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Abstract 

A test program to determine the effectiveness of 
various Magnetic ahielding designs for MFTF-H beamlines 
was established at Lawrence Liverwore National Labor
atory (LUft.)* Tk* proposed one-tenth-scale shielding-
design models were tested in * uniforsi field produced 
by a Hetstholtc coil pair. A similar technique was used 
for the MFTF source-injector assemblies, and the model 
test results were confirmed during the Technology 
Demonstration in 1982. 

The results of these tests on shielding designs for 
MFTF-B had an impact on the headline design for MFTF-B. 
The iron-core magnet and finger assembly originally 
proposed were replaced by a simple, air-core, race
track-coil, bending magnet. Only the source injector 
needs to be magnetically shielded from the fields of 
approximately UOQ gauss. 

Introduction 

The magnetic-fringe fields produced by the coils of 
MFTF-B require magnetic shielding of the neutral-beam 
components. Designing the shielding presents a problem 
because the solution depends on the material and on the 
geometry of the shield. The nonlinear nature of the 
ferromagnetic material and the usually three-dimen
sional aspect of the problem makes exact analysis of 
the design difficult. Computer codes such as GFUN* and 
TOSCA^ can be used to compute the external fields on 
the shields. The internal field calculations are more 
difficult and require a large amount of computer stor
age. The number of iron elements available in GFUN is 
limited, and the internal fields calculated by this 
code are inaccurate. (TOSCA is a relatively new code, 
and we have not used it yet to calculate the internal 
fields in shields.) Because of these problems a large 
part of our shielding design process relies on solu
tions for spheres and cylinders. The resulting design 
is hard to verify until the shield is built and tested, 
a step that can cost a significant amount if the design 
is unsatisfactory. To avoid this uncertainty, we have 
developed a prototype-model test procedure at LLNL. 

In 1979 Shearer et al.^ designed and tested a 
one-tenth scale model of the source-neutralizer shield 
assembly required for MFTF. The model was tested in 
fields similar to those the actual shield would see. 
These test results were compared with data taken during 
the Technical Demonstration of the MFTF yin-yang coil 
set. The one-tenth scale model was shown to be a valid 
design tool^. 

The successful MFTF model testa were the basis fcr 
the establishment of similar testing procedures for the 
13 MFTF-B beamlines (see Fig. 1) placed at locations 
along the axis of the machine. The magnetic-fringe 
fields at each beamline location are unique in 
direction but may have the same magnitude and gradi
ents. For example, the high-energy pump beams (HEPB) 
at each end of the machine see fields of the same mag
nitude but opposite in direction. To reduce the number 
of tests, we assume that a single test will be adequate 
for the beamlines located at mirror positions along the 
axis of the machine (i.e., HEPB). Also we test the 

*Work performed under the auspices of the U.S. 
Department of Energy by the Lawrence Livermore 
National Laboratory under contract number 
W-7405-ENG-48. 

rig. I. Drawing of M.-'TF-B, showing locations of 
beamlines. 

models in a uniform field (produced by a pair of coils) 
that equals the maximum field that the shield will see. 
A description of these coils, the test stand, and the 
test procedures is giver in the first part of this 
paper. The test models re described nerct, and the re
sults of the tests folloi . Finally, the impact of the 
tests on the shielding dt ign for the MFTF-B beamlines 
is presented. 

Test Stand ano Test Procedure 

The test stand was developed as a versatile 
facility that could be used quickly and efficiently to 
test shielding concepts. In designing a versatile 
facility we must decide if the vacuum-field gradients 
at each beamline location will be modeled. We could 
produce these gradients but each model would have its 
own magnetic-field configuration, which is impractical 
to model for an experimental facility such as MFTF-B, 
which has undergone several design changes. This prob
lem is avoided if the models are tested in a uniform 
field. The design data are taken from a test in which 
the background field is equal to the maximum field at 
the beamline location. This procedure insures the in
corporation of an adequate safety margin into the de
sign. 

