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DESIGN OF A PULSED CRYOMAGNET GENERATING 5T
PEAK MAGNETIC FLUX DENSITY

I. DOBRIN?, D. ENACHE? G. DUMITRU?, A. DOBRIN* R. PINTEA?®,
S. ZAMFIR®

In this paper, are presented a conceptual model and the design of a
conventional electromagnet, made in a Helmholtz arrangement of the copper coils.
The magnet is cooled to the temperature of liquid nitrogen (77 K) to obtain an
intense magnetic field, with field magnetic flux density of maximum 5T and high
uniformity (1-3%) in the central area of the coils. The numerical modeling made in
Comsol Multiphysics allowed the optimization of the electromagnet, to obtain the
magnetic flux density of 5T, with the adequate geometry and a minimum material
consumption. Powered in pulsating regime, the electromagnet winding is
periodically subjected to heating and cooling, thermal process is also evaluated to
optimize the electromagnet functionality and to obtain the projected parameters at
the preset values.
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1. Introduction

Discovery of both new superconducting materials with "high" critical
temperature (HTS-high temperature superconductors) [1,2] and the improvement
of technologies for obtaining the existing ones (LTS - Low temperature
Superconductors) [3,4,5], increased the performance of various types of
electromagnets used for particle accelerators. As a consequence, they contributed
to the obtaining of new electromagnets for higher acceleration energies of
particles which give rise for new discoveries in physics [6]. Also, new
applications were developed for high-speed transport (magnetic levitation trains)
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[7], applications in electrical engineering (motors, generators, electricity
transmission lines, transformers, superconducting current limiters, etc.) [8, 9,10].
These applications have much higher performances than the conventional ones
and most important, without losses. Medicine has also benefited from the
improvement of imaging methods for investigating the human body (MRI or
superconducting computed tomography) and ultramodern treatment systems for
various types of tumors located in sensitive areas of the body (brain, internal
organs etc.), through the so-called hadron therapy [11]. Hadron therapy requires
the use of an accelerated and very well focused flux of particles / ions, so of some
electromagnets, both for the control of the accelerated beam direction and for the
transverse focusing of the beam. This rigorous control requires the use of dipole
superconducting electromagnets [12, 13] as well as quadripolar electromagnets
[14]. The same type of electromagnets are used in modern accelerators for the
same purpose. Thus, the realization of these types of superconducting
electromagnets, including solenoid type [15], are crucial for these top applications
of superconductors. However, their realization also requires the use of cryogenics
to obtain and maintain the thermal regime of operation for superconductors: 4.2 -
77K. LTS superconductors require the use of liquid helium (4.2K) but HTS
superconductors can also be used at liquid nitrogen temperature (77K). Advances
in this field have led to the development of devices called closed-cycle
cryocoolers of McMahon [16] type or "pulse-tube” type [17, 18], which have
made it possible to obtain cryogenic temperatures without cryogenic agents,
namely by conductive cooling. In this sense, the cryocooler works as a heat pump,
taking the body heat to be cooled and evacuating it out of the system.

2. Cryomagnet design
2.1. Conceptual model of cryomagnet

The conceptual model of the cryomagnet is shown schematically in Fig.1.
and consists of the main components which are further presented in the following
sections.

2.1.1. Magnet cryostat

The cryostat is an enclosure made of non-magnetic stainless steel, with
double vacuumed walls, designed to use and maintain liquid nitrogen at a low
evaporation rate. Liquid nitrogen is used to cool the cryoelectromagnet at its
boiling temperature (77K). At the same time, the cryostat also has the role of
mechanically supporting the cryomagnet assembly.
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Fig. 1. Conceptual model of 5T pulsed cryomagnet
1-Cryostat; 2-Coils; 3- Central channel; 4-Liquid Nitrogen bath;5- Hall probe

2.1.2. The cryomagnet

Its role is to generate a short-lived pulsating magnetic field, which has two
important characteristics: high uniformity (~ 0.1%) and high field value (~ 5T).
The chosen construction solution consists of a Helmholtz system of conventional
coils (copper conductor). The magnetic field is generated in the central channel of
the electromagnet, in the space between the coils. Fig.2 shows schematically the
pair of Helmholtz coils, where Di - is the inner diameter of the coils, De- is the
outer diameter and d — is the distance between coils.

