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Abstract 

A design of the high field dipole magnet which is going to be con
structed in the KEK-Fermilab collaboration program is proposed. The 
central field of the magnet is meant to achieve 10 T by the use of 
ternary alloy conductor in the 1.8 K superfluid environment under 
atmospheric pressure. 

Since the electro-magnetic force in such a high field region is 
strong enough to give a fatal problem, a careful calculation is necessary 
fcr the magnet design. The program POISSON and LINDA were used for the 
magnetic field calculation. The computer code ISAS which is originated 
from NASTRAN developed at NASA was applied to calculate the stress and 
the deformation. A horizontal cryostat design for the operation of the 
10 T dipole magnet is also proposed. 

1. INTRODUCTION 

1-1 Background 
Superconducting magnets are utilized in high energy proton synchro

trons to raise the maximum accelerating energy and to save the operating 
electric power. The NbTi superconducting magnets between 4 to 5 Tesla 
are produced for the presently running superconducting synchrotron pro-

Development of a high field superconducting synchrotron magnet such 
as 10 Tesla dipole is latently desired for the future accelerator to 
achieve as high energy as possible with the finite size of accelerator 
facility. 

In this report we describe a design proposal for a high field 
dipole magnet which could be a candidate for the first accelerator 
dipole in the field region of 10 Tesla. 

Already we know that there are two ways to achieve a high field 
dipole in 10 Tesla region. One is to make the dipole coil with a high 
H - A15 compound wire such as stabilized Nb,Sn conductor. The other Is 
to wind the coil with a kind of ternary alloy wires as Nb-Ti-Ta and to 
use pressurized superfluid helium to cool down the coil and keep it in a 
temperature region below 2.0 K where the H „ is seemed to be higher than 
12.5 T. 

In spite of complexity with the superfluid cooling, we have chosen 
the latter way to develop a 10 Tesla dipole magnet because the estimated 
overall coil current density is considerably higher than that of the 
former one. The high coil current density is essential for a compact 
magnet design. We estimate the overall coil current density at least as 
33.0 KA/cm 2 in the field above 10 Tesla. This value is 50 * larger than 
the upper limit of present Nb,S coil. 

Among the possible dipole magnet designs in 10 Tesla region, we 
have selected a type of the so-called window frame or picture frame coil 
magnet design*- \ In this design, the coil Is wound 1n a race track 
shape and raised at the ends to allow the entrance and exit of the 
beam. The coil structure is rather simple; therefore, the coil is 
seemed to be easily wound and tightened in the supporting collars. 
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In the following chapters, we shall propose to develop a high field 
proto-type accelerator dipole magnet equipped w i th a ternary alloy conductor 
coil and the superfluid cooling system. 

1-2 Ternary Alloy Wires 

At present three kinds of superconducting ternary alloy wires of 
Nb-Ti-Hf, Nb-Ti-Ta and Nb-Ti-Zr, are available in Japan. Japanese 
industries have the patent right to produce these wires. In practice 
these wires essentially have no advantage to the NbTi binary alloy wire 
at the temperature of 4.2 K. 

Though, the properties of ternary alloy wires at the temperature 
below 2 K are not studied in detail, there are some possiblities to find 
the excellent properties of the wires. 

At first we have to study the properties of these ternary alloy 
wires at the temperature below 2 K and then we shall select the most 
promising wire. There are some informations'- -"••' which suggests the 
promising properties of the Nb-Ti-Ta wire. I f we could not find another 
excellent wire, then we are forced to use the Nb-Ti-Ta wire for the 
magr.st. ', . 

The rigidity of coil is an important parameter for a high field 
magnet because the strong electromagnetic force would deform the coil 
structure and give rise to quenching. We will probably use the 
monolithic ternary wires for the f irst test dipole. The monolithic 
wires are more excellent in the rigidity than the compacted strand 
cables; therefore, they are suitable for a solid coil structure. 

Of course the method of using the compacted strand cables should 
be studied in detail to get a good rigidity of the coil, because they 
have good productivities and small AC losses. The details of the cable 
design are not discussed in this report because i t should highly depend 
on the material development, and yet the fabrication of the cable itself 
has nothing particular than a conventional method. 

