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SHIELDING EFFECT OF HELIUM VESSEL IN CALCULATING
AC LOSSES IN SUPERCONDUCTING MAGNETS

By Shin-ichi MORIYAMA* , Shoji KAWASAKIY
Yukio NAKAMURAY and Satoshi ITOHS§

Magnetic shielding effects of helium vessels surrounding supercon-
ducting toroidal magnets are investigated experimentally by using a model
which simulates the helium vessel and the theoretical analysis is presented.
It is shown that the rate of decay of pulsed external magnetic field is much
smaller than that due to the well-known skin effect. We can estimate more
accurately the ac losses in superconducting magnets by considering the
shielding effects.

1. Introduction

Among fusion researchers, the need for superconducting magnets has been
‘generally recognized from the relation between the fusion energy extracted from
plasma and the electrical energy required for a magnet system. For tokamak
devices, however, high-field superconducting magnets have been required and
superconducting magnet technology has been advanced enough to ensure coils
having such performance. The situation is now changing. Recent developments
in magnet technology have enabled us to make high-field superconducting mag-
nets, and there are some large fusion experiment programs using superconducting
magnets™®. In applying superconducting magnets to tokamak devices, however,
we are facing to a significant problem : Superconducting magnets are exposed to
time-varying magnetic fields produced by the poloidal magnetic field coils and
plasma disruptions. Under such conditions losses are generated in the supercon-
ductor due to changes in its magnetization and due to eddy currents in the
stabilizing matrix, which is called ‘ac losses’®*®. Such losses can raise the
temperature of superconductor enough to create a local normal zone. Thus, the
resistive heating in a normal zone tends to cause the zone to propagate throughout
the whole composite conductors. This complete reversion to the normal state is
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called a ‘quench’. Therefore the ac losses must be accounted for in the design of
any superconducting magnet system involving time-varying magnetic fields, and it
is very important to establish the prediction method of ac losses.

We have been designing a new tokamak device (TRIAM-1M ) whose toroidal
magnetic field is supplied by the NbsSn superconducting magnets. The NbsSn
superconductor is pool-cooled with the liquid Helium. The ac losses in the NbsSn
superconductor due to time-varying poloidal magnetic fields should be kept suffi-
ciently low so as not to revert to the normal state on account of temperature
increase. In the calculation of ac losses, the helium vessels which surround
superconducting magnets has an important role by attenuating time-varying
magnetic fields. Therefore, in order to make the exact evaluation of the ac
losses the shielding effect should be taken into account.

In this paper, the shielding effect of helium vessel for time-varying magnetic
fields by using a model which simulates that used in the TRIAM-1M device is
investigated experimentally and the results are estimated analytically.

2. Experimental Setup

A model is made on a scale of about one-third for the helium vessel in the
TRIAM-1M device. Major parameters of the model are listed in Table 1 togeth-
er with those of the helium vessel. The material and the wall thickness of the
model are selected so that the ratio of the thickness d to the skin depth ¢ is the |
same as that of the helium vessel, because it is expected that the decay of poloidal
magnetic fields in the helium vessel can be estimated roughly using the skin
depth :

y=e (1)

where 7 is the rate of decay, 6( = v20/uw )is the skin depth and p is the
conductor resistivity.

The schematic diagram of the system measuring the pulsed magnetic field is
shown in Fig. 1. The external pulsed field is generated by a discharge of the
condenser bank through the dummy coil which simulates the poloidal field coil :

Be(t) = Boe ™ sin wt (2)

where « is the damping factor, w( = n/27) is the frequency and r is the rise time.
We use three condenser banks with capacitance values of 2 #F, 8 uFand 200 #F
corresponding to the rise times of 6.9 usec, 13.8 usec and 70 usec, respectively.
The internal magnetic field in the model is picked up by magnetic probes. A
signal of the magnetic probes is transmitted by a coaxial cable which is covered
by a copper pipe so as to shield itself from the external pulsed field or the high-
frequency noise. In estimating the ac losses we must calculate the time-varying
rate of a pulsed field to which the superconductor is exposed, because the losses
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Table 1. Major parameters of the model and the helium
vessel in the TRIAM-1M device.

