hydraulic cylinder stop to the base plate. The distance between the bolts along the rail path 

must be at least 380 mm. Screwing length in the supporting plate has not to be less than 

H = 44 mm. The diameter of the pins retaining stop of the shift is d = 45 mm; depth of entry in 

the base plate is 20 mm at least. Pin material - steel 45 or 40X with a tensile strength 

b600 MPa. 

Anchor bolts securing the base plate should be placed in front of each mounting bolts of the 

stop. The anchor bolts to attach the base plate to the floor in the area of the stop installation 

have not to be less than M27 class 10.9. Screwing length in the anchor has not to be less than 

45 mm, the tensile strength of the anchor material not less than b=390 MPa (design resistance 

of at least 350 MPa). 
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2.4.9 ADJUSTING THE SPATIAL POSITION OF THE MAGNET  

Apart from specifying the position of the magnet center on the accelerator axis, the spatial 

position of the magnet is defined by the accuracy of aligning the magnetic axis of the detector 

and the accelerator axis. According to the tentative estimations of the accelerator designers, 

the magnet axis should be within a cylinder 5 mm in diameter over the entire length of the TPC 

region with the center on the accelerator axis.    

The position of the center and the magnet axis are adjusted by  

 Accurately laying the rail track in the direction of the beam axis (Z axis in Fig. 1.1) 

within ±2.5 mm (guaranteed gaps between the guide rollers of the roller skates 

and the rails ±0.5 mm, rail making accuracy −0.5 mm).  

 Adjusting the height by hydraulic jacks using shims between the stationary 

supports and the surfaces of the baseplates to compensate for magnet axis 

deviations in height (Y axis in Fig. 1.1) to within ~0.2 mm (after the magnet is set 

on the stationary supports, the pressure in the hydraulic jacks is relieved) .  

 Using hydraulic cylinders intended for moving the magnet to vary the position of 

the magnet axis in the X direction (see directions of axes in Fig 1.1) to within 

fractions of a millimeter (oppositely direction action of the cylinders is possible).   

Guide locks will be used after each further disassembling for aligning flange joints of the 

accelerator vacuum pipe in the direction perpendicular to the accelerator axis to within 

fractions of a millimeter.  

When the magnet is transferred from the roller skates to the stationary supports after one of 

the roller skates ran into a bump, the load on the supports is different from the load in the case 

of no bumps on the rails due to the mechanical hysteresis effect in the joints of the magnet. 

According to the calculations, even if one of the roller skates runs into a bump so that contact is 

lost in two roller skates, the yoke will not suffer any appreciable residual deformation in the 

process of setting the magnet on the stationary supports. The residual vertical deformation in 

the region of this roller skate will be no higher than 0.1 mm.    
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2.4.10 FIXING POLES INTO BORINGS OF THE YOKE SUPPORT RINGS  

On the way from the assembly site the yoke complete with the cryostat is stopped at the 

intermediate site to install the poles that lie on their own individual roller skates moving on 

their own rail tracks (Fig. 2.4.8.2.1). When the magnet is moved from the operating position to 

the assembly site, there is also an intermediate stop to remove the poles.   

To be fixed into the support ring boring, the pole is moved on its own transport platform to the 

yoke end by two hydraulic cylinders. When the pole comes close to the yoke end, its axis is 

aligned with the support ring axis in the horizontal plane by unidirectional or differently 

directed action of the hydraulic cylinders for movement of the magnet and the poles.     

In the vertical longitudinal plane of the magnet the axes of the support ring and the pole are 

aligned using six hydraulic jacks of the magnet. The height variation range of the jacks allows 

the magnet tilt angle to be changed within the allowable rod travel range of ±25 mm (±14’) 

relative to the middle position. A possible azimuthal shift of the pole position relative to the 

support ring is allowed by separate pressure control in the outermost jacks on the magnet 

cradle relative to the middle position within the range of ±13’. The accuracy of vertically 

adjusting the pole position relative to the support ring by the hydraulic jacks of the magnet is 

estimated at ±0.2 mm.  

The position of the magnet relative to the pole is fixed and the hydraulic jacks are unloaded 

using the nuts on the rods of the hydraulic jack cylinders.  

After the axes of the pole and the support ring are aligned, the pole is pushed in the support 

ring using the hydraulic cylinders of the poles. The guide pins on the support ring allow fixing 

the exact position of the pole relative to the ring. The pole stops are bolted to the support rings 

by M48 bolts (tightening force 263 MPa). Then spacers are set between the recesses of the pole 

and the support ring to fix their relative position.   

Then the transport platforms are detached from the poles and brought into the parking 

position using hydraulic cylinders. The magnet is lowered with jacks down onto the roller skates 

for being moved on the rail track.  

The procedure of pulling poles out of the borings of the support rings is similar to the 

procedure described above. The surface of the support flange on the pole transport platform 

and the cylindrical support surface on the backside of the pole are aligned using the jacks of the 

magnet and the hydraulic cylinders for moving the pole and the magnet.   
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2.4.11 HYDRAULIC SYSTEMS OF THE MPD MAGNET  

The hydraulic systems of the MPD magnet are intended for 

 Aligning the mounting surfaces of the poles with the borings of the yoke support rings in 

the vertical and horizontal planes.  

 Moving the magnet with the electronics platform attached to it on the rail track from 

the assembly site to the operating position in the accelerator and back. 

 Moving each pole on its transport platform on the rail track from the parking position to 

the operating position in the yoke and back.   

 Aligning the magnet and accelerator axes in the magnet operating position (see 2.4.9). 

A hydraulic system of the magnet includes  

 Six hydraulic jacks in the stationary supports of the magnet with a load-carrying capacity 

of 250 t each (Fig. 2.4.8.4.2). 

 Two bidirectional cylinders for horizontal movement of the magnet with a maximum 

force of 35 t (Fig.2.3.1).  

 Four bidirectional hydraulic cylinders with a maximum force of 5 t for horizontal 

movement of the poles (Fig. 2.4.8.2.1).  

The hydraulic system of the magnet is driven by an oil station mounted on the magnet support. 

It also houses commutation elements of the hydraulic system and controllers. Electronically 

controlled valves are used to perform all commutation. The computer-aided control is 

exercised over the hydraulic system at all stages with minimum attending personnel.    
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2.4.11.1 HYDRAULIC JACKS OF THE MAGNET  

Six hydraulic jacks of the magnet are mounted in the stationary supports of the magnet upside 

down (the head of the rod rests against the rail with a spacer between them, see Fig. 2.4.8.4.2). 

Each jack is designed for a load of 250 t. To lift, an approximately equal pressure corresponding 

to the total weight of the magnet with the inner detectors (980 t) is set in all supports.  

The full piston stroke of a hydraulic jack is 50 mm. With the rod pushed in, the roller skates of 

the magnet are in contact with the rail. The rod stroke margin is enough to adjust the magnet 

position within ±25 mm.  

In the operating position the jacks are used to adjust the magnet and accelerator axes in height 

to within ±0.2 mm. Each of the cradles is separately adjusted in height, i.e., first one cradle of 

the magnet is set and then the other. During the adjustment the pressure is simultaneously 

changed in all three cylinders of each cradle. Metal spacers are used between stationary 

supports and baseplates to level the position.  

2.4.11.2 YOKE MOVEMENT HYDRAULIC SYSTEM  

The assembled magnet with the detectors and attached electronics and equipment platform is 

moved on the rails from the assembly site to the operating position in the accelerator and back 

using two hydraulic cylinders fixed on the yoke cradles (Figs. 2.4.11.2.1 and 2.4.11.2.2). The full 

hydraulic cylinder piston stroke is 1500 mm. The magnet is moved on the rails over the total 

length of 12 m by transferring cylinder stops forward at a step of 1500 mm (Fig. 2.4.13.2.2). The 

fixing points of the stops are placed on the rail track baseplates a certain distance apart. The 

stops are transferred to the next position on the foundation together with the hydraulic 

cylinder rods.   

Each of the cylinders develops a pushing/pulling force no less than 35 t. This value has a margin 

of safety for the total weight of the magnet with the inner detectors and the electronics 

platform, which is 1000 t, and allows for the manufacturer’s recommended roller skate rolling 

friction factor k = 0.07. As the magnet moves, the pressure is checked in each cylinder. 

The maximum deviation of the yoke position relative to the rails in the direction parallel to the 

accelerator beam axis is kept within ±0.5 mm over the entire way due to guide rollers. The yoke 

is moved on the rails at a speed of 2–3 mm/s, which decreases to 0.4–05 mm/s as the magnet 

approaches the operating position.  

When the magnet arrives at the final position, the cylinder rods are fully pushed in and the 

cylinders are set in the vertical position lest they hinder magnet operation (Fig. 2.4.8.4.1).  
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Fig. 2.4.11.3.1. Magnet with the attached platform for electronics and equipment  
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Fig. 2.4.11.3.2. Installation of the hydraulic cylinder for moving the yoke: 

(1) magnet drive hydraulic cylinder; (2) hydraulic cylinder rod; (3) hydraulic cylinder rod stop; (4) stationary support of the magnet  
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2.4.11.3 POLE MOVEMENT HYDRAULIC SYSTEM  

Two pairs of hydraulic cylinders fixed on the pole transport platforms are used to move poles 

on the roller skates on the rail track from the parking to the operating position and back 

(Fig. 2.4.8.2.1).  