1-3 Hellp cooling 

Hellp is a new refrigeration method"- •" for a superconducting magnet 
which is recently attracting interest in high field magnet development. In 

- 2 -

the past, the only way to produce a high field was to use a compound 
material such as Nb3Sn or V3Ga. Intensive effort has been maole f 0 P the 
development of compound conductors, and the progress in this field 
recently is remarkable. Nevertheless, the fatal disadvantage of the 
compound material, brittleness, has not been overcome. I f we reall 
depend on these compound materials, we have to develop a completely new 
winding technique which does not apply any large force on the conductor 
during the winding or allows the heat treatment to form the supercon
ducting material after the winding. Even if we can solve all the problems 
of winding, the resulting overall current density would not be much 
higher than that of alloy conductors at 10 T region. Therefore i f 
only the cooling can be provided at lower temperature .the use of'aiioy 
material can st i l l be a key method for 10 T magnet. In this case, all 
the winding technology developed for 5 T magnet can be basically appli
cable with some additional features. When superfluid Helium -fs applied 
for the cooling of the superconducting magnet, not only the increase of Ww 
critical current due to the lower temperature but also the increase of 
the heat transfer due to the superfluidity would greatly contribute to 
the generation of the high field. The conventional method to produce 
superfluid, which brings liquid helium pressure down to the subatmosphere, 
is not a practical method for a large superconducting magnet s y i t t m 

because there are too much problems to introduce current leads, to main
tain the liquid surface and to keep the magnet from burn out a f t e r a 

quench. On the other hand the Hellp method contains a magnet at a 
atmospheric pressure, and the heat is taken out through a heat exchanger 
to the low pressure boiling Helium bath. The current leads i r e b r o u g l l t 

to the Hel bath on the top of the Hell which is separated by a piugttl. 
Such a coexistence of Hel and Hell can be achieved by the large themai 
resistance at the X point of the Helium. Although a horizontal cryostat 
as described in the cryostat design section is a new attempt, the 
accumulation of the experience in vertical cryostat at KEK and FHAL 
would be enough to step into a horizontal cryostat. 

2. FIELD CALCULATION 

2-1 Analytic Calculation of The Field 

For the estimation of the field homogeneity, the analytic calculation 

- 3 -



assuming infinite permeability in the iron would be useful. The following 
is the analytic calculation for rectangular coils in a circular hole of 
iron shield1 J. 
Definitions 

Taking ' two dimensional coordinate system (x,y), the position 
vector is defined as z * x + iy. The magnetic field H ' H i H - iHy can be 
expressed by means of the scalar potential V or the vector potential 
which has only the component A 1n the direction perpendicular to the xy 
plane. 

If we introduce a complex potential F » A + iv 

1H* " -BZ ( 3 ) 

The definition of the multipole components in these terms becomes 

iH* =° ? C Z n " ' (4) 
n*l n 

F . S . I C„Zn (5) 
n=l n 

General expressions in a circular iron 
Starting from a current filament I located at the origin, 

F(Z)= "2i log I (6) 

can be easily verified. Where, the current has the direction toward xxy. 

Now, we assume that the free space in the iron core has a circular 
shape with radius R and that the iron has the infinite permeability. If 
there is a current I at the position Z and returns through the origin, 
(the current at the origin does not harm anything because it vanishes as 
a sum anyway) the complex potential, vn this case, can be given by the 
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superposition of the potential produced by these currents and the mirror 
image in the iron. 

F(Z„) - ̂  log Z. - £ log(Z,-Z) - £ log(Z„- ||) (7) 

- - j j iog {(z„-z)(z0-p)/z„} (8) 

therefore 

For the field given by a coil with current density j the field has to be 
integrated over a certain area. 

iH*(Z„) = - -± 3 ( ^ + -JJ—* )do (10) 

( $ r ) - z . 

m-n { ? Co z - n

 + ^ ] Zo""1) do (ii) 
i l [ n»l R z n 

The quantity in the blacket correspond to the multipole component of the 
field. The contribution i 
are separately given by 
field. The contribution of the current 'a ' and that of the Iron "b 

n i 

bn * ' 2? j Z * n d 0 / R 2 " ( ' 3 ) 

Using Stokes's theorem, the integral can be converted as 

b n - - 4 T k r / Z * n + l d z (») 

-4^n4r / z l " n d z * w » 
a n"--{ (15) 

^ r / f d Z (n-1) 
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Calculation for the particular geometry 
Since the magnet which is of interest here only has straight line 

for the integration, the integration from Z^ to Z, becomes as follows 

Z = Z, + AZ • P (16) 

where 0 < p < 1 and AZ = Z- - Z, 
then 

Z* = Z* + AZ* • P ~ Z*+§*(Z - Z,) (17) 
dz* , <"Z „ 0, 
W ~EZ ( 1 8 ) 

(h z-+i d Z. *_\H

 z.n+i dZ*. AZ Z ! n t 2 - T (19) 

The integration of the Z term can be proceeded in the same way. 