For the test facility, we arranged a pair of coils 
in an approximate Helmholt2 configuration. We obtained 
a pair of coils (41.5 in. i.d. and 53.5 in. o.d.) with 
96 turns and connected them in a pancake fashion. The 
coils were 26.69 in. apart and approximately 3 in. 
wider than a Helmholtz configuration. Computer calcu
lations made with EFFI^ show a cylindrical vol Mine of 
magnetic field (20 cm in radius) along thf axis of the 
coils where the field is uniform within 5 percent. 
This volume is large enough to allow model testing with 
the incident fields being in any direction to thp 
model. 

We made the test procedure as general as possible 
so that changes in beamline location would not limit 
the usefulness of the test data. To satisify this re
quirement, we tested each model at several incident 
field values and angles. The field values corresponded 
to coil currents of 200, 400, 600, and 800 amperes or 
of 135, 264, 398, and 530 gauss, respectively. The 
codeIs were initially oriented in the field in the 
horizontal direction (zero degrees), the background 
fields being perpendicular to the codel. The 
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Fig. 2. Hall probe with brass guide for mounting probe 
in Lucite tube. 

Test Models 

We tested two neutral-beam shielding models in the 
test stand, an LLNL model and the Doublet III model. 
Tlie LLNL model consisted of a source-neutralizer 
(neutralizer), a transition section (fingers), and an 
iron-core bending magnet (Fig. 3). The neutralizer 
sectiont discussed by Shearer et al., is made of an 
outer iron shell (c-1008) and two inner shields of 
Allegheny Ludlum 4750, a material of high permeability. 
The neutralizer shield must limit the fields in the 
source region to less than 1.5 gauss. The transverse 
field from the source grids to the neutralizer exit 
must be less than 1.28 gauss meters. The source re
quirement is set by the electron gyroradius of the 
source plasma, whereas the neutralizer requirement 
depends on the plasma target size and distance from 
source to target (Fig. k). 

The finger region magnetically joins the neutral
izer to the magnet. This region is designed to magnet
ically shield the beam and allow gas pumping. Hie 
transverse magnetic field in this region must be less 
than 10 gauss-meters to prevent the ion beam from 
scraping against the magnet. 

Between the end of the neutralizer and the magnet, 
the pumping speed should be as high as possible to 
permit efficient pumping in this high-pressure region. 
We compromised between the shielding and pumping re
quirements. The final design is an assembly with 
fingers 1 in. wide, 2.5 in. high, and with spacing of 
2.A in* between each digit. This design has an open 
area of approximately 701 for gas pumping. The finger 

Fig. 3. The LLNL one-tenth-scale neutral-bean 
shielding model. 
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Fig. 4. Initial design considerations for MFTF-B 
beamlines. 

assembly is made of c-1008 steel. We did not choose a 
high-permeability material for this region for two 
reasons: first, because of the cost and, second, be
cause we felt the gaps in the machined surfaces would 
reduce the permeabilities of the c-1008 and of the 
exotic material to roughly equivalent values. 

The initial concept for the iron-core deflection 
magnet, which was designed by R. Fulton at Lawerence 
Berkeley Laboratory (LBL),^ was similar to that of 
the deflection magnets for the Tokamak Fusion Test 
Reactor. This magnet requires 18.8 kW to produce a 
uniform 2.1-kG field in the 9-cm gap of the magnet. 
The magnet would be tilted by 45 degrees in the long 
dimension of the beam so that the beam dumps could be 
made as short as possible. 

The finger assembly and magnet were one-tenth-scale 
models and were tested in the test facility along with 
the neutralizer model (Fig. 3). We tested the neutral
izer alone and then tested the neutralizer coupled with 
either the finger assembly or the magnet or both. We 
also used permanent magnets that produced a one-kilo-
gauss field to simulate the saturation effects in the