Each of the cylinders develops a pushing/pulling force no less than 5 t.  The full piston stroke of 

the hydraulic cylinder is 1545 mm, and the working stroke is 1420 mm (Fig. 2.4.11.4.1). The 

accuracy of the movement direction is maintained by separately controlling the pressure in 

each cylinder. The maximum deviation of the pole position relative to the rails in the direction 

perpendicular to the accelerator beam direction is kept below ±0.5 mm over the entire way due 

to the gaps between the guide rollers and rails. The accurate alignment of the pole plane with 

the support ring plane can be obtained by differently directed action of the horizontal drive 

cylinders.   

The maximum allowable speed of the pole moving on the rails is limited to 2–3 mm/s in view of 

a danger of its turning-over at a sudden stop. Close to the magnet, the speed is decreased to 

0.5 mm/s.  

On arrival at the final position, the cylinder rods are detached from the ears on the magnet and 

fully pushed in lest they hinder magnet operation.  
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Fig. 2.4.11.4.1. Pole fully pulled out  
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2.4.12 POLE TRIM COILS  

To correct the magnetic field in the TPC region, there are trim coils fixed in the pole recesses 

(Figs. 2.3.1 and 2.4.12.1). They are wound using a hollow aluminum conductor 42×42 mm2 in 

cross section with a hole 27 mm in diameter and an edge round-off radius of 2 mm. The 

calculations of the trim coil parameters are given in [11]. The trim coils will be cooled by 

demineralized return water circulating in a closed loop. The maximum possible temperature of 

the cooling water is taken to be T = 25 K at the entrance to the trim coil and T = 55 K at the exit 

(temperature difference T = 30 K).  

The dimensions of the recess in the pole tip for mounting the trim coil are as follows:   

Inner radius   Ri = 965 mm 
Outer radius   Re= 1796 mm 
Depth   Zs = 110 mm 

Structurally, the trim coils are two-layer pancakes wound from the center, which are fixed in 

the circular recess. The trim coils lead-outs are at the outer radius. The turn insulation of glass 

tape vacuum impregnated with epoxy compound is 1 mm thick on the conductor side. The 

ground-wall insulation is 5 mm thick. A fiber glass plastic sheet 1.0 mm thick is sandwiched 

between two pancakes of the coil. The number of turns in the trim coil is 34. The inner 

diameter of the trims coil is 1.95 m, its outer diameter is 3.466 m, the axial thickness of the coil 

is 0.099 m, and the weight of a trim coil is 1.12 t. 

The calculations of the magnetic forces applied to a trim coil are given in [10]. At the maximum 

superconducting coil current forces of 6.8 kN act on the trim coils and press them against the 

poles. When the superconducting coil is shifted by 20 mm, a pole-directed force of 7.9 kN acts 

on the trim coil in the pole from which the superconducting coil shifts away. In the pole toward 

which the superconducting coil shifts a pole-directed force of 5.8 kN acts on the trim coil.     

When the superconducting coil shifts by 20 mm along the beam axis, each of the poles shifts by 

5 mm in the axial direction away from the center of the magnet, and the current density in the 

superconducting coil linearly varies by 2%, a separating force of ~11 kN can acts on one of the 

pole trims coils. In an emergency event, when one of the trim coil power supplies is suddenly 

off, the maximum force acting on the trim coil and tending to separate it from the pole surface 

can be as high as 14.2 kN.  

Calculations of the trim coil fixation in the recess on the pole tip are given in [19]. The trim coils 

are secured in place by 5-mm-thick caps of stainless steel on the side facing the detectors (Fig. 

2.4.12.1). The caps prevent the trim coils from moving under the action of electromagnetic 

forces directed toward the magnet center.   

Between a stainless-steel cap and the trim coil surface there is a rubber gasket 6 mm thick. The 

trim coil is packed out relative to the recess walls at the outer radius by fiberglass wedges.   
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The total length of the cable in one trim coil is 294 m. The resistance of each trim coil at 20 ̊C is 

0.007299 Ohm and at 40°C - 0.007883 Ω. The total flow rate from the return water system over 

the two trim coils is 2476 cm3/s at a maximum pressure of 7.7 bar. The diagram of connection 

of the solenoid pole trim coils to the return water system is shown in Fig. 2.4.12.2. A 3D view of 

the trim coil lead-outs is given in Fig. 2.4.12.3.  

The maximum current density in the trim coil aluminum in the basic mode of operation 

3.27 A/mm2. The maximum ampere-turns in the each magnet pole trim coil are 151 kA. The 

overall loss power in both trim coils can be as high as 310 kW with a maximum loss power up to 

155 kW in one of the trim coils.  

The trim coil inductance is 7 х 10-3 H. Mutual inductance of a trim coil and the superconducting 

coil is 0.05 H, and the mutual inductance of two trim coils is 7 х 10-9 H. When there are no 

technological deviations to be compensated by the trim coils, the rated current of the trim coils 

is 3059 A. The maximum trim coil current that can be set when it is necessary to compensate 

for a technological deviation is 4441 A at a trim coil voltage drop of 35 V.   

The trim coils are connected to the return water supply system by flexible pipes and to the 

power supply system by aluminum buses to be disconnected during movement.  
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Fig. 2.4.12.1. Cross section of the trim coil in the pole recess 
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Fig. 2.4.12.2. Diagram of connection of the trim coils in the magnet poles to the return water supply system 
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Fig. 2.4.12.3. Lead-outs of the pole trim coils  
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2.4.13 POWER SUPPLY OF THE MAGNET COILS  

2.4.13.1 POWER SUPPLY SYSTEM OF THE MAGNET COILS  

The power supply system of the superconducting coil Ls and pole trim coils LT1 and LT2 is 

schematically shown in Fig. 2.4.7.1.  

The system consists of a power supply for the superconducting coil, two switches in the coil 

power supply circuit S1 and S2 (for increasing the reliability of the quench protection system 

operation), and dump resistors for de-energizing the coil Rd1 and Rd2. The switch S3 allows the 

discharge resistance to be varied for varying the coil de-energizing rate.   

The switch Sp1 is used to change the current polarity in the superconducting coil in synchronism 

with the change in the polarity of the pole trim coil power supplies. The power supply is 

connected to the current leads on the cap of the control Dewar by air-cooled aluminum buses.   

Since the currents of the trim coils must be controlled separately, two power supplies PS1 and 

PS2 are needed. The overall loss power in both trim coils can be as high as 310 kW at the 

maximum loss power in one of the trim coil up to 155 kW. To change the power supply current 

polarity, there are switches Sp2 and Sp3.  

The pole trim coils and the superconducting coil have voltage limiters as shunts to prevent high 

voltage arising at the terminals of the coils when the polarity is changes at a low current in the 

coils.  

When both trim coils are switched on/off simultaneously, the superconducting coil current 

changes as defined by the expression  

ΔI = 2×It×M/Ls , 

where It is the trim coil current, M is the mutual inductance of the pole trim coil and the 

superconducting coil, and Ls is the solenoid coil inductance. Thus, the current varies by ~2.4 A. 

During the emergency de-energizing of the superconducting coil with a time constant of 84 s 

(current variation rate 28.4 A/s), voltage arises at the open ends of the trim coils; it is defined as  

U=M×dIs/dt 

and amounts to ~0.065 V, which is appreciably lower than the maximum coil operating voltage 

of 35 V. 

An additional axial force acting on the suspension system of the superconducting coil will be 

originated during emergency shutdown of one of the power supplies of the trim coils [10]. So 

when the coils powered by two independent power supplies in case of an emergency shutdown 

of one of them, the maximum force acting on the axial suspension  of the sc coil (magnetic 

induction at the coil center 0.54 T), could be up to 273 kN, which exceeds the allowable force 

for the axial suspension in an emergency [248 kN]. The power supplies connection as shown in 

Fig. 2.4.7.1 is used to limit the forces acting on the axial suspension during emergency 

shutdown of a power supply. The power supply PS1 produces the same current through the trim 
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coils, and the other power supply PS2 is used for the correction of technology deviations of the 

magnetic circuit parameters. 

Center of the superconducting coil has to be shifted in the direction opposite chimney side, as 

the axial suspension rods work better for tension than for compression. For this reason, the 

power supply of PS2 will relate to the trim coil LT2, located on the pole of the chimney side. 

For example, the current of 4441 A in the “chimney side” trim coil and the current of 2441 A in 

the other trim coil are needed for the field correction in the TPC area in case of the worst 

combination of the technology deviations (magnet field in the coil center B = 0.54 T). In this 

case, the current 2441 A of a power supply is common for both trim coils and the current of the 

second power supply should be 4441 A - 2441 A = 2000 A. The maximum force acting on the 

superconducting coil with the loss of the current 2441 A and with the remaining correction 

current 2000 A is 143 kN only. 