Ah - j R' 2 n AZ /7*n+2 7*n+2, /,„> 
un " " 4„i (n+1)(n+2) 3*" l i 2 " " *1 

- ^ M ) ( 2 - H ) ^ < Z2" n " Zl"") (n-3,5,..) 
(21) 

rfr ttZ* • (If - Z ^ M - C £»("-!> 
where Aa and Ab are the portion of the integration. 

(22) 

From now on, let us take the simplest arrangement like Fig. 2 -1 , which 
has theheightof 'b' and width of 'a' for the coil with no internal 
space. The realistic configulation are to be deduced by the superposition 
of this simple configulations. In case n = 1 , hence the dipole component, 

a, - ^{(d+d*) in k + ( d * . d ) l n ( awffi** 2 ) ) . . . . (23) 
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where d » a + ib, thus 

a, =i i |2aAtan ( | ) + b l n ^ i ^ - } (24) 

Here, the symmetry against x * 0 plane is taken into account. For the 
higher poles, neglecting the singularities on the axis because they are 
going to be cancelled in the superposition, 

(25) 
1 ldl bn ' » (n+1)(n+2) ffi~ s i n ("+2> a r9(«) 

If we convert the variable into cylindrical coordinate, 

d - re i e (26) 

and use the practical unit j(KA/cm 2), B(KOe) and (cm) for the 
geometrical dimensions, the multipole field fraction*!! can be given 
by 

aBn'3)'f^(n-ll)(n-2)""»2-")8> 
„n+2B-2n 

+ (n+1)(n+2) Sin{(n+2)8}] (for n-3,5,7..) (27) 

2 2 2 
A B ^ ) - | j [2a Arctan (f) + b In i - ' - j^ i + ^ ] (28) 

Again the singularities on the symmetry axis are ignored. These expres
sions are effective only for n - 1,3,5 . . . (which correspond to dipole, 
sextupole, octupole . . . ) . For the realistic arrangement like Fig. 2-2, 
for example, the resulted multipole field is given b-> 

B n - A B ^ ) -AB^dp (29) 

The same superposition can be used for more complicated geometry. 



2-2 Analytic Results 
Using the formulae (27) and (28), the multipole structure of the 

rectangular shaped magnet like Fig. 2-3 can be easily investigated. Fig. 
2-4 is the coil height dependence of multipoles. If not specified, 
the default values of the parameters shown in Fig. 2-3 are implicitly 
assumed in the following text. From Fig. 2-4, it is obvious that all 
the high components decreases when the coil height increases, while the 
dipole component increases monotonically. Therefore, if the coil height 
is large enough, this type of magnet can achieve a gooa homogeneity. 
The problem is the sextupole component i.e. sextupole component always 
stays positive and decreases very slowly with the coil height. Fig 2-5 
is the coil thickness dependence of the multipoles. The thickness of 
the coil contributes to the field strength and does not make large 
effect to the field shape. For the reasonable coil height the notch at 
the inner edge of the coil can greatly contribute to the homogeneity of 
the field. Figs. 2-6 and 2-7 are the notch height and width dependence of the 
sextupole and decapole component. It is possible to find a combination 
of notch height and width which makes sextupole and decapole components 
zero at the same time. Fig. 2-8 is the contour map of the field homogeneity 
index 0 

D = r.53 lCn'* 5" (30) 

One could estimate the optimum width and height of the notch as the 
minimum point of D in Fig. 2-8. The further detailed calculation taking 
the iron satulation effect into account can be proceeded by the numerical 
computer method provided by programs POISSON and LINDA around the estimated 
optimum. 

2-3 Numerical Calculations 
The field calculations with variable permeability in an iron shield 

were performed with the computer programs POISSON and LINDA. Both 
programs solve two-dimensional non linear Poisson equations, but their 
approach is different. The vector potential method is used in POISSON, 
which utilizes a triangular mesh. In L.NDA, whose mesh type is rectangular, 
two potential method is used. Each program has its own advantage to the 
other, depending on the purpose we are aiming at. However, it seems 
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very difficult to achieve a relative field accuracy of less than 1x10" . 
The program POISSON was mainly used to optimize the coil configulation 
with respect to a desired field distribution because of its faster 
convergence rate and it was suited to make input data of a stress 
analysis program ISAS. LINDA was also used, and it gave nearly the sane 
results as POISSON. 