Fig.2. Helmholtz coil assembly - cross section.

Helmbholtz coils are circular, designed to be made of 6 mm wide and 0.4
mm thick strip-type copper conductor. The coils will be cooled to 77K by
immersion in liquid nitrogen, so that the resistivity of copper will decrease
approximately 8 times compared to the resistivity of copper at room temperature
(300K) [16].

2.1.3. The central channel

It consists of a stainless steel tube, which will be vacuumed and will allow
access from outside the system to the area of the magnetic field generated by the
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Helmholtz coil system. The vacuum level will be 103-10° mbar, to avoid
condensation in the channel.

2.1.4. Liquid nitrogen bath

Inside the cryostat, the liquid nitrogen introduced from a dewar, will create
a "bath” of liquid nitrogen with a temperature of 77 K, so that the copper coils will
be cooled to the same temperature. Once cooled, the coils can be subjected to a
pulsating current to ensure the current necessary to obtain the magnetic field
required by the application (0-5T).

2.2. Pulsed cryomagnet design

Fig. 2 shows the principle diagram of the electromagnet designed to
generate a magnetic field with a maximum magnetic flux density of 5T in its
center. The winding will be made of high purity copper conductor (99.99%) [21]
in the form of a strip. The main characteristics of the electromagnet are presented
in Table 1.

Table 1
The main features of the electromagnet
Characteristic Value
Conductor width 6 mm
Conductor thickness 0.4 mm
Conductor thickness with insulation 0.52 mm
Inner diameter 30 mm
Outer diameter 290 mm
Central zone magnetic field* 5T
Turns no. / single reel 250
Conductor length/ single reel 126 m
Conductor length /double reel 252 m
Electrical resistance of magnet at 295K 3.5586 Q
Electrical resistance of the magnet at 77K 0.4396 Q

*Maximal value

2.2.1. Magnetic flux density calculus

For the calculation of the magnetic field generated by the Helmholtz coil
system, the data presented in Table 2 were used. The calculus was performed
considering a stationary supply of the magnet with a constant current for the
design of the magnet to generate a maximum 5T magnetic field density in the
center of the system coils. But, the real operation of the magnet will be in
nonstationary manner by supplying it with a rectangular shape pulse of the
current.
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Table 2
The main features of the Helmholtz coil system
Characteristic Value
Conductor total length /one reel 125.6 m
Current 730 A
Current density 304.16 A/mm?
Inner radius (Di) 15 mm
Outer radius (De) 145 mm
Conductor width 6 mm
Distance between coils (d)* 30 mm

*Shown in Fig.2.

The magnetic flux density in the center of the coil is calculated [22,23]
with the relation:

Bz(nrﬂjzMﬂ":l"f'ﬂ’ilfr(fx'ﬁ]r (1)

where po=4nx107" [H'm™] is the vacuum magnetic permeability, A is a filling
factor for the coils, J [A-m™] is the current density. F(a, f) is given by relation:

Fla-B) = In(SZE) @
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where a and § are geometric factors specific for a cylindrical coil and defined as:
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o= — = —
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For illustration of the significance for these parameters, see Fig.3.
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Fig.3. Cylindrical coils, geometrical parameters.

Obviously, Di=2 a; and De = 2 az.
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Considering the data from Table 2, results the values:
o= 966 and f=10.2

Applying equations (1) and (2), results the value of the magnetic flux

density in the center of a single coil (a single reel) (Table 3). To compute the
magnetic flux density generated in center of a double coil (two wheel), we can use
rel. (3).