An equivalent circuit (Figure 2.4.13.1) can be considered to define values of power supply 

voltages for the circuit in Fig. 2.4.7.1. 

 

Fig. 2.4.13.1. Equivalent circuit of the trim coil power supply 

EMF E1 corresponds to the common power supply, and the EMF E2 – to the additional one. 

Trim coils resistance r1 and r2 in this case are identical r1 = r2 = r0. 

The resistance of each coil at 20 ̊C is 0.007299 Ohm, and at the temperature of 40 ̊C (average 

temperature of the conductor during operation) - 0.007883 Ohm. 

Contour currents I1 and I2 correspond to currents of the power supplies. Obviously, for the 

considered case current I1 = 2441 A, and the current I2 = 2000 A. Let us write the expression for 

the EMF of power supplies in terms of contour currents: 

𝐸1 = 2𝑟 ∙ 𝐼1 + 𝑟 ∙ 𝐼2 

𝐸2 = 𝑟 ∙ 𝐼1 + 𝑟 ∙ 𝐼2 

For this case E1 = 54 V, and E2 = 35 V, and the of power losses of the trim coils compensated by 

current sources are: 

𝑃1 = 𝐸1 ∙ 𝐼1 = 132 𝑘𝑊 

𝑃2 = 𝐸2 ∙ 𝐼2 = 70 𝑘𝑊 

E1 

E2

 

r1 

r2 

I1 

I2 
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It is obvious that the power supply PS1 should provide the maximum voltage up to 70 V, and the 

maximum power losses to be compensated by this source will correspond to the absence of 

technological deviations with the same maximum allowable values of the currents of 4441 kA in 

both correction coils (it corresponds to a field in center of the magnet 0.64 T): 

𝑃1𝑚𝑎𝑥 = 2𝐸1 ∙ 𝐼1 = 311 𝑘𝑊. 

The power supply PS2 should provide the maximum load voltage of 35 V, and the maximum 

power losses to be compensated by this source will correspond to a field in the center of the 

coil 0.54 T: 

𝑃2𝑚𝑎𝑥 = 70 𝑘𝑊. 

2.4.13.2 SUPERCONDUCTING COIL POWER SUPPLY  

The power supply of the superconducting coil must allow a long time of operation at the 

maximum solenoid current of 2.388 kA, which corresponds to a field of 0.66 T in the magnet 

operation region. The superconducting coil power supply should have an output voltage up to 

10 V and stability better than 0.1% [12]. The supply line: three phases, 50 Hz, and 380 V.  

A power supply that meets these conditions is, for example, Heinzinger [13] PNY 10-2500/M 

with an output voltage of 0 to 10 V at a maximum current of 0 to 2500 A.  

Performance: 

Current stabilization  

Reproducibility: ±0.1% Inom 

Stability over 8 h: ≤0.03% Inom  

Ripple: ≤1%pp ±1mA Inom 

Temperature coefficient: ≤0.03% Inom/K 

Cooling  

Water cooling of radiators of power transistors and thyristors  

Water temperature at the entrance: ~18°C 

Pressure: 2–5 bar 

Requirements on cooling water: appropriate water for cooling aluminum radiators  

Coolant for the transformer and other equipment: air 

Current and voltage displays: 3.5 digits (separately for voltage and current) 

Output value setting: 10-turn potentiometers (separately for voltage and current) 

Remote control through the integrated analogue interface of 0−10 V (digital interface as an 

option)  

The following digital interface versions are possible: 

RS232/IEEE488 combined interface (12bit for voltage, current, and control)  

RS232/RS485 combined interface, (12bit for voltage, current, and control) 

Outputs: constant current output at the top of the power supply backside  
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Input: connector (supply line cable with a CEE connector as an option)  

Mainframe: 19 "rack  

Dimensions: max. 1200×2000×800 mm (W×H×D) 

Weight: 1200 kg  

2.4.13.3 POWER SUPPLIES OF THE POLE TRIM COILS  

Power supply PST1 (Fig. 2.4.7.1) provides a current of the both correction coils up to 4441 A and 

compensates for power loss to 2x155 kW, at voltages up to 2x35 V. Power supply PST2 shall 

ensure the maximum voltage across the load of 35 V and a maximum current of ~ 2000 A. The 

maximum power loss to be compensated for by this source has to be up to 70 kW. 

The power supplies must allow the current stability no worse than ±0.1%. The supply line: three 

phases, 50 Hz, 380 V. 

A power supplies that meets these conditions is, for example, Heinzinger [13] PNY series.  

Performance: 

Current stabilization 

Reproducibility: ±0.1% Inom 

Stability over 8 h: ≤0.03% Inom  

Ripple: ≤1%pp ±1mA Inom 

Temperature coefficient: ≤0.03% Inom/K 

Cooling  

Water cooling of radiators of power transistors and thyristors  

Water temperature at the entrance: ~18°C 

Pressure: 2–5 bar 

Requirements on cooling water: appropriate water for cooling aluminum radiators  

Coolant for the transformer and other equipment: air 

Current and voltage displays: 3.5 digits (separately for voltage and current) 

Output value setting: 10-turn potentiometers (separately for voltage and current) 

Remote control through the integrated analogue interface of 0−10 V (digital interface as an 

option) 

Возможны следующие варианты цифрового интерфейса: 

RS232/IEEE488 combined interface, (12bit for voltage, current, and control) 

RS232/RS485 combined interface, (12bit for voltage, current, and control) 

Outputs: constant current output at the top of the power supply backside 

Input: connector (supply line cable with a CEE connector as an option) 
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Mainframe: 19 "racks 

2.4.14 Seismic safety of the magnet  

Since NICA is not sited in an earthquake hazard zone and the installation itself is not liable, 

either in safety class or in seismic stability category (NP-01-97, item 2.5 and NP-031-01, item 

2.6.3), to Requirements NP-064-05 “Allowance for Natural and Manmade Impacts on Nuclear 

Installations” (items 1.3 and 1.5), no seismic load calculations are needed for the MPD magnet.  

In addition, there is no information on any danger arising from the earthquake-caused shift of 

the MPD magnet components which is needed for taking a decision to perform seismic stability 

calculations.    

2.4.15 PASSAGES FOR RUNNING CABLING AND TUBING OUT OF 

THE MAGNET APERTURE 

Radial passages between the cryostat but ends and the yoke support rings will be used for 

running cables and tubing out of the inner volume of the MPD magnet (Fig. 2.4.15.1). On 

passing the cryostat ends the tubing and the cabling go out of the magnet through slots 

(150×500 mm) in the yoke beams (Figs. 2.4.15.2 and 2.4.15.3). The passage cross section area 

should be no smaller than 12000 cm2 on one side of the magnet. 

Considering that the passages are partially blocked by 24 support beams of the inner detectors, 

the minimum cross section area of the gap between the cryostat but ends and the support rings 

which can be used for running cabling and tubing at the cryostat position closest to the support 

ring (160 mm) is S ≈ 16000 cm2. With the nominal gap of 180 mm, the effective cross section 

area for running the cables increases to S ≈ 18000 cm2. The slots in the barrel beams are round 

off at the angles to a radius of 50 mm. Beam B13 (Fig. 2.4.15.3) has a larger slot 520 × 320 mm 

in size for the cryogenic chimney and cables.  
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Fig. 2.4.15.1. Radial passages for cables and tubing (side view)   
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Fig. 2.4.15.2. Radial passages for cables and tubing (view from the magnet end)  
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Fig. 2.4.15.3. Radial slots in the beams for running cables and tubing  
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2.4.16 The upper platform for the equipment of the magnet  

Platform 8.7x7 m2 (see Fig. 2.4.1.2) is placed on top of the magnet to host the vacuum pumps, 

equipment of the control Dewar, power supply, protection and control system of the sc coil, as 

well as for their service. Total weight of the equipment on the platform does not exceed 10 t. 

Cutout in the platform deck provides access to service of the control Dewar mounted on the 

upper beam of the magnet barrel. 

To access the hardware on the platform there are two ladders on the sides of the magnet. The 

low point the stairs on the south side of the magnet is located on the pit floor level and the 

stairs on the north side starts at the level of the top deck of the platform for the detector 

electronics and equipment that moves together with the magnet. 

 

2.5 ASSEMBLING THE MAGNET 
2.5.1 TEST ASSEMBLY OF THE YOKE AT THE MANUFACTURER’S  
2.5.1.1 ASSEMBLING THE POLES  

2.5.1.1.1 Mounting support rings horizontally  

2.5.1.1.2 Setting poles on the supports in the support rings and centering them relative to 

the support ring boring  

2.5.1.1.3 Inserting and tightening fastening bolts  

2.5.1.1.4 Drilling holes for guide pins  

2.5.1.1.5 Drilling out the holes of the guide pins in the support rings to allow for 

deformation of the support rings under the effect of the weight load  

2.5.1.1.6 Performing test assembly of the poles on the transport platforms  

2.5.1.2 ASSEMBLING THE YOKE BARREL IN THE VERTICAL POSITION  

2.5.1.2.1 Setting one of the support rings in the horizontal position on an auxiliary support 

(Fig. 2.5.1.2.1). 