In this design calculations, the required parameters are as follows; 
- Central field of the magnet 10 Tesla 
- Aperture of the magnet 100 mm 
- Field qualityAB/B * 5x10 within the radius of 25 mm 
- Average current density in the coil * 33000 A/cm 

Average current density was deduced from the commercial data available 
at present for Nb-Ti-Ta [5]. 

The coil configuration and the iron shield geometry were determined 
after calculations to minimize harmonic components. Fig. 2-9 shows the 
mesh generated by POISSON (LATTICE),-and Fig. 2-10 is the flux line plot 
of the 10 T dipole magnet thus calculated. 

2-4 Proposed Cross Section 
The coil cross section of which harmonics are minimized by POISSON 

is shown in Fig. 2-11. With this configulation, we can get a good field 
region of about 60 % in the aperture. Fig. 2-12 is the field error 
contour map of this magnet at 10 T. The calculated multipole components 
relative to the field at the center are given in Table 2-1. 

The (two-dimensional) maximum field in the coil is about 7 % 
higher than the central field and this is located at the point marked 
Bmax 1 n " 9 - 2-H-

The iron shield configulation was designed to give a good field 
uniformity at different excitation levels and to provide a good mechanical 
support for the coil. Fig. 2-13 shows plots of the field deviation in 
the median plane at different excitation levels. Though, there is a 
slight difference between the results from LINDA and POISSON, the differ
ence is less than a factor of two at the level of 10 order. 

In table 2-2 are given the main parameters of the 10 T magnet and 
the cross sectional dimensions thus determined are shown in Fig. 2-14. 
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Fig. 2-14 
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Table 2-1 

y = "> B„ * 10 T 
B n/B, BB/B, 

1 1 1 
3 1.08 x 10" 4 -1.57 x 10" 5 /cm2 

5 -9.26 x 10" 5 -4.96 x 10~ 4 /cm 4 

7 5.88 x 10" 5 4.34 x 10" 4 /cm6 

9 -2.41 x 10~ 6 -2.29 x 10" 5 /cm 8 

Table 2-2 

Central field 10 testa 
Useful aperture 60 m 
Field uniformity in the 
useful aperture <&/B £ 5x10"4 

Operating current 5000 A 
Overall Current density 32700 A/cm2 

Maximum field in' the coil 10.7 Tesla 
Stored eiMT5/ 896 KJ 
Inductance 72 mH 
Length of magnet 1000 m 
Inner diameter of the 
iron shield 400 mm 
Outer diameter of the 
iron shield 800 mm 
Total bursting force 635 Ton 
Total compressive force 
at midplane 142 Ton 
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3. STRESS ANALYSIS 
3-1 Finite Element Method 

The finite element method is one of the effective methods to analyze 
the deformations and stress distributions of magnets. The deformations 
of the coil give us the information for the effect on the field homogeneity 
when the magnet is excited. From the allowance of the field homogeneity, 
we can design the strength and the shape of the structures to hold the 
coil. 

The high field magnet such as the 10 T dipole magnet is subjected 
to tremendous bursting force which is almost over the limit of strength 
of the structural materials. Such force can be supported by using not 
only the stainless steel collars but iron shields as the structure. The 
cold iron may be a unique solution to hold such huge magnetic force. 

We used a computer code ISAS (Integrated Structure Analysis System) 
which had been derived from NASTRAN developed by NASA. The coil and the 
structures were divided into quadrate elements as shown in Fig. 3-1. 

The analyses were performed as follows: 
(1) Analysis of the deformations and the stresses in the coil and the 

structures due to pre-stress. 
(2) Analysis of the deformations and stresses due to the magnetic 

force under the pre-stress. 
According to the above analyses, we designed the thickness of the 

structures, the shape of the collar, and so on. 

3-2 Deformation Analysis 
The deformations of the coil and the structures due to the pre-

stresses are shown in Figs. 3-2 (a) and 3-2 (b). The deformations due 
to the magnetic force are also shown in Fig. 3-3 (a) and 3-3 (b). These 
deformations are for the different values of the effective Young's 
moduli of wires. The value of 1.1 x 10 1 1 N/m Z is close to the Young's 
modulus of copper and 1.1 x 1 0 1 0 N/m2 is one of actual compacted strand 
cables with glass fiber epoxy insulations. 

