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Introduction 
It appears that neutral beaa heating will be the 

most viable method of raising the temperature of a 
plasma for soa* time to come. In fact, neutral bean* 
•ay continue to be one stage of the heating program 
indefinitely. However, the external field, called the 
fringe field, of a Tokamak can impair the effectiveness 
and operation of the ion source and bean. Wan—.bar, a 
Tokamak is a large, air-core transformer coupled with a 
solenoid. 

The design process is summarised frost start to 
finish. The source shield is used by way of example. 
Various parameters are evanlned and related to the 
design requirements. The different alloys are compared 
and the reader can follow the logic for the choice of 
material. 

Design maquirastsnta 
The source extracts a beaa of protons from a plasma.1 

Ions in a plasma are very sensitive to magnetic fields. 
Typically, fields must be held to 0.3-0.5 Gauss 2 in the 
plasma region and leas than 2.0 Gauss along the beam. 
The basic field response to large objects in non
uniform, time dependent fields is very complex (see 
Fig. 1). Dr. Klaus Balbach solved that portion of the 
problem. 

Initially, the shield (see Pig. a) was designed to 
be a single-layer box around each source. The system 
would operate in pressurised sulphur-hexaflouride gas' 
(see Fig. 9). However, the energy storage from the 
capacitance required a larger space between the high 
voltage source and the grounded shield. The adjacent 
source shield walla could not be moved any closer 
together, so the shield was enlarged to accomodate both 
sources. The larger section permitted air as the dia
lectic medium. The high voltage standoff distance 
caused 3 walls to move outward slightly for a 30% 
safety £ tor in "worst case" conditions due to the use 
of air. 

Materials 
Mild stc 1 plate 1/2* thick was arbitrarily chosen 

for the fir t try. Unfortunately the steel reached its 
saturation level, so 3/4" thick plate was used. The 
heavier plate did not saturate, but the attenuated 
field was not going to improve much. The reason is 
shown in Fig. 2.3 

The B-B cure, plotted on full logarithmic paper, 
demonstrates t- a problem. The H value remains nearly 
constant over e very large range of B values. Seducing 
the induction E 1 1 not lower the internal field inten
sity significant'.v. The material needs to be changed 
to something wi - a lower intensity. 
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Data taken from General Atomic Note by H.V. Chew, 4/18/78 
a • 1.5 m above Dili Mdlin plane 
b • -9 a above Dili oeoian plane (tank axis) 
c • on Dili median plane 
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Fig. 2 
PERMEABILITY CURVES FOR VARIOUS CLASSES 

Tha next class of materials includes tha ultra-low 
carbon stasis, such as ingot iron and special silicon 
stasis. While these materials ara batter than the 
others, tha field intensity is still too high ftr large 
shields. They would be adequate for smaller shields, 
however, and deserve consideration even though the cost 
is higher than mild steel. This application requires 
the next lower class of materials! 

lbs next class of iwteiri.-ils are made from more ex
pensive metals and require more expensive production 
methods. Some of this group of alloys ace sensitive to 
tha final direction of rolling, called oriented and 
grain-oriented materials. These may be useful in some 
instances, but exercise great care in shield design. 
This group includes a material called Asm A753-78 
Alloy 2, a non-oriented steel which was chosen. 

2.0 4.0 1.0 
H(0t) 

Pig. 3 
MEASURED PERMEABILITY, ALLOY 2 

Three characteristics deserve immediate notice for 
thia group; the saturation level comes down, the price 
goes up, and the delivery becomes very long for non
standard sizes and shapes. Vendors can make non-stand
ards, but don't put too much faith in stated delivery 
times. Things go awry and deliveries can take 6 months 
longer than estimated. Much of that time is for devel
opment. The high nickel alloys behave differently in 
heavier sites than they do in lighter gages. 

Tha higher prices relate to larger quantities of 
higher price metals being used in the alloy. Higher 

temperatures to melt the materials require longer fur
nace times, and special handling techniques as well aa 
more energy to liquify and mix the materials. Several 
alloys need to be vacuum melted in an arc furnace and 
sometimes the alloy needs to be vacuum arc remelted 
(VRC). All of these things raise the price and require 
minimum quantities of several thousand pounds as wall. 
The price in 1977 was $4.50/lb. as rolled, and had gone 
to about $6.00/lb. by early 1979. The price will pro
bably be over $7.00/lb. for similar material by the 
time these proceedings arrive from the publisher. 

Design Procedure 
There are several methods of design that could be 

used. All of them are derived from the same set of 
equations. One veraion is presented hereand in Table II 
for the reader to follow: 

* - 2 B l » A ( Faraday's Law (1) 

B ( - ft H 8-H Graph (2) 

/ < 0 I « 2 H » d l Ampere's Law (3) 

Here are the steps to follow (see Fig. 9) : 
1. Use Faraday's Law to find the incoming flux at every 

point. 
2. Determine the field intensity at every point for a 

chosen material thickness (requires an accurate per
meability curve). 