 

Fig. 2.5.1.2.1. Support ring set on an auxiliary support 
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2.5.1.2.2 Setting beams one by one in the vertical position in their corresponding places 

on the support ring (Fig. 2.5.1.2.2).  

 

 

Fig. 2.5.1.2.2. One-by-one mounting of the yoke beams in the vertical position 

2.5.1.2.3 Setting M48 studs with supernuts in the butt joints of the beams and the support 

ring and preliminarily tightening the supernuts on all beams as they are set 

(Fig. 2.5.1.2.3); adjusting the spatial position of the beams to meet the assembly 

drawing requirements; securing the beams in position to prevent their turning-

over.  
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Fig. 2.5.1.2.3. Mounting of all beams 

2.5.1.2.4 Setting the second support ring on the free ends of beams (using spacers if 

necessary to level the common end plane); setting M48 studs with supernuts in 

the butt joints of the beams and the second support ring and preliminarily 

tightening the supernuts (Fig. 2.5.1.2.4); checking the support rings for their 

spatial position to meet the assembly drawing requirements.   

 

Fig. 2.5.1.2.4. Yoke barrel assembled in the vertical position 
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2.5.1.2.5 Bringing radial beam support surfaces of the beam into proper contact with 

support ring surfaces using tie rods; fully tightening all supernuts. 

2.5.1.2.6 Checking support rings for their relative position in the fully assembled yoke 

barrel; drilling and finally preparing holes for pins through the support rings to 

the beam ends and setting the pins.  

2.5.1.2.7 Disassembling the yoke and assembling it on the other support ring for fixing the 

beams and the support ring that was previously at the bottom by pins. 

2.5.1.2.8 Setting cradles on the auxiliary supports and adjusting their position relative to 

the barrel in accordance with the drawing requirements (Fig. 2.5.1.2.5); using 

spacers to ensure contact of the cradle surfaces with the yoke beams.  

 

Fig. 2.5.1.2.5. Yoke assembled in the vertical position on the supports 

2.5.1.2.9 Preparing holes for locating pins at the place of contact between the beams and 

the cradles.  

2.5.1.2.10 Assembling the yoke in the horizontal position using pins and spacers between 

the yoke beams and the cradles.  
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2.5.1.3 ACCEPTANCE TESTS OF THE YOKE IN THE HORIZONTAL POSITION 

2.5.1.3.1 Checking the rings for alignment, mutual parallelism, and perpendicularity to the 

magnet axis. 

2.5.1.3.2 Checking the fit of the beams to mating surfaces of the support rings.  

2.5.1.3.3 Checking coaxiality of the support rings and the poles. Checking the gaps 

between the poles and the support rings.  

2.5.2 DISASSEMBLY AND TRANSPORTATION OF THE YOKE  

2.5.2.1 Disassembly of the yoke.  

2.5.2.2 Spacers between the beams and the cradles remain welded to the cradle surface.  

2.5.3 FINAL ASSEMBLY OF THE MAGNET IN DUBNA  
2.5.3.1 ASSEMBLING THE MAGNET WITH THE CRYOSTAT  

2.5.3.1.1 Putting the magnet support cradles on the roller skates on the rail track in 

accordance with the requirements of the assembly drawing and the scheme of 

the magnet allocation at the assembly site (Fig. 2.5.3.1.1); adjusting the positions 

of the roller skates and their guide rollers.  

 
Fig. 2.5.3.1.1. Magnet cradles put on the roller skates 

 

2.5.3.1.2 Transferring the magnet cradles to the stationary supports and adjusting their 

height using hydraulic jacks and shims between the stationary supports and the 

foundation in accordance with the assembly draw requirements (Fig. 2.5.3.1.2); 

checking the position of the cradle support planes.   
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Fig. 2.5.3.1.2. Magnet cradles set on the stationary supports  

 

2.5.3.1.3 Setting eleven lower beams with pins; checking the spatial arrangement of the 

barrel components for being in accordance with the assembly drawing 

requirements.  

2.5.3.1.4 Mounting support rings, checking their relative position for meeting the 

assembly drawing requirements.   

2.5.3.1.5 Mounting the upper distance spacer between the support rings.  

2.5.3.1.6 Setting tie studs with supernuts and preliminarily tightening the supernuts on 

the mounted beams.  

2.5.3.1.7 Checking relative position of the support rings.  

2.5.3.1.8 Welding the beams to the cradle and to each other (Fig. 2.5.3.1.3). 

2.5.3.1.9 Removing the upper distance piece between the support rings.  

2.5.3.1.10 Mounting the cryostat (Fig. 2.5.3.1.4).  
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Fig. 2.5.3.1.3. Welding of eleven lower beams to the cradle and to each other (beam welding 
places are shown by red dashed lines)  

 

Fig. 2.5.3.1.4. Mounting of the cryostat after assembling eleven lower beams and the support 
rings  

2.5.3.1.11 Checking the relative position of the support rings and adjusting it if necessary. 

2.5.3.1.12 Adjusting the position of the cryostat relative to the support rings using spacers.   

2.5.3.1.13 Mounting the remaining 13 barrel beams one by one, setting pins, and 

preliminarily tightening supernuts on the tie studs (Fig. 2.5.3.1.5); checking and 

adjusting, if necessary, the position of the support rings after mounting each of 

the remaining beams.   
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Fig. 2.5.3.1.5. Mounting of the remaining yoke beams after the mounting of the cryostat 

2.5.3.1.14 Fully tightening all supernuts. 

2.5.3.1.15 Checking the relative position of the support rings. 

2.5.3.1.16 Checking the position of the cryostat relative the support rings.   

2.5.3.1.17 Mounting the control Dewar, connecting cables and pipes in the chimney, 

welding the movable part of the chimney, and pumping out and checking 

vacuum.  

2.5.3.1.18 Setting the upper platform on the yoke and mounting the equipment (vacuum 

pumps, power supplies, etc.) on the platform.  

2.5.3.1.19 Assembling the platforms for moving solenoid poles.  

2.5.3.1.20 Mounting the drives of the magnet and pole movement system; putting the 

hydraulic system of the magnet into operation.  

2.5.3.1.21 Fitting trim coils into the recesses in the poles and securing them with caps. 

2.5.3.1.22 Setting pole transport platforms on the rail tracks in the parking position; 

mounting counterweights. 

2.5.3.1.23 Setting poles on the transport platforms (Figs. 2.4.8.2.1, 2.4.8.2.2, 2.4.8.3.5). 

2.5.3.1.24 Moving the yoke to the pole mounting area.  

2.5.3.1.25 Adjusting the position of the poles on the transport platforms relative to the 

borings in the support rings. 

2.5.3.1.26 Inserting poles in the borings of the yoke support rings using the guide pins.  

2.5.3.1.27 Adjusting the position of the poles relative the yoke support rings; bolting poles 

on the support rings with M48 bolts.  

2.5.3.1.28 Checking poles for positioning relative to the support rings. 

2.5.3.1.29 Adjusting the distance between the poles, their mutual parallelism, and 

perpendicularity to the magnet axis using spacers under axial stops of the poles.  
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2.5.3.1.30 Fitting off-loading stay wedges into the slots between the poles and the support 

rings. The assembled magnet in the operating position is shown in Fig. 2.4.8.3.6. 

2.5.3.1.31 Detaching transport platforms from the poles and moving them to the parking 

position. 

2.5.3.1.32 Moving the completely assembled magnet to the operating position.   

2.5.3.1.33 Adjusting the position of the magnet relative to the beam axis in the horizontal 

plane using hydraulic cylinders of the movement system.  

2.5.3.1.34 Transferring the magnet from the roller skates to the stationary supports. 

2.5.3.1.35 Adjusting the position of the magnet relative to the axis beam in the vertical 

plane using spacers under the stationary supports.  

2.5.3.1.36 Checking the magnet for the main geometrical parameters (relative position of 

the rings, position of the cryostat relative to support rings, position of the 

magnet relative to the beam axis).  

2.5.3.2 ACCEPTANCE TESTS OF THE ASSEMBLED MAGNET  

2.5.3.2.1 Checking the support rings for alignment and parallelism. 

2.5.3.2.2 Checking the distance between the but ends of the rings. 

2.5.3.2.3 Checking the beam ends for fitting to the support rings.  

2.5.3.2.4 Checking the contact of the beams with the radial support surfaces of the 

support rings.  

2.5.3.2.5 Checking the position of the superconducting coils (reference points on the 

cryostat outer shell) with respect to the support rings (alignment and radial 

position). 

2.5.3.2.6 Checking the distance from the support ring to the cryostat flange on the 

chimney side.  

2.5.3.2.7 Checking the relative position of the poles and their position relative to the 

support ring axis.  

2.5.3.2.8 Checking the relative position of the poles, their position relative to the support 

ring axis, and the position of the cryostat relative the support rings after 

energizing the superconducting coil.  
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3 CRYOGENIC SYSTEM OF THE MPD MAGNET  

3.1 COMPONENTS OF THE CRYOGENIC SYSTEM 

The cryogenic system is intended for continuous cooling of the superconducting coil and the 

thermal shields of the MPD magnet in various modes of its operation. The main components of 

the cryogenic system are listed in Section 2.4.6. 