From Fig. 3-3 we can see the collar and the iron do not deform over 
70 u by adopting the cold iron as the structural member even if the 
magnet is excited to 10 T. On the contrary, the deformation of the 
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coil is larger than that of the structural members. I t is more than 130 y 
10 2 in case of Ecoil "1 .1 x 10 N/m . This affects the field homogeneity 

and stability of the magnet. In case of Ecoil • 1.1 x 10 N/m , the 
deformation is less than 90u and does not offer serious problems. 

The deformation analysis shows the necessity of the hard wires 
which have Young's modulus as high as possible. A monolithic wire may be 
one of the suitable wires for the high field magnet. In this case the 
wire has to have Cu-Ni layers to reduce ac losses. 

3-3 Stress Analysis 
We analyzed the stress distributions in the coil and the structures 

in two cases, that is, the pre-stress is loaded, and the coi- is excited 
up to 10 T. In Figs. 3-4 and 3-5 the stress distributions in the above 
cases are shown with the proposed collar described precisely in the next 
subsection. 

Figure 3-4 shows that the coil is compressed with the forces in two 
cases. When the coil is compressed with the forces at the top and the 
bottom surfaces of the collar, the pre-stress at the inner wedge of the 
collar is larger than at the outer wedge. On the other hand, the pre-
stress is larger at the outer wedge when the forces are loaded at the 
points A. We can optimize the pre-stress for the coil to adjust the 
action points of the forces and the wedge angles 8, and 8, . We can obtain 
an increased Young's modulus and hence the snail deformation of the coil 
by the optimized pre-compression. As described above, the larger 
Young's modulus is a necessary condition to make a stable high field 
magnet. 

The stress distributions with the magnetic force show some con
centration due to the bursting force. The outside wedge is subjected to 
the relatively large stress. On the other hand, the stress in the 
inside wedge is almost zero in comparison with the case of no magnetic 
force. The maximum stress in the collar is about 13kg/mn , and within 
the yield strength limit of the collar materials. 

3-4 Proposed Collar 

The collar should be designed with consideration ot the following 
items. 

(1) The smaller deformations by the electro-magnetic forces. 
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(2) No concentration of the stresses. 
(3) The uniform pre-stresses to the coil. 
(4) Easier construction. 
The proposed collar is shown in Fig. 3-6. The pre-stresses will 

be loaded on the top and the bottom of the collar in parallel with the 
vertical axis. The pressure on each side of the coil can be controlled 
by adjusting the action points of forces and the angles of the wedges. 
We can load the same pressure to every surface of the coil. 

According to the analysis, the pressure of the coil surface is 
o about 3kg/mm for the compression force of lOOOtons/m. 

3-5 End Structures 
The end structure is important in reduction of the field errors. 

The end structure should be designed not to concentrate the anomalous 
stresses due to the electro-magnetic forces. The window frame magnet is 
easier than other types of magnets in winding the end part because the 
field enhancement is smaller. 

We offerred two types of the end structures. One is the divided 
coil end structure as shown in Fig. 3-7. One part of the coil is wound 
as a race track type and the other part is wound as a saddle type. This 
method may be suitable for mass production because the winding and the 
assembling can be separated. 

The other is to wind the end part in a unit with the structures as 
shown in Fig. 3-8. This method may be suitable to hold the end part. 

The rough view of the assembled magnet is shown in Fig. 3-9. 

3-6 Materials 
Collar 

The 10 T dipole magnet is subjected to about four times larger 
bursting force than in the existing 5 T dipole magnets. The structural 
materials should have the yield strength as high as possible. 

A newly developed Hn-Cr steel has excellent mechanical and electro
magnetic characteristics as shown in Table 3-1. The characteristics of 
the stainless steel (SUS 304L) is shown in comparison. The 32 t Mn-7 % 
Cr austenitic steel has high yeild strength, large elongation, and also 
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high charpy impact values at 4.2 K. 

The austenitic property is also more stable than SUS 304 L. Then 
the permeability is less than 1.002 by welding or under high stresses. 
Moreover, the cost is cheaper tiian SUS 304 L. 

Wire 
The Young's modulus is an important factor to reduce the deformation 

of the coil. The pre-stress of the coil, of course, improves the initial 
Young's modulus. However, the compressed compacted strand cable with 

10 2 GFRP insulators has only the Young's modulus of 1 x 10 N/m . The 
monolithic wire may be one of the suitable wires for such high field 
dipole magnet because i t may have almost the sane Young's modulus as 
that of copper. 