Model Helium vessel
Shape Dee-shape Dee-shape
Bore 145mm X 223mm 440mm X 670mm
Cross sectional shape rectangle rectangle
Cross section :© [x X [y 90mm X 80mm 280mm X 240mm
Conductor wall tickness . d | 1.omm 7mm~43mm
Conductor material Cu SUS
Condutor resistivity : p 1.7x10 #Qm(at 20°C) | 4.5x10 "Om( 4.2K)
Ratio d/& ) 1.14x10%//7 1.04 %10 2//7(d=7mm)

Condenser Model Conductor
Bank
) Cu Pipe
. \ Coaxial Cable
\

Oscilloscope

Fig. 1. Schematic diagram of the system measuring the
pulsed magnetic field.

are proportional to the square of the rate. Therefore we define the rate of decay
by .

maximum @B;:/dt(measured by the magnetic probes) (3)

7= maximum dB./dt(calculated from Eq. (2))

where B: = Bi(x5,¥5,20,t), Be = Be(xp,V5,2p,¢) and x»,vp,2» are the coordinates
of measuring position.

3. Experimental results

A oscilloscope signal of the magnetic probe in the case of the external
magnetic field with the rise time of 6.9 #sec is shown in Fig. 2. The rate of decay
estimated from the first peak value of the signal is 7.3X107*. This value is much
smaller than the rate (y = 1.4X107%) calculated from Eq. (1). The signal in Fig.
2, futhermore, is distorted as if a damped oscillation is superimposed on an
exponential attenuation. These results suggest that the shielding effect of the
helium vessel differs from the well-known skin effect.

Distributions of the rates of decay in the interior of the model is shown in Fig.
3. Here the subscripts # and L express to be parallel to or perpendicular to the
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inner wall of the model, respectively. Both of 7, and 7, do not depend remark-
ably on the distance X from the inner wall and the difference between them is
small, nevertheless the external pulsed field varies spatially with respect to the
direction and strength. This indicates that the shielding effect of helium vessel
is not so much influenced by inhomogeneity of magnetic fields generated by
poloidal coils.

20mVv

4OﬁsecE l

Fig. 2. Oscilloscope signal of the magnetic probe. The
rise time r of the external magnetic field is 6.9 x
sec.
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Fig. 3. Distributions of rate of decay in the interior of the

model.
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Figure 4 shows the dependence of rate of decay on the rise time of pulsed
field. The rates of decay measured by the magnetic probe change exponentially
with increasing the rise time. This dependence is similar to that of the broken
line estimated from Eq. (1), but the values are smaller than the latter by one order
as a whole. Thus, we should make the more strict estimation of the shielding
effect of helium vessel as described in the following section.

4. Shielding effect of helium vessel

In order to estimate the shielding effect of helium vessel the diffusion
equation governing the penetration of magnetic flux into a hollow conductor with
arbitrary configuration should be solved for external pulsed fields (as experssed
by Eaq. (2)), but this solution is considerably complicated. -So we make an
analysis along the following procedures which include a few assumptions.

1 -
10‘1 [ '/,’
o
1072}
1073
_4 J
10 ! :
1 10 102 10
T(usec)
Fig. 4. Dependence of rate of decay on the rise time of

pulsed magnetic field. The broken line shows the
rate of decay due to the well-known skin effect, and
the solid line and symbol + show the analytical
results mentioned in the Section 4.
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(1) The helium vessel is treated as a hollow cylindrical conductor illustrated
in Fig. 5. The wall thickness and inner radius are equal to the thickness 4 or the
equivalent radius [l«ly/ ({x+1y), respectively, where d, /[» and [, are listed in
Table 1.

(2) The diffusion equation is solved for a steady state oscillation. The rate
of decay is derived from the solution.

(3) Then, in order to obtain a transient solution for the external pulsed field
we adopt a multi-layer cylindrical conductor illustrated in Fig. 6 as a computation-
al model. The individual layer thickness is negligibly thin in comparison with the
skin depth for the pulsed field. By using this model, the diffusion equation can
be rewritten in the differential equation which does not include the terms of space
derivative /7.

f\T_
\»
@

Fig. 5. Hollow cylindrical conductor employed for the analy-
sis. Here @ and b are the outer and inner radii of
the conductor, respectively, and 4 is the conductor
wall thickness.

C
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Fig. 6. Multi-layer cylindrical conductor adopted as a
computational model.
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(4) The differential equation is solved for the external pulsed field. The
rate of decay in the procedure (2) is compared with that calculated from this
transient solution so as to ascertain whether the shielding effect for external
pulsed fields can be estimated using the steady state solution.