 

3.2 COIL CRYOSTATTING EQUIPMENT  
3.2.1 HELIUM SATELLITE REFRIGERATOR  

A helium satellite refrigerator with a liquefaction performance of about 150 l/h of liquid helium 

will be used for cooling (heating) and cryostatting the superconducting winding of the MPD 

magnet. Diagram of the cryogenic supply system of the sc coil of the MPD magnet with the 

satellite refrigerator is shown in Fig. 2.4.6.1. Application of the satellite refrigerator allows the 

system to meet two contradictory requirements as high reliability and efficiency.  

This type of refrigerator contauins heat exchangers and vessel for liquid helium and doesn’t 

include helium expander. It takes liquid helium from the main refrigerator and compressed gas 

for its operation.  

The refrigerator is placed on the top platform of the magnet and connected with the main 

refrigerator of the NICA collider circuit by transfer lines.  

The refrigerator provides operating modes with the parameters listed in Table 3.2.1. 
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Table 3.2.1. Parameters of the helium flows for various operation regimes  

Object Stream Parameters 

Regime  

steady-state 
(normal operation) 

cool-down 
/warm-up 

slow dump 
(refrigerator 

failure) 

Cold  
mass 
 

incoming 
flow 

gas/liquid 
LHe 

(saturated liquid) 
GHe - 

flow 4.34 g/s (129 l/h) 
16.2 g/s  
(1 К/h) 

- 

temperature 4.5 К 300 – 4.5 К - 

pressure 1.3 bar
 

≤ 10 bar - 

vapor quality < 5 % - - 

return  
flow 

gas/liquid 
 GHe 

(saturated vapor) 
GHe - 

flow 3.96 g/s (117.6 l/h) 
16.2 g/s  
(1 К/h) 

- 

temperature 4.45 К 300 – 4.5 К - 

pressure 1.25 bar ≈ 1.5 bar - 

Current 
leads 

- 

gas/liquid GHe - GHe 

flow 0.38 g/s (11.3 l/h) - 0.38 g/s (11.3 l/h) 

temperature ≈ 300 К - ≈ 300 К 

pressure 1.25 bar - 1.25 bar 

Thermal 
shield 
 

incoming 
flow 

gas/liquid 
LN2 

(saturated liquid) 
GN2 - 

flow 11.5 g/s max 100 g/s * - 

temperature 80 К 300 – 80 К - 

pressure 3  bar 3 bar - 

vapor quality < 5 % - - 

return  
flow 

gas/liquid 
GN2 

(saturated vapor) 
GN2 - 

flow 11.5g/s max 100 g/s * - 

temperature 80 К 300 – 80 К - 

pressure 2.9  bar ≈ 1.2  bar - 

vapor quality 100% - - 

Recovery 
line 

- 

gas/liquid - - GHe 

flow - - 4.01 g/s (118.3 l/h) 

temperature - - 4.45 К 

pressure - - 1.25 bar 

* - during cool-down and warm-up regimes the value of the flow rate is regulated providing 

cooling speed of 1 K/h. 

3.2.2 NITROGEN RE-CONDENSER FOR COOLING (HEATING) AND 
CRYOSTATTING THE THERMAL SCREENS 

The nitrogen re-condenser is a part of cryogenic supply system of the magnet. It is located on 

the upper platform of the magnet and connected with the liquid nitrogen system circuit of the 

NICA collider by cryogenic tubes. The nitrogen re-condenser provides operating modes with the 

parameters presented in Table 3.2.1. 

3.2.3 TRANSFER LINES 

All connecting pipelines have vacuum multishield heat insulation and bayonet joints with the 

cryogenic system components.  
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3.3 OPERATING REGIMES  

The following regimes are considered:  

1. Coil cooling from 300 to 4.5 K 

2. Steady-state regime and energizing/de-energizing regime   

3. Warming-up 

4. Emergency I (quench of the superconducting coil)   

5. Cooling after a quench of the coil  

6. Emergency II (refrigerator failure)  

7. Emergency III (power loss) 

8. Emergency IV (current lead voltage rise above the allowable level)  

9. Emergency V (loss of vacuum)  

10. Emergency VI (nitrogen re-condenser failure) 

Calculations of cooling regimes for the MPD magnet winding are given in [21].  

3.3.1 COOLING FROM 300 TO 4.5 К  

 

Cold mass of the magnet is cooled with the satellite refrigerated by the helium flow of variable 

temperature from 300 K to 4.5 K. To avoid thermal deformations in the coil, the helium should 

be supplied with a temperature <20 K lower than the superconducting coil temperature. This 

temperature difference between the cooling gas and the coil should be provided within the 

entire cooling time period (approximate rate of cool-down is 1 K/hour). In the process of 

cooling the superconducting coil temperature should be continuously monitored and the 

cooling gas flow should be varied by the controlled valves of the control Dewar to maintain the 

necessary gas flow rate and pressure. 

Thermal screens are cooled with a nitrogen stream of variable temperature from 300 K to 80 K 

from the nitrogen re-condenser. Over this temperature range the temperature of the thermal 

screens should be maintained at the temperature level of the sc coil. 

In the process of cooling the control system of the magnet generates signals for the satellite 

refrigerator and nitrogen re-condenser corresponding to the required value of the flow and the 

temperature of the helium and nitrogen. The flows of cooling gases with the set parameters are 

provided by satellite refrigerator and nitrogen re-condenser. Schematic diagram of the cooling 

mode is shown in Fig. 3.3.1. 
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Fig. 3.3.1.1. The circuit provided cooling mode of the sc coil in the range from 300 K to 4.5 K  
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3.3.2 STEADY-STATE REGIME  

The steady-state regime is schematically shown in Fig. 3.3.2.1.  

In the stationary regime the liquid helium flux (130 l/h) at absolute pressure of 1.3 bar from 

satellite refrigerator through the transfer line and through the valve CV1 enters the helium bath 

of the control Dewar. From the helium bath the liquid helium through the valve CV3 on the 

supply pipe comes to the lower manifold of the heat exchanger. After passing through the heat 

exchanger parallel channels vapor-liquid mixture from the upper manifold of the heat 

exchanger comes into the upper part of the helium vessel of the control Dewar. In the vessel 

the liquid is separated from the steam. The circulation of the helium in the circuit is carried out 

because of the density difference of the helium flows in the supply and return pipes. Backflow 

in the form of saturated steam at absolute pressure of 1.25 bar returns through the valve CV4 

back to the satellite refrigerator. Helium gas from the current leads heated up to 300 K is fed 

into the low pressure line (LP).  

Nitrogen re-condenser is used for cooling the thermal screens by flow of liquid nitrogen that 

enters the control Dewar through the valve CV8. After passing through the thermal shields the 

nitrogen vapor-liquid mixture is returned through the valve CV9 to nitrogen re-condenser back, 

where the vapor phase is condensed and fed for cooling thermal screens (nitrogen closed 

system). 

In the process of cooling the control system of the magnet generates signals for the satellite 

refrigerator and nitrogen re-condenser corresponding to the required values of the flows and 

the temperature of the helium and nitrogen. Schematic diagram of the cooling mode is shown 

in Fig. 3.3.2.1. 

The excess of the helium refrigerator cooling power is used to maintain the liquid helium level 

in the helium bath of the control Dewar. The heater in the helium bath of the control Dewar is 

intended for speeding up evaporation of liquid helium from the bath, compensating for the 

cooling power excess, and controlling the amount of the return flux coming for the cold box 

from the helium bath of the control Dewar (maintaining heat balance).   

The energizing/de-energizing regime is similar to the steady-state regime except for the 

additional heat load at a temperature level of 4.5 K resulting from the eddy currents that occur 

in the aluminium support cylinder. This heat load is compensated by the reserve of liquid 

helium in the helium bath of the control Dewar. The heat load in the support cylinder during 

the energizing per 1 hour is 4.2 W (considering the safety factor 2). That corresponds to a loss 

of about 7 liters of helium.  
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Fig. 3.3.2.1. Scheme of the steady-state regime  

3.3.3 WARMING-UP REGIME  

The warming-up regime is similar to the cooling regime. The heater shall be used for 

evaporation of the liquid helium from the control Dewar bath. The temperature of the helium 

flow will be gradually rised from 4.5 K to 300 K in the process of warming the superconducting 

coil and the control Dewar. The temperature of the flow will be changed due to changes of the 

operating parameters of the satellite refrigerator.  

When the superconducting coil temperature rises up to ~80 K, warming-up of the thermal 

shields is started. Their temperature is raised by gradual rise of the nitrogen flow temperature  

from 80 K to 300 K. 

The warming-up scheme is shown in Fig. 3.3.3.1. To prevent thermal deformations in the coil, 

the requirement on the temperature difference in the superconducting coil is the same as in 

the cooling regime: the difference between the maximum temperature of the gas and the 

minimum temperature of the support cylinder with the superconducting coil should not be 

higher than 20 K (the estimated heating rate is ~1 K/h). The superconducting coil temperature 

will be continuously monitored, and the warming-up gas flow will be varied using the control 

valves of the control Dewar to maintain the necessary gas flow rate, pressure, and 
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temperature. The superconducting coil can be heated by a low current from the power supply 

to speed up the warming-up process.  