2* -



Table 3-1 Properties of 32 X Hn - 7 X Cr autenitic steel 

32 X Mn - 7 X Cr 
Austenitic Steel 

SUS304L 

0.2 X Yield strength (kg / iw a ) 110 55 
Tensile Strength (kg/run2) 147 166 
Elongation (X) 45 34 
Reduction in Area (X) 50 56 
2»n V-notch 
Chirpy Impact Values (kg-*) 12 9 
Young's Modulus (kg/an 2 ) 22,000 20,000 
Peraeability < 1.002 1.002* 

* SUS304N 
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4. Cryostat Design 

As was already mentioned in the introduction, a proposed 10 Tesla 
magnet has to be cooled by 1.8 K pressurized superfluid helium at one 
atomosphere (Hellp). 

A design, based on the principle of the Claudet bath'-'J, was made 
for a cryostat which can provide Hellp environment in a continuous mode 
for this magnet. 

4-1. Operation Principle 

Figure 4-1 shows the method of producing Hellp. 4.2 K l iquid 
helium at one atmosphere is cooled to about 2.18 K by evaporating gas by 
the counter flow heat exchanger and expands isenthalpically to 13 Torr 
through J-T valve and a fraction of i t becomes 1.8 K saturated superfluid 
helium (Hell). The one atmosphere l iquid He surrounding this chamber is 
cooled by this saturated Hell and becomes Hellp. A high capacity vacuum 
pump connected through heat exchanger evacuates the saturated helium 
chamber and keeps the pressure inside below 13 Torr. 

For the design of Hellp cryostat as effective as possible, i t is 
necessary to know the properties of l iquid helium below lambda point 
especially temperature-enthalpy relations. Unfortunately charts or 
tables in this temperature range, just l ike ones published by NBS are 
not available at present. 

In Fig. 4-2 is shown a T-H diagram in which the enthaply below 2.18 
K is calculated using the specific heat C and latent heat. In this 
figure is shown the cooling cycle. 

4.2 k l iqu id® is cooled down along 1 atm. constant pressure line 
to point(2)and expands isenthalpically through, J-T valve, that i s , 
vertically to ® a t 13 Torr. Fraction of l iquid through J-T valve 
becomes l iquid and the rest becomes gas © a t 1.8 K. I t is easy to get 
the fraction of 1.8 K l iquid e from enthalpy balance. 

h 3 - e h 4 + (1- E )h 5 (31) 

h 5 - h 3 _ 23.7 . 4 o 
h 5 - h 4 23.7 - 1.0 ° ' 8 6 8 < 3 2 > 

- 35 -

That i s , 86.8 % o f l i q u i d through J-T valve becomes 1.8 K l i q u i d and 

th i s f r a c t i o n i s e f f e c t i v e l y used f o r cool ing at 1.8 K. Cooling power 

Q i s given by 

Q = m e ( h s - h 4 ) = meLv (33) 

* m ( h 5 - h 3 ) 

where m i s the f low r a t e and Lv - h 5 - h. the l a t e n t heat o f vapor izat ion 
at 1.8 K. In the actual s i t ua t i on the heat exchanger and Joule-Thomson 
expansion are not i d e a l . This means po in t ©moves t o r i g h t handside 
depending on t h e i r i n e f f i c i e n c i e s . I f we assume t h i s e f f i c i ency t o be 
90 %, 0.58 g/sec of l i q u i d f low i s necessary f o r 13 Watt r e f r i g e r a t i o n 
at 1.8 K. 

4-2. Heat Exchanger 

In t h i s respect the heat exchanger design i s essent ia l to increase 

the refrigeration efficiency, that i s , to reduce the l iquid helium 
consumption. To get high overall coefficient of heat transfei and a 
small pressure drop in low pressure gas stream, care must be taken in 
the low pressure side design of the heat exchanger. Finned tube or 
spiral spacer increases heat exchange but at the same time i t increases 
pressure drop. This w i l l cause the temperature rise in the saturated 
chamber and wi l l reduce the refrigeration capacity. 

Design was made for the three types of heat exchanger shown in Fig. 
4-3. 

As the thewodynamic properties considerably change between 4.2 and 
1.8 K, we used the following mean values at 3 K for the design. 

Thermal conductivity 
[cal/cm deg sec] 

Viscosity 
[poise] 

Specific heat 
Cp [cal/g deg] 

Gas 

Liquid 

17 x 10" 6 

50 x 10" 6 

10 x 10"6 

24 x 10"6 

1.51 

0.60 

The mass flow rate was chosen as 0.58 g/sec which corresponds to 13 Watt 
at 1.8 K. The parameters used and the results are the following. 
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D l D2 D3 D4 P l P2 Length Pressure drop 
Gas Liq. 