4.1. Steady state solution of the diffusion equation
The diffusion equation is given by
g — ﬁ@
V2B 0 o (4)
If the time-oscillating term of magnetic field is assumed to behave sinusoidally,
the time derivative 9/6¢ can be replaced by iw and the diffusion equation be-
comes :

VIB+#E =0 (5)
where £ = vV—iwulo = (1-3)/6.

We use the cylindrical coordinate (7,8,z ) illustsated in Fig. 5. The solution for
magnetic field diffusion into the hollow conductor is derived for a field which is
either parallel or perpendicular to the conductor axis®®.

For a field parallel to the conductor axis the general solutions of Eq. (5) may
be written by ’

Bo for r=a
B.Av) =1 AJo(kr)+CYo(kr)  for a=r=<b (6)
AJo(Bb)+ CYo (kD) for »<b

where A, C are constants and J»., Y» are the #-th order Bessel functions. The
following boundary conditions are applied :

at r =a, B:(r)= B
_ __0
and at » = b, fEedl = athzdS.

Substituting these conditions in Eq. (6) results in the following experssion for the
internal magnetic field :

_ 4B, 1 )

Bi = Bz(b) - ﬁkzbz D

D = Jo(ka)Yo(kb)—Jo(kb) Yo(ka)
- Joka) Vi ko)~ Ji(kb) Yol ha)

where J'(z) = % and similarly Y'(z) = %.
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On the other hand, for a field perpendicular to the conductor axis the general
solutions may be expressed using the vector potential in the following equations :

(Bo7'+—E)sin 6 for »=a ,
= <
A7) =1 (01, (kr)+ RYi(kr))sin 6 ;g; ‘E;—b (8)
Pr-sin @ =

where C, @, R and P are constants. From the boundary conditions of B and B
s, at ¥ = a and r = b, the following equation is derived :

T ©

il

Bi P =

1 B
F= kz_ab(]l(kb)YI(ka) Ji(Ba) Y(ED))
+%(]1(ka)Y{(kb)—]{(kb)Yl(ka))
+%(]1(kb)Y1'(ka)—]f(ka)Yl(kb))

+ Ji(ka) Yi(kb)— Ji(kb) Yi(ka)

Usually, for a hollow conductor such as the helium vessel used in tokamak
devices the equivalent radius b is sufficiently large in comparison with the wall
thickness d. Therefore, Eq. (7) or Eq. (9) may be simplified by the application of
the approximate formulas of the Bessel functions. In the case of a fast time-
varying poloidal field the thickness & is larger than the skin depth &, so the
following formulas may be applied :

Ju(z)= %cos (z—(ZLIl)—”)

Y,,(z)'—q/;%sin(z—@).

Substituting in Eq. (7) and Ed (9) results in the following expression

B. = Bof (cos(kd) =L sin(ka)). (10)
Futhermore, Eq. (10) is approximately reduced to the form.:
B; = 2B, (11)

(1+2)d/é& _ﬁ)
e <1 51
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From Eq. (11) the rate of decay of the fast time-varying magnetic field is newly
defined by

7= -—2‘/26 e, (12)

On the other hand, in the case of a slow time-varying poloidal field the thickness
d is smaller than the skin-depth §. Thus, from the following formulas :

Jn(ka)=>=Jn(kb)+ kA (kD)
Yo(ka)= Y.(kb)+ kdY{kb)
both Eq. (7) and Eq. (9) is approximately reduced to the form:

_ B,
B: = 1501 (13)

where 7s( = pbd/20) is the skin time governing the penetration of a vertical
magnetic field into a shell”. From Eq. (13) the rate of decay of the slow time-
varying magnetic field is the form:

y = 1/V1+w?cs® (14)

4.2. Transient solution for a pulsed field

The differential equations governing the penetration of magnetic flux into a
multi-layer cylindrical conductor illustrated in Fig. 6 may be written by

Be = Bl+Cll_ddt—l+CIZ d£2+"'+61n%
B, = Bz"‘sziBl‘f‘Cza dBa"‘"""Czn&
dt dt dt
(15)
Bn_. = Bn+Cnn%
Bn - Bi

where cms(m,k =1,2,-++,n)are constants and B.(k =1,2,-++,%)is a magnetic
field on the inner surface of 4-th layer. Equation (15) is reduced to a differential
equation :

dB:, ..., d"Bi ’
gt tan g (16)

where ax(k£ = 1,2,-++,n) are constants. This is the approximate equation of the
diffusion equation given by Eq. (4). Since the steady state solution in Eq. (15)
must coincide with Eq. (10) or Eq. (13), we can determine the constant a. from
the comparison between both of them :