B_(00)=uy-A-J a,[F(«,2-8)] (3)

The magnetic flux density at a certain distance z1, towards the center of a
coils system [23] is given by eq. (4):

_1 x"'\.:gx:""?i: x"’x;gx:"'!?::
B:=-Mp-A-J-ayy|By-In| —== || |B:-In| —=]|{(4)
= 1.+_‘l:'1+.91‘

1.+_‘;1+.9::
Where A=0.77 and B1, B2 are:

b+=l
=72

._ (5)

This equation will be used to compute the magnetic flux density in the
center of the pair coils system. The results are summarized in Table 3.

Table 3
Summarize of the magnetic flux density calculations
Magnetic flux density Egs. involved Value (T)
Center of a single coil (D)+(2) 1.805
Center of a double coil (3) 3.57
Center of the coils system (DH+(5) 5.04
2.2.2. Electromagnet inductance calculus

The inductance for a single pancake coil [23], is obtained using the
equation:

() o 1 250 - -

24 (x+1)2 _E.:Hﬂz]}' (6)

Applying equation (6), results:
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L= 16.396-10"% H.
The total inductance of the two series connected coils is:

where Mz, is the mutual inductance of the coils. The coupling coefficient
K is:

k= ®)

Using eq. (4), the magnetic flux density in the center of the system will be (see
fig.3.b):

Brotar =2~ [524 + Bis] 9)

Where B4 and Bisg are the magnetic flux densities generated in the point O
(center of the coils system), by the two pancake coils (with center O1 and 02).

For a double pancake coil, the distance between coils is approximately 0
and the coupling coefficient k = 1, thus obtaining for the mutual inductance Mi»
the value:

My, =16.396-107% H.
The total inductance of the double pancake coil is then
L,, = 6558-107% H.
For long distances between two coils A and B mutual inductance M 45 can
be calculated [22] with the equation:
Mis = uy(N, - Np)\[Tas + 507 + 92 - 20K — EG) —k*K(01}  (10)

where K(k) and E(k) are the complete elliptic integrals, respectively, of the
firt  and  second  kind,  defined as k() =[P —2 and

J1-kizinl @

EG) = [ 2T —k%sin%6as, a, = az = a, are the inner radius of the coils and
N, = Ng = 500 are the turns number of each double pancake. Results

ki=_—_2%4% _qg5 (11)

(aatap)®+o® -
and the factors E(k) = 1.3506 and K (k) = 1.8540,

Equation (10) will give: M,, = 3.24738 - 107% H.
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Thus, the inductance of the coils system which is given by:
Lyg=1L,+Lg+2M,;. (12)

therefore: L =137.654-107% H.

total

2.2.3. Magnetic energy stored in the coils system.

The total energy stored in the Helmholtz system given by:

1 2,1 2,1 1
Westal = ELA[A + ELBIB +EMAE‘[A'{E T o Mpalylp. (13)

"
r

Using data obtained above, will result the total magnetic energy stored:

W,

total

= 36,677 -10%].

3. Numerical modeling of the cryomagnet

To find the maximum value of the magnetic flux density generated by a
set of coils in a Helmholtz type arrangement, the Comsol Multiphysics software
was used [24]. To find an optimal configuration for the dipole model to produce a
magnetic field of 5 T intensity, 3 different cases were considered for modeling, in
which the insulation size for the copper strip differs, namely: without insulation
(thickness = 0.4 mm), with “type 1” insulation (thickness = 0.52 mm), with
“type 2” insulation (thickness = 0.64 mm).

3.1. The mathematical model

The same model is used for all three cases mentioned above.

Due to the structure of the dipole, the magnetic field can be analyzed using
an axi-symmetric model for numerical modeling. The stationary magnetic field is
described by the following equation:

VX (up e, VX A) =5 (14)
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where A [T-m] is the magnetic potential vector (for this model, the angular
component is the one used), Jg [A'm™?] is external current density,
no=4nx107 [H'm?] is the vacuum magnetic permeability and pr is relative
magnetic permeability, eq. (14).