In the process of warming up the control system of the magnet generates signals for the 

satellite refrigerator and nitrogen re-condenser corresponding to the required values of the 

flows and the temperature of the helium and nitrogen. 

 
Fig. 3.3.3.1 Scheme provided warming mode of the superconducting coil  

3.3.4 EMERGENCY REGIME I (SC COIL QUENCHING)  

The energy stored in the superconducting coil at the maximum current is 24.3 MJ. After a 

quench has occurred, the protection system has to provide dump of the major part of the 

stored energy in the external discharge resistor within a time of ~3 min. The maximal 

temperature of the coil and the support cylinder after discharging the energy to the external 

resistor is 27 K. If the protection system failed to operate after quenching, all the stored energy 

is deposited in the cold mass of the cryostat, and the average temperature of the 

superconducting coil rises up to ~50 K.  

After a quench the helium pressure in the heat exchanger pipe on the support cylinder 

drastically increases. The signal from the normal zone detection circuit stops helium supply 
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from the satellite refrigerator (closing valves CV1 and CV4). In addition, to avoid any damage 

the heat exchanger of the coil is cut off from the helium vessel of the control Dewar by closing 

the valve CV3. Discharge of helium gas from the heat exchanger to the helium recovery system 

is carried out through the relief valve CV5. 

3.3.5 COOLING OF THE COIL AFTER QUENCHING  

After the normal phase is detected and the sc coil is deenergized, the helium refrigerator is cut 

off from the control Dewar. When the gas pressure is released through the valve CV5 to the 

recovery line or through the relief valve vents to air, the coil recooling process can be started by 

the operator’s decision. Cool down process of the winding after a quench can be started if the 

difference between the maximum and minimum temperature of the superconducting coil does 

not exceed 20 K.  

Control of the sc coil temperature is carried out by sensors located on its inner surface and on 

the surface of the support cylinder. According to the calculations after an unprotected quench 

at the maximum design current the difference between the maximum and the minimum 

temperature in the winding can be up to 80 K [5]. So we have to wait for equalization of the 

winding temperature after a quench due to thermal diffusion (which may take several hours) to 

start cooling down process. 

This process is almost the same as the cooling from 300 to 4.5 K, except that at the beginning of 

the cooling the return flow does not comes back to the helium satellite refrigerator but goes to 

low pressure line since the temperature of the return flow is rather high and can strongly affect 

the operation of the satellite refrigerator.  

3.3.6 EMERGENCY REGIME II (STAELLITE REFRIGERATOR FAILURE)   

If the satellite refrigerator fails to operate or the working gas parameters change due to its 

malfunction, the direct and return flow valves between the refrigerator and the control Dewar 

(CV1, CV4) are to be closed.   

After the trigger signal of refrigerator malfunction, the superconducting coil has to be de-

energized. During the de-energizing the superconducting coil and the current leads are cooled 

by liquid helium from the control Dewar. The amount of helium in the Dewar is enough to allow 

normal (nonaccelerated) de-energizing of the coil in one hour using the power supply. The 

minimal level of liquid helium in the helium vessel before the coil de-energizing has to be 

130 liters at least. 

If the refrigerator doesn’t restore its functionality during the time when the coil is de-energized, 

the solenoid is shifted to the passive warming-up regime by ambient heat inflows. The helium 

pipeline pressure is released to the collection and storage system through the relief valves.   

The circuit which provides de-energizing the sc coil If the satellite refrigerator fails is presented 

in Fig. 3.3.6.1. 
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Fig. 3.3.6.1. The circuit which provides de-energizing the sc coil If the satellite refrigerator fails 

 

3.3.7 EMERGENCY REGIME III (ON SITE POWER FAILURE)     

If the power supply is violated in the experimental building, the cooling system will be 

automatically configured using controlled valves powered by uninterrupted power supplies and 

liquid helium from the control Dewar will be used for cooling the superconducting coil and 

current leads during the de-energizing period. Valves (CV1, CV4) cut off the helium 

refrigerator from the control Dewar. At the same time accelerated de-energizing of the 

superconducting coil without its quenching through the discharge resistor (during the time of 

~20 minutes) is performed. After the de-energizing the coil, control Dewar, and thermal shields 

are warmed up by ambient heat inflows. The cooling circuit of the coil is similar to the scheme 

when satellite refrigerator is stopped. 

3.3.8 EMERGENCY REGIME IV (CURRENT LEAD VOLTAGE RISE ABOVE 
ALLOWABLE LEVEL)     

When the current lead voltage rises above the allowable level, emergency de-energizing of the 

superconducting coil through the discharge resistor is carried out.  



 123 

If the current leads don’t restore their functionality during the time when the coil is de-

energized the solenoid is shifted to the warming-up regime by the operator’s decision.  

3.3.9 EMERGENCY REGIME V (LOSS OF VACUUM)   

The control Dewar, chimney, and superconducting coil cryostat have a common vacuum 

volume. The causes for the loss of vacuum can be both “warm”, when the ambient air leaks 

into the vacuum volume, and “cold”, when the circulating helium leaks into the vacuum 

volume. In both cases the situation is identical except that in the “cold” case the pressure in the 

vacuum volume drastically increases because of expansion of cold helium vapor.   

When sensors signal the loss of vacuum, the helium lines between refrigerator and the control 

Dewar are closed and the superconducting coil is de-energized through the discharge resistor. 

The valves (CV1, CV4) cut off the helium refrigerator from the control Dewar and the excess gas 

pressure in helium vessel is released to the recovery line or through the relief valve vents into 

the atmosphere. The valves (CV8, CV9) cut off the supply of liquid nitrogen from nitrogen re-

condenser. 

To avoid mechanical deformation due to increase of pressure in the vacuum volume (the 

vacuum shell of the superconducting coil cryostat is designed for the excessive pressure of 

0.7 bar), relief valves (operate pressure 0.25 bar) and relief diaphragms (operate pressure 

0.5 bar) are installed on the vacuum shell of the control Dewar and the chimney. As the 

maximum safe pressure of 0.25 bar in the vacuum volume is exceeded, the relief valves open, 

and as the pressure increases above 0.5 bar, the diaphragms are broken and the pressure is 

released into the atmosphere.   

After de-energizing the solenoid is shifted to the warming-up regime: liquid helium in the 

control Dewar is evaporated using the heater and the winding is energized by a low current to 

prevent gases that leaked into the vacuum volume (air, water vapor, etc.) from condensing on 

the cold surface of the winding.  

3.3.10 EMERGENCY REGIME VI (NITOGEN RE-CONDENSER FAILURE)   

If the nitrogen re-condenser fails to operate or the working gas parameters change due to its 

malfunction, the direct and return flow valves between the re-condenser and the control 

Dewar (CV8, CV9) are to be closed.   

After the trigger signal of re-condenser malfunction, the superconducting coil has to be de-

energized. During the de-energizing the superconducting coil and the current leads are cooled 

by liquid helium from the control Dewar (satellite refrigerator continue to work). The amount of 

helium in the Dewar is enough to allow normal (nonaccelerated) de-energizing of the coil in one 

hour using the standard power supply. The minimal level of liquid helium in the helium vessel 

before the coil de-energizing has to be 130 liters at least. 

If the re-condenser doesn’t restore its functionality during the time when the coil is de-

energized, the valves (CV1, CV4) cut off the helium refrigerator from the control Dewar and the 
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excess gas pressure in helium vessel is released to the recovery line or through the relief valve 

vents into the atmosphere.  

After that the solenoid is shifted to the passive warming-up regime by ambient heat inflows.  

3.4 CONTROLLED PARAMETERS AND CONTROL ACTIONS  

Regime control and variation of flows through the heat exchangers of the coil and the shield are 

performed according to the scheme in Fig. 2.4.3.6.1 using control Dewar valves in accordance 

with Table 3.4.1, where modes of controlled valves of the control Dewar are indicated for each 

regime. The notation is given in Fig. 2.4.3.6.1 

Operation parameters of the magnet cryogenic system are controlled by the sensors listed in 

Table 3.4.2. 

The parameters of the magnet that do not relate to sc coil cooling are controlled by the sensors 

listed in Table 3.4.3. 