B. = B:+a




10

S. MORIYAMA et al.

N O7ACE Sl )
“"‘(p) QE=1)! 2" - an
In order to obtain the solution for the pulsed field expressed by Eq. (2) we
apply Laplace transformation to Eq. (16):

~ Bo N
Bi = (3+Q)Z+Cl)zzk} (I+7ss) (18)
where
%—621(= Ts) for k=1
Z‘lz2 ﬁ dz
o (2B—1)(2k—2) for £ 1
Ce= z-{,”l

- ”!:—[k(fk_ m)

Consequently, the solution is expressed by

_ & rewexp(—#7e) e *cos(wt+3k) |
B1) = BB,Ci ey i, N B }
(19)

where 8 = tan™*((1—a7.)/wrte), and the signal of magnetic probe is defined as
the form:

Vi(t) = —"—ﬁi/wgo. (20)

In Eq. (19) the first term into the blanket{ } is due to the transient magnetic field
at the first rise of external pulsed field, and it causes the signal to distort as
mentioned in the previous section.

5. Analytical results and discussions

In order to compare the experimental results with the analytical results, we
have carried out calculations of Eq. (20) for external pulsed fields with the
various rise times. The computational results, together with oscilloscope signals
of magnetic probe, are shown in Fig.7. From this figure we can find the good
agreements with respect to the phase shift or the distortion in the wave forms.
Regarding the rate of decay, we can also find from Fig. 4 that the theoretical
values are in good agreement with the experimental values. Here the symbol +
shows the rate of decay calculated from Eq. (20) and the fitting curve (solid line)
shows that defined by Eq. (12). Therefore, the shielding effect of helium vessel
for a transient magnetic field may be estimated from the rate of decay derived
from the steady state solution described in the previous section.
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Fig. 7. Oscilloscope signals of the magnetic probe for the
pulsed magnetic fields with (a) z = 6.9 usec, (b) ¢

= 13.8 usec and (c) 7 = 70 usec, and the corre-
sponding analytical results.

Figure 8 shows the dependence of rate of decay on the rise time of the pulsed
magnetic field for the helium vessel used in the TRIAM-1M device. Here the
characteristic time r. in this figure is defined by the rise time at which d/¢8 is
unity. In the range I(the rise time < r:) the skin effect contributes the decay
of magnetic fields, and the rate of decay is calculated from Eq. (12) by using the
skin depth 8. It is smaller than 5X107% for magnetic field (with the rise time z
= 20 usec~100 psec) as generated by the turbulent heating coils. In the range
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Tr ! :
107t - : ,
: (m) E (m
1072} : \ !
i Ct=100usec |
1 Ts=1.26msec :
103
-4, ; . , - .
10758 1070 104 1073 1072 107!
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Fig. 8. Dependence of rate of decay on the rise time of

pulsed magnetic field for the helium vessel used in
the TRIAM-1M device. The rate of decay is cal-
culated with d = 7mm, 6 = 129 mm and o = 4.5X
107"Q m.

[I(z. <t <xrs) the thin shell approximation” can be applied for the helium vessel,
and the rate of decay is calculated from Eq. (14) by using the skin time zrs. It
changes from 0.1 to 0.9 for magnetic as produced by the plasma disruption (with
the disruption time r«=1msec). The magnetic shield due to the helium vessel is
effective for poloidal magnetic fields in these two ranges. While the shielding
effect can be neglected in the range IIl (z > nrs) which involves magnetic fields
(with the rise time r>10 msec) generated by the control coils regulating the
position and configuration of plasma column.

6. Conclusions

In order to make the exact evaluation of ac losses in superconducting
magnets, the shielding effect of helium vessel for pulsed magnetic fields has been
investigated experimentally. We have found that the results can be estimated
analytically from the steady state solutions for magnetic field diffusion into a
hollow cylindrical conductor. By this analysis the prediction method of ac losses
becomes more accurate. The analytical results are being used in the design of
the superconducting magnets for the TRIAM-1M device.
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