3. Use Ampere's Law to find the new field value. 
4. Repeat steps 1-3 until all anomolies disappear. 

The system converges fairly rapidly. Judicious 
guesses will help, of course, from lots of practice. 
Assume a uniform field distribution or. all faces equal 
to the external field for a first approximation. 

Mechanical Properties 
The basic pertinent mechanical properties are shown 

in Table I. Many pecularities exist between the sales 
brochures and the actual material, but room does not 
permit the exposition here. 

Table I 
Material Mild steel r.lloy 2 Alloy 3 
Anneal Temp. ( F) 1,400 2,050 2,100 
Chemical Comp. (bal.Fe) 0.1C 48Ni 78N14MO 
Permeability (annealed) 2,000 65,000 500,000 
Tensile (PSI) 40,000 64,000 64,000 
Modulus (xlO6) 30 22 25 

Two things still had to be examined. First, what 
was the real permeability,and second, was the material 
strong enought to support itself over a long span at 
the annealing temperature. The real permeability 
tested up to u = 40,000. However, the sample showed 
some very large crystals (see Fig. 4), which might 
affect its strength. 

Therefore, two sets of samples were made for tensile 
tests. One set of mamples was machined and tested, the 
other was annealed Itefore testing. The annealed sample 
also developed large crystals. The samples were then 
pulled. The annealed sample turned into chunky-style 
peanut butter (see Fig. 5), while the room temperature 
sample looked the sane as j.t had been (see Fig. 6). 
The results of the tensile tests are plotted (see Fig. 
7) for comparison. Mote that the initial yield strength 
of the annealed sample is significantly smaller than 
the unannealed one. The work done up to the ultimate 
yield level is also greatly reduced. 

The reduced level could cause failure in the bolted 
joints. Even if the threads did not shear under load, 
they could conceivably creep enough to jam the bolt. 
A coarse test was rigged to find out how a real bolt 
would behave. A plate was drilled and tapped, then 
annealed, and bolts screwed in. The bolts were torqued 



to the operating level for the bolt. A typical example 
would be 15 ft-lbs. for a 3/8" •> bolt. The bolt was 
indexed and watched on a dial indicator. The creep 
was about .002" over the first hour and then no nor* 
for three days. Then the bolt was torqued to the fail
ure point. The sane 3/8" bolt went to 70 ffc-lbs. 
before the expected slip began. The torque wrench 
used was the inexpensive automobile type. Even so, a 
safety factor of 4 1/2 should be acceptable. 

The mechanical strength was now known to be accept
able at roost temperature after annealing, but what if 
that strength were such less at the elevated temper
atures of annealing. Again, a quick and dirty test was 
devised. A bar was clamped on one end and loaded on 
the other. This classic case 4 was then annealed. The 
sag in the bar was treated as if it all occurred at the 
peak temperature. Working backwards, the modulus was 
found to be 4 x 10 6. This number was then used in ex
amining the surface deflection of the shield instead of 
the 22 x 10 6 PSI found in the literature. 

The support seemed marginally acceptable although 
the original assumption clearly gave some safety. 
However, the old addage about an ounce of prevention 
saving a pound of cure, and the drops from the cutting 
plate were added as support bars. These support bars 
are tack-welded in place using similar material for the 
welding rod. There will be no problems from thermal 
expansion. The bars will be cut out after annealing 
and the surface finish restored to smooth The shield 
is now ready for the annealing process. It should be 
finished by the time these proceedings are published. 

Pig. 4 
PERMEABILITY SAMPLE 

Summary 
This material can be used alone in many instances as 

the entire shield. It has a high saturation level and 
a low residual field intensity level. It can be re
placed by a mild steel outer shell and a thin sheet of 
Alloy 3 or Alloy 4 inner shield in other cases. 
Further information will be published later on how to 
machine and weld it conveniently. 

The permeability data in Fig. 2 and 3 are from the 
-literature. Actual values will vary from sample to 
sample, of course, but the values noted by these 
authors are very conservative. Measured values are 
worse by a factor of 2 - 3 from most tests made. 
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Pig. 5 
ANNEALED TENSILE SAMPLE 

Fig. 6 
UNANNEALED TENSILE SAMPLE 
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Fig. 9 
SOURCE DESIGN SKETCH 
(Inner 2 layers only) 

Fig. 8 
THREE LEVEL SOURCE SHIELD 
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TABLE I I . Sample Calculation 

N Bo * B{s) H*L Bi 
0 - - - 73.68 -
1 80 1728 1589 63.94 3.34 
2 80 3560 3179 59.52 2.99 
3 80 5340 4768 55.09 2.78 
4 BO 7120 6357 48.45 2.51 
5 80 8900 7946 44.25 2.25 
6 80 10680 9536 32.08 1.85 
7 80 12460 11125 19.91 1.26 
8 80 14240 12714 - .48 

N Test p o i n t number 
Bo Externa l F i e l d , Gauss 
0 Flux i ns ide mate r ia l . , Gauss-inches 
B(s) I nduc t i on in m a t e r i a l , Gauss 

H*L F i e l d I n t e n s i t y , Oersted- inches 
BI Field inside shield, Gauss 

Bi becomes the Bo for the next shielding layer. 