Figure 3.4.2 shows the arrangements of the control Dewar and superconducting coil sensors.  
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Table 3.4.1. Positions of control Dewar valves for various MPD magnet operation regimes  

Valve 

Regime 

Initial 

setting 

Cooling 

300 to 4.5 K 
Steady-state Warming-up 

Emergency (coil 

quenching) 

Cooling after 

coil quenching 

Emergency 

(refrigerator 
failure) 

Emergency 

 (power loss) 

Emergency 

 (current lead 

voltage rise 
above the 

allowable level) 

Emergency 

 (loss of 
vacuum) 

Emergency 

(re-condenser 
failure) 

СV1 C R R C C R C C C C C 

СV2 С R С R C R C C C C C 

СV3 С C O C C C O O O C O 

СV4 C O O R C O C C C C C 

СV5 C C C R O R R R R O R 

СV6 C R R R C R R R R C R 

СV7 C R R R C R R R R C R 

СV8 C R R R R R C C R C C 

СV9 C O O O O O C C O C C 

 

O  valve open  

С  valve closed  

R  valve in mode of adjustment (for pressure, temperature, flow rate or level of liquid helium) 
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Table 3.4.2. Sensors of the control Dewar and the superconducting coil for controlling the superconducting coil cooling regimes  

 

Sensor 

Regimes  

Cooling 

300 to 4.5 K 
Steady-state 

Warming-

up 

Emergency I 

(quench of 

the sc coil) 

Cooling after a 

quench 

Emergency II 

(refrigerator 

failure) 

EmergencyIII 

(power loss) 

EmergencyIV 

(current lead 

voltage rise 

above 

allowable 

level) 

Emergency V 

(loss of 

vacuum) 

Emergency VI 
(nitrogen re-
condenser 

failure) 

T1 C C C  C   С  C 

T2 C V C V C C С V V V 

T3, T4 V C V V V C C C V C 

T5 C C C V C C C C V C 

T6 C V C V V V V V V V 

T7- T10 V V V V V V V V V V 

T11 –T23 C C V V C C C C V C 

T24- T31 V C V V V V V V V V 

T32- T35 V C V V V V V V V V 

T36-T39 V V V V V V V V V V 

P1 C C V  C      

P2 C C V V C C C C C C 

P3 C C V V C V V V V  

F1,F2  C    C C C  C 

L1  C  C  C C  C C 

V1,V2 C C C C C C C C C C 

Q1  C C   C C C C C 

 

V  sensor in visualization mode  
C   sensor in regime control mode  
T1–T10, T24 –T31 temperature sensors on the gas tubing 
T11–T17 temperature sensors on the support cylinder (platinum) 
T18–T23 temperature sensors on the support cylinder (carbon) 
T32–T35 temperature sensors on the thermal shield of the cryostat  
T36–T39 temperature sensors on the vacuum vessel of the cryostat  
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Table 3.4.3. Instrument sensors for measuring magnet parameters that do not relate to superconducting coil cooling  

Sensor 

 Regimes 

Cooling 

300 to 4.5 K 
Steady-state 

Warming-

up 

Emergency I 

(quench of 

the sc coil) 

Cooling after a 

quench 

Emergency II 

(refrigerator 

failure) 

EmergencyIII 

(power loss) 

EmergencyIV 

(current lead 

voltage rise 

above 

allowable 

level) 

Emergency 

V 

(loss of 

vacuum) 

Emergency 
VI 

(nitrogen 
re-

condenser 
failure) 

T45–T48  X         

T49     X      

U1–U4  X  X  X X X X X 

U5–U6 X X X X X X X X X X 

Х1–Х2           

I1  X X X  X X X X X 

I2, I3  X  X  X X X X X 

P10, P11  X  X  X X X X X 

F4, F5  X  X  X X X X X 

S1–S6           

X sensor used for regime control  

T45–T48 temperature sensors on the inlets and outlets of the trim coil demineralized-water-cooling circuits  

T49 temperature of the superconducting coil dump resistor  

U1–U4  signals from potential leads in current lead sections  

U5–U6 signals from potential leads at the winding leads for determining winding voltage  

Х1–Х2  Hall probes to measure magnet field (used only in setting-up activities) 

I1  superconducting coil current sensor  

I2, I3  trim coil circuit current sensors  

P10, P11 trim coil cooling water pressure sensors 

F4, F5  trim coil cooling water flow rate sensors 

S1–S6  strain gauges on the axial tie rods (used only in setting-up activities)  
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Fig. 3.4.2. Sensors of the control Dewar and the superconducting coil  

 
 
 

 



 

4 CONTROL SYSTEM OF THE MAGNET  

 

4.1 PURPOSE 

 Collection, display, and logging of the main status parameters of the magnet systems.  

 Coordinated control of the regimes of the magnet systems in the normal, pre-

emergency, and emergency situations. 

 Information exchange with the NICA control system.  

4.2 GENERAL STRUCTURE  

4.2.1 The system for monitoring the condition and controlling the regimes of the magnet 

systems has a three-level structure:  

4.2.1.1 The lower level comprises primary transducers (sensors) to measure physical 

quantities and control actuators.   

4.2.1.2 The middle level comprises controllers responsible for acquisition, processing, 

execution of control algorithms, formation of control signals for actuators, and 

interchange with other system controllers and upper-level servers.  

4.2.1.3 The upper level comprises servers for general control over the system, visualization, 

registration, and data exchange with the collider control system. 

4.2.2 The system is built as a distributed system with data acquisition and control (DAC) 

system controllers mounted in the immediate neighborhood of the primary sensors and 

controlled elements of particular systems. 

4.2.2.1 Cabinets accommodating the DAC equipment have two independent power supply 

inputs.  

4.2.2.2 Each DAC system controller is connected to the system server through two 

physically independent network interfaces.  

4.2.2.3 The upper level of the system is a cluster of servers at the central magnet operator’s 

panel that directly interact with the data display, logging, and accumulation system 

and exchange information with the upper-level collider control system. 

The block diagram of the system is shown in Fig. 4.1.  
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СИСТЕМА УПРАВЛЕНИЯ 

КОРРЕКТИРУЮЩИМИ КАТУШКАМИ

ИСТОЧНИК ТОКА 

PNY 65-5000

74 RS ETHERNET

74 RS 485

ИСТОЧНИК ТОКА

PNY 65-5000

74 RS ETHERNET

74 RS 485

Датчики системы 

охлаждения 

корректирующих 

катушек 

Датчики тока 

корректирующих катушек

 

Контроллер управления 

корректирующими 

катушками

СИСТЕМА УПРАВЛЕНИЯ 

СОЛЕНОИДОМ

ИСТОЧНИК ТОКА

PNY 16-5000

74 RS ETHERNET

74 RS 485

Система защиты 

сверхпроводящей обмотки

Датчики тока и напряжения 

соленоида

Контроллер управления 

соленоидом

СИСТЕМА УПРАВЛЕНИЯ 

КРИОСТАТИРОВАНИЕМ

Блок датчиков

 контрольного дьюара

Блок регулирующих и 

запорных вентилей

системы криостатирования

Блок датчиков 

сверхпроводящей обмотки 

соленоида

Контроллер управления 

системой 

криостатирования

СИСТЕМА УПРАВЛЕНИЯ 

РЕФРИЖЕРАТОРАТОРОМ

Оборудование 

рефрижератора

Контроллер управления 

рефрижератором

СИСТЕМА КОНТРОЛЯ И УПРАВЛЕНИЯ

ВАКУУМНОЙ СИСТЕМОЙ

Датчики

 состояния вакуумного 

оборудования

Блок запорных органов

вакуумной системы 

Вакуумные датчики

Контроллер управления 

вакуумной системой

ВЕРХНИЙ УРОВЕНЬ

ETHERNET.

Блок регулирующих 

органов системы 

охлаждения 

корректирующих 

катушек 

КЛАСТЕР СЕРВЕРОВ 

УПРАВЛЕНИЯ

ПУЛЬТ ОПЕРАТОРА 

МАГНИТА

Рис.1

 
Fig. 4.1. Block diagram of the magnet condition monitoring and operation regime control system  
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4.3 Lower level structure (transducers and actuators)  

4.3.1 Each subsystem has its own set of sensors (discrete and analogue), primary transducers, 

control actuators, or control interfaces if there are controllers built into the subsystem. 

The final list of sensors and actuators with their types and parameters will be made at 

the detailed design stage.  

4.3.2 Sensors with nonstandard output signals are matched using normalizing converters to 

convert their outputs to unified input signals.  

4.3.3 Actuators are equipped with power switches that connect discrete actuators to auxiliary 

contracts or limit switches to form status signals.  

4.3.4 Adjusting actuators have unified input control signals (analogue or digital) and feedback 

signals (analogue or digital) for functioning in a closed control loop.  

4.4 Middle level structure (master controllers ) 

4.4.1 Each middle-level subsystem has its own controller (controllers). A controller consists of 

a backplane, a processing module with the real-time operating system, input/output 

modules, and external interface modules.  

4.4.2 The algorithm of a particular subsystem can be implemented using the National 

Instruments CompactRIO platform with an FPGA. Depending on its complexity, each 

subsystem can have one or several controllers working in parallel and the corresponding 

number of I/O modules (see Appendix 3). 

4.4.3 Software tools and hardware features of National Instruments controllers (see Appendix 

4) allow implementing complex distributed system control algorithms.  Controllers 

perform real-time data acquisition from the first-level devices, analogue-to-digital 

conversion, synchronization of signals, data exchange over Ethernet between other 

controllers and with the upper-level servers, and formation and output of control 

actions to actuators.   

 

4.5 Upper level structure (servers)  

Physically, the upper level of the system consists of a fail-safe cluster of servers with the 

necessary system controller network support service, database server, timing service, and 

service of data exchange with the collider control system.  

The workstation of the magnet operator’s main control panel is connected to the local area 

network of domain controllers—a fail-safe cluster.  