The boundary conditions on the boundary of the geometric model are
symmetry and magnetic insulation (n x A =0, n being the out of plan normal).

3.2. The geometric model

Due to the geometric restrictions, the geometric model can be one for all
the analyzed cases.

The domains representing the superconducting coils were set according to
the data obtained through the analytic method presented in subchapter 2.2.1 of this
paper. An air domain with the frontier condition of magnetic insulation, was
chosed to enclose the coils. It size was set to be large enough so it does have a
influence on the magnetic field generated by the superconducting coils.

Fig.4. Geometric model - complete and detailed.

Fig. 4 shows the geometric model used in numerical modeling (1 - axis of
symmetry, 2 - air domain, 3 — double reel coils).

3.3. Numerical modeling results

Only the case that, according to the numerical modeling, is optimal will be
described. In this case, the following data were considered:

-1 =540 A;

- Lconductor/single reel = 131 m;
- Lconductoritotal = 524 m;

- Ntumsssingle reet= 260;
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a) Magnetic flux density — color b) Magnetic flux density — dipole
map centre
Fig.5. Magnetic flux density — color map and dipole centre.

Figure 5. a) is represented by the magnetic flux density in the form of a
color map, the values are in Tesla. The maximum value of the magnetic flux
density
is 5.39 T at the level of the superconducting coils.

Fig. 5. b) shows the variation of the magnetic flux density in the center of
the dipole on the axis of symmetry. This reaches the desired value of 5 T.
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Fig.6. Non-uniformity of the magnetic field in the GFR area (good field area).

Table 4 shows the comparative analysis of the 3 cases considered in the
modeling.
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Table 4
Comparative analysis for 3 types of copper conductor
Case 1 [A] Turns No./bulk Conductor thickness [mm] B [T] dB/B [%]
1 540 260 0.40 5 0.2
2 730 250 0.52 5 0.16
3 1100 204 0.64 5 0.4

4. Thermal analysis of the cryoconductive coil

4.1 The winding heating.

An analytical calculation was performed to determine the temperature that
the coil will reach when it is fed. To reach the current of 700 A, a duration of
approx. 1000 ms. This time required to load the coil was divided into four equal
intervals of 250 ms each. The starting temperature is 77 K. Iterative calculations
will be performed to determine the maximum temperature reached by the coll,
knowing the properties of the material depending on the temperature at which it
is.

Thus, the resistance of the coil will be given by well-known relationship:

R=p-. (15)

k)

Where:
- R —coil resistance [Q];
- p — copper resistivity [Q2 m];
- | —the conductor length [m];
- S — conductor section area [m?].
Knowing the resistance of the coil, we can determine the power consumed
by the coil:

P=R-I%. (16)

where
- P —the power of the coil [W];
- | —the supply current of the coil [A].
The amount of heat released in a certain amount of time will be given by:

Q =P-At a7
where

- Q—generated heat [J];
- At—time interval [s].
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Then, the temperature that the coil reaches for the considered time interval
will be:

T, —T,=——=T,=—"+T, (18)

where
- T¢—final temperature [K];
- Ti—initial temperature [K];
- m—mass [kg];
- Cp—specific heat [J/kg K].

Table 5 presents the results obtained, using values of electrical resistivity
and specific heat of copper [16]. The value for the electrical conductivity was
considered taking in account the temperature of the copper at the specified
moment of time in Table 5. The temperature increases due the Joule heating that
occurs in the conductor.

Table 5
Results from analytical calculations

t [s] | [A] T [K] p[*108 Q m] Co[J/kg K]
0.25 404 85.64 0.21 192
0.5 585 104.93 0.22 200
0.75 665 128.9 0.25 212

1 700 155.24 0.36 248
1.25 714 203 0.52 288

Thus, a calculation model was considered, which took into account the
progressive heating of the winding as the current increased from 0 A to the final
value of 700 A necessary to obtain a dipole magnetic field generated of maximum
5T.