Type (1) 1.0°" 0.6™ 0.4™ - - - 2 5 8cm T.nTorrQ^Torr 

(2) 1.0 0.46 0.26 - - - 154 5.7 0.10 

(3) 1.0 0.80 0.5 0.5 0.2 0.1 8.0 15.6 1.60 

With the aid of fins or spacers, as in the type (3), the exchanger 
length could be made as short as 8 cm but the pressure drop is rather 
high. The concentric-tube type (1) or multi-tube type (2) has l6nger 
length but its pressure drop is lower than (3). In this respect, (1) or 
(2) will be recommended. Another type of exchanger, for instance, a 
sintered copper mesh soldered to copper tube"- which was used by 
Saclay group or a sintered copper heat exchanger which is a typical one 
for dilution refrigerator will also be worth trying. 

4-3. Heat Leaks 

1.8 K Vessel 

Heat leaks to Hellp vessel are estimated for the drawing given in 
Fig. 4-4. 

1) Conduction through baffle plate 
The diameter of the G10 disk which separates Hellp from Hel makes 

heat leak to the Hellp bath. Assuming the heat transfer coefficient of 
G10 to 6 x 10 , the amount of heat leak is 

Q, = | x 302 x 6.10"4 x (4.2 - 1.8)/5 = 0.204 Watt. 

2) Radiation from 4.7 K shield 
Area of Hellp vessel is 80irxl50 + j x 802x 2 = 4.78xl04 cmZ. 

Q2 = e A(T 2

4 - T, 4) = 0.1x5.67xl0"12x 4.78xl0 4x(4.7 4-1.8 4) 

= 1.29xl0"5 Watt. 

3) Conduction through supports 
The magnet which weighs about 4 tons is suspended by 4 stainless 
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steel rod of which diameter is 1 cm. These have a heat intercept at 4.7 

« 3 = r 'Tz - V x N" 1 - 5 x 1 0 ' V x l 2 x <«-7-'-« x 4 

= 2.73 X 10" 3 Watt. 

4) Conduction through current leads 
Current leads to the magnet may be strand cable of which dimensions are 

0.1 x 0.9 = 0.09 cm , Cu/Sc = 1.6. The heat conduction to Hellp vessel 
is 

Q 4 *K A c u £• x 2 = 4 x (0.09x2) X 4- 2^- 8 x 2 

=0.69 Watt 
5) Conduction through the communication channel 

Since the Hellp bath is only separated by G-10 plug, there is some 
leakage of superfluid especially at the clearance of the safety valve. 

Although i t is a l i t t l e difficult to calculate the heat leak without 
knowing the detail of the thermal properties of Hellp, a rough estimation 
can be done as follows. 

Suppose the clearance is 0.01 mm and the thermal conductivity is 
300 cal/ cm.deg.sec1 •', then the heat due to the superfluid helium is 
given by 

„__ . S x „ x 0.001^ 4.2x300 x ( 2 . 2 _ K 8 ) . 2 - 6 4 „,„. 

The sum of heat leak to 1.8 K vessel is 

Q 1 3 = 0.2 + 1.Z9X10"5 + 2.73X10-3 + 0.70 + 2.64 
• 3.53 Watt 

This correspond to 4.9 fc/h of LHe evaporation. Above calculation shows 
that the conductings through the clearance and G-10 buffle are dominant. 
To reduce these, the buffle plate must be thick and the safety valve 
must be tight. 

4.7 K Vessel 

1) Radiation shield 
Two layers of radiation shield are provided, one at 4.7 K and the 
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other 76 K and they are cooled by the evaporating gas. Radiation heat 
to 4.7 K shield is 

Q5 =eoA (76 4 - 4.7 4 ) 

= 0.05 x 5.7 X 10" 1 2 (76 4 - 4.7 4) x 7.0 x 10« 

= 0 . 6 7 Watt 

This corresponds to evaporation of 1.4 £/h. 
2) Current leads 

L-5000 (American Magnetics, Inc. made) will be used and its LHe con
sumption is 14 n/h at 5000 amp. and about half at 0 amp. 

From above estimation, the helium evaporation except current leads 
is 

V = 4.9 + 1.4 + 6.3 i/h. 

The total helium consumption in various operation mode is shown as 
follows, 

Hellp Vessel LHe evaporation 
4.7 K 
1.8 K 

1.8 K + 10 W load 

1.4 + 7 = 8.4 tyh 
8.4 + 7 = 13.4 V h 
13.4 + 7 + 14 = 33.6 «./ 

4-4. Proposed Design 
A cryostat was designed to accomodate proposed 10 Tesla magnet of 

which length, diameter and weight are 1.2 meter, 0.8 meter and 4 tons 
respectively. 