The software for the workstation of the magnet operator’s main control panel provides regime 

control, visualization, logging, and adjustment and maintenance of magnet subsystems. 

If necessary, the operator’s control panel can be duplicated with all or some of the functions 

retained with the set priorities.  

To adjust and attend to the equipment of the subsystems, there are points for connecting a 

portable operator’s control panel with the necessary set of functions.  
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5 TRANSPORTATION OF THE MAGNET  

Transportation of MPD magnet components to JINR, Dubna, is a difficult but quite solvable 

problem. The size and weight of the main yoke and cryostat components are presented in 

Table 2.4.8.4. Not special permission of the traffic police is needed for transporting most of the 

yoke components because their weight and size fall within the permitted limits. The yoke 

support rings with an outer diameter of 6.64 m and a weight of ~42 t and the poles with an 

outer diameter of 4.586 m and a weight of ~44 t will require a special outsized cargo platform 

and permission for their transportation along the agreed route under traffic police escort.  

A more difficult problem is to transport the cryostat with its weight of 66 t, length of ~8 m, 

vertical dimension of ~6.6 m (from the shoulders for radial tie rods of the cold mass suspension 

at the bottom to  the cryogenic inlet pipe at the top), and  transverse dimension of ~5.75 m 

from the European manufacturer to Dubna.  Obviously, the most efficient way is transportation 

by water followed by reloading onto a special platform and transportation to the installation 

place at NICA.  
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APPENDIX 1. SUPERBOLTS  

SUPERBOLT fasteners (http://www.superbolt.com/products.php) are used for obtaining a high 

tightening force without producing a torque in studs (Fig. A1.1).  

 

Fig. A1.1. Jamnut Tensioners  

Types of these special fasteners are presented in Table A1.1. In the solenoid yoke design the 

barrel beams are supposed to be fastened to the support rings by M48 studs with the 

corresponding SJX-M48-4.5/w supernuts (see Table A1.2). These supernuts are used in 

structures with limited headroom available.   

  

http://www.superbolt.com/products.php
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Table A1.1. Range of SUPERBOLT products 

 

 

Table A1.2. SJX Jamnut Tensioners (metric) 
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APPENDIX 2. ROLLER SKATES  

Low-profile roller skates with a high carrying capacity manufactured by the Boerkey Company 

(Germany) (http://www.boerkey.com/) are used to move heavy loads.  

To move the MPD magnet and its poles, two types of roller skate were chosen:   

 Models VIv AS-H-50CrV4-FR-K (Fig. A2.1) and VIv AS-H-50CrV4 (Fig. A2.2) to carry the 

500-t load. 

 Models V AS-H-50CrV4-FR-E and V AS-H-50CrV4 to carry the 85-t load.   

The skates for the identical load differ by having guide rollers.   

 

  

http://www.boerkey.com/
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Fig. A2.1. Boerkey VIv AS-H-50CrV4-FR-K roller skate with guide rollers to carry  a load of 500 t  
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Fig. A2.2. Boerkey VIv AS-H-50CrV4 roller skate without guide rollers to carry a load of 500 t  



140 
 

APPENDIX 3. INSTRUMENTATION SYSTEM HARDWARE  

The CompactRIO platform is an architecture with open access to low-level hardware resources. 

It combines a real-time processor, a reconfigurable FPGA, and industrial input/output modules 

with built-in signal conditioning, which can be directly connected to sensors and are hot-

swappable (while the controller is in operation).   

The NI CompactRIO platform consists of more than ten cRIO-90хх real-time controllers based 

on heavy-duty floating-point processors, a family of cRIO-910x four-slot and eight-slot 

reconfigurable chassis housing an FPGA with 1 to 3 million logic gates, and over 50 I/O modules 

of various types, from thermocouple modules with a signal measuring range of ±80 mV to 250 

VAC/VDC universal digital input modules. The CompactRIO-based system combines a built-in 

real-time processor and a high-capacity FPGA for reconfigurable input/output. The FPGA 

nucleus of this system has built-in mechanisms for transferring data to the built-in real-time 

processor to be subsequently analyzed, processed, and stored and also for communicating with 

external computers. The CompactRIO platform allows direct hardware access to the electric 

circuits of each I/O module through the simplest functions. Each of the I/O modules has built-in 

connectors, a signal conditioning system, conversion circuits (like DAC and ADC), and galvanic 

isolation circuits. The reconfigurable FPGA built into the chassis is used to control, synchronize, 

and start the digital and analogue signal input/output. In this system the FPGA is connected to 

all measuring modules arranged in the star bus topology, which gives direct access to each of 

them and allows their flexible and precise synchronization, while the local PCI bus provides 

high-capacity connection between the FPGA and the real-time processor. The CompactRIO 

systems with a real-time controller use industrial Pentium processors with frequencies from 

266 to 800 MHz. It runs Real-Time applications with the deterministic execution time for 

particular operations and participates in building hard real-time multithreaded control 

instrumentation systems. The controller also communicates with other controllers and the 

distributed network server through the Ethernet (10/100/1000 MB/s) interface and, in addition 

to the special-purpose software of a particular subsystem, has built-in WEB and FTP servers. 

Figure A3.1 shows the CompactRIO-based systems consisting of a controller and I/O modules in 

the four-slot and eight-slot chassis.  
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Fig. A3.1. CompactRIO-based systems with a controller and I/O modules in the four-slot and 
eight-slot chassis  
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Each CompactRIO module consists of a built-in signal conditioning system, screw terminals, and 

BNC or D-Sub connectors. The range of currently available I/O modules is wide enough to meet 

the requirements of the projected control system, including the thermocouple module with an 

input range of ±80 mV, simultaneous multichannel analogue I/O modules with a range of ±10 V, 

digital I/O modules with an industrial voltage of 24 V and current up to 1 A, TTL digital modules 

with a controllable encoder output, and 250 Vrms universal digital input modules. A built-in 

signal conditioning system and support of an extended voltage range and various industrial 

types of signals allows sensors and controlled devices to be directly connected to the modules. 

Built on this platform, the distributed magnet control system is capable of solving various 

problems from simple logic of industrial automatic equipment to complex algorithms of 

multiloop PID controllers in the superconducting coil cryostatting system and integrating all 

subsystems into a single complex with centralized control.    

The CompactRIO-based systems can be used at temperatures ranging from −40 to +70°C in 

potentially hazardous locations where there is a danger of explosion (Class I, Div 2) and 

withstand an impact load up to 50 g. Most modules have insulation up to 2300 Vrms. Each 

component is supplied with a set of the safety, EMC, climate, and environmental certificates.    

 Operating temperature range −40 to +70°C  

 Insulation up to 2300 Vrms  

 Impact loads up to 50 g  

 International safety, EMC, climate, and environmental certificates   

 Class I, Division 2 Hazardous Area Certification  

 Supply voltage 11 to 30 V  

 Standard power consumption 7 to 10 W (max. 17 W)  
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APPENDIX 4. RECONFIGURABLE INSTRUMENTATION SYSTEM SOFTWARE  

Reconfigurable instrumentation systems usually consist of four main components:  

 Reconfigurable application on the FPGA for signal input/output, implementation of 

communication protocols, and control over external systems and equipment.  

 Cycle with the deterministic execution time for floating-point operations, signal 

processing, analysis, and step-by-step decision making.  

 Normal priority cycle for transferring data to the real-time controller, remotely 

accessing the application through the Web, and communicating over Ethernet and a 

serial interface.  

 Network control computer with a remote user interface, which stores and processes the 

acquired data.  

Depending on the application requirements, one or all components are employed (Fig. A4.1).  

In the system under discussion, cycles with critical execution time are used for synchronized 

input/output of data from primary transducers, computation of control actions in the PID 

controller loops, and processing of time-critical interrupts from other controllers of the 

complex. Normal priority cycles are used for communication between controllers and 

preparation of data for display and logging. The National Instruments reconfigurable 

input/output technology allows individual elements of the system to be developed at the 

hardware level using the reconfigurable FPGA with a resolution of 25 ns for timing and 

synchronization of instrumental circuits. Multiloop digital PID controllers will operate at a rate 

up to 100 kHz. The FPGA-based devices have a reconfigurable digital architecture with an array 

of configurable-logic blocks (CLB) surrounded by peripheral I/O units. Within the FPGA signals 

can be arbitrarily routed by controlling the programmable switches and the switching lines.   

The applied software for the distributed system is developed for the real-time operating system 

environment. Each controller executes real-time data input from the primary transducers and 

external subsystem interfaces, data output to the actuators and external subsystem interfaces, 

and processing of software and hardware interrupts triggered by various events, signals from 

other controllers, and control commands from the upper-level subsystems. Control signals can 

arrive from other controllers, emergency control devices, and the operator’s control panel and 

are processed by various controllers according to the given algorithm.    

Final requirements on the software will be formulated after all sensors, actuators, and external 

interfaces are specified and the algorithms of the subsystems and the system as a whole are 

worked out in detail.  
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Fig. A4.1. Real-time software components implemented on the CompactRIO platform with an 
FPGA  

 