An increase in current within 1000 ms was considered. This time required
to load the coil was divided into 4 subintervals of 250 ms each, for which the
temperature rise of the coil was calculated. The modification of the parameters
electrical resistivity and specific heat at the new temperature obtained were
calculated each time and which were used in the calculation of the amount of heat
released and of the temperature increase in the next time interval of 250 ms. The
algorithm was repeated 4 times.
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Fig.7. Typical electromagnet charging-discharging curve.

In Fig. 7 the typical charging-discharging curve of the pulsed
electromagnet is presented, its charging current being 700 A, a duration for
maintaining the current through the electromagnet coil of 1000 ms and a discharge
interval of 1200 ms were taken into account.

In Fig. 8 the increase of the temperature in the copper cryoresistive coil is
presented, for the time duration of 1000 ms necessary for its charging, up to the
current value of 700A (data presented in Table 5).

Temperature [K]

* T T T T
0.00 025 0.50 075 1.00

Time [s]
Fig.8. Temperature rise in the winding during a pulse.

4.2 Cryogenic cooling of the winding.

The amount of heat produced by the electromagnet due to the Joule effect
during its supply with the current pulse, will be transferred entirely to the cooling
liquid nitrogen bath in which the electromagnet is immersed. Thus, the liquid
nitrogen bath will take over the heat produced in the winding. The liquid nitrogen
has a temperature of 77 K (boiling temperature in normal conditions) and the heat
transfer will contribute to direct evaporation of the liquid. The heat of

vaporization for nitrogen being g = 160.6 [ﬁ] [21], the amount of liquid

nitrogen consumed for a complete coil loading-unloading cycle can be computed.
The results of the calculations are presented in Fig. 9 which shows the



184 I. Dobrin, D. Enache, G. Dumitru, A. Dobrin, R. Pintea, S. Zamfir

consumption of liquid nitrogen (volume) depending on the heat produced during a
complete cycle (several values of the generated heat are taken into account).
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Fig.9. Consumption of liquid nitrogen, depending on the heat produced by the winding.

The maximum value was calculated for a current of 700 A and a total duration of
the current pulse of 1 s (see table 5). A total amount of 6.23 | of liquid nitrogen/
coil will be evaporated.

5. Conclusions

The paper presented a conceptual model and design of a normal
conductive electromagnet, cooled with liquid nitrogen, to obtain a dipole magnetic
field of maximum 5T with high uniformity (0-3%). The main advantage of such
an electromagnet is the relatively high value of the magnetic flux density of the
generated magnetic field, for short time intervals. (~ 104 — 1073 s), which does not
generate excessive heating of the winding (AT ~130 K). Conceived in a
constructive version of the Helmholtz type, the electromagnet has two double-row
bucket-type sections, made of copper strip. The inner diameter of the winding is
30 mm, the outer diameter is 290 mm, and the distance between sections is 30
mm. The maximum magnetic flux density obtained as a result of numerical
modelling with Comsol Multiphysics software, was 4.98 T for a maximum current
of 730 A.

For each current pulse applied to the electromagnet, the amount of liquid
nitrogen consumed by evaporation is ~ 7 | (for a cycle lasting 1 s).

Such an electromagnet is useful, especially in applied physics
experiments, in which the presence of the magnetic field is not required
continuously, for long periods of time, but only for short periods of time (~ ms), at
good time intervals. defined. Such values of magnetic flux density (> 2T) cannot
usually be obtained with conventional means (copper windings) but only with the
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help of superconducting electromagnets which are generally much more
expensive compared to conventional ones. The use of a cryogenic cooled
electromagnet like the one proposed in the paper, allows overcoming
technological limits and obtaining high values of magnetic flux density, but for
short periods of time.
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