Figure 4-4 shows this cryostat and it consists of 4.7 K LHe chamber, 
4.2 K LHe chamber, heat exchanger, J-T valve, 1.8 K saturated Hell 
chamber and 1.8 K Hellp chamber. The magnet is suspended by 4 stainless 
steel rods which have a heat intercept at 4.7 K. 4.7 K chamber will be 
connected to refrigerator and it contains the current leads and the duct 
through which 1.8 K chamber can be pumped. 1.8 K saturated Hellp chamber 
has copper fins to increase heat transfer to Hellp and fins may be 
electroplated to reduce Kapitza resistance. 

We estimate heat leaks of 3 Watts considering the safety factor of 
2 and suppose 10 Watts of heat generation by the magnet. This heat load 
of 13 watts was the basis for the calculation of heat exchanger. 
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To Pump 

1.8 K 
Saturated Hell-
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Heat Exchanger 

Fig. 4-1 
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Temperature - Enthalp> of He-4 

ffi^^tf 
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Enthalpy (Joules/Gram) 
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Type (1) Linde Concentric-Tube Type 

Type (2) Linde Multiple-Tube Type 

£? 
Type (3)Linde Concentric-Tube Exchanger with spacers 

Fig. 4-3 
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5 BUDGET AND SCHEDULES 
5-1 Cost Estimation 

We estimate the development cost of the 10 Tesla dipole magnet as 
follows. 
1) Conductor Characterization and Basic Study 15,000 K¥ 
2) Optimum Conductor for One Meter Dipole 30,000 K¥ 
3) Window Frame Coil Winding with Insulation 12,500 K¥ 
4) Non-magnetic Coil Supporting 7,500 K¥ 
5) Magnetic Iron Shield 3,500 K» 
6) He and N2 gas, other miscellaneous 6,500 K¥ 
7) Magnet Assembling 8,500 K¥ 
8) Measuring and Testing Devices 37,500 K¥ 

9) Cryostat with Superfluid Cooling System 6,500 X¥ 
Total Budget for the First One Meter Test Dipole 156,000 K¥ 

The items of 2) to 7) w i l l be doubled or tr ipled for the seconu 
and third test dipoles. Assuming that we assemble three one meter dipoles 
to achieve the 10 Tesla dipole f i e l d , the total development cost should 
be 293,500 K¥. 

5-2 Schedule and Man Power 
Development schedule of the 10 Tesla dipole is given in Fig. 5 - 1 . 

Prior to the magnet construction, we have to survey the basic properties 
of the ternary alloys at the temperature below 2 K. The aim of this 
survey is to search for the optimum conductor properties from the view 
points of H C 2 , J c and wire productivity. The f i r s t magnet coil should 
be wound with the optimized conductor. The experience in the f i r s t 
magnet should be transfered to the second and third ones, therefore, 
a serial development program w i l l be recommended. 

Total time required for the development is estimated as 3 years i f 
the budget and man power are f u l l y available. 

The man power required for the development Is as follows. In this 
case the man power rest r ic t ive ly means that of physicists and engineers 
excluding administration s ta f f and technicians. 
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1) Conductor Characterization and Basic Study 8 Man-Year 
2) Magnet and Cryostat Design 10 Man-Year 
3) Magnet and Cryostat Manufacturing 8 Man-Year 
4) Assembling, Testing and Analysis 10 Man-Year 

Total 36 Man-Year 

A large part of required man-power w i l l be available in KEK. We 
of KEK are hoping to establish a manufacturing process of the 10 Tesla 
dipole in collaboration with FNAL and NRIM. 
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1981 1982 1983 
APR APR APR 

1) Conductor Character
ization/Basic Study 

1) Conductor Character
ization/Basic Study 

2) Optimum Conductor 
Production 

2) Optimum Conductor 
Production 4 *. * 

3) Tooling •—i —i 
> 

- J 
4) Coil Winding 

t 

• i H ~ , 
5) Magnetic Iron Shield _J i - » ! 

6) Cryostat with Super-
fluid Cooling System 

: \ 6) Cryostat with Super-
fluid Cooling System 

> 
1 
1 

7) Magnet Assembling 
• -> h 

8) Cool down and 
Exitation Test u 

9) Analysis u L- L 

Fig. 5-1 Development Schedule of the 10 Tesla 
Superconducting Dipole Magnet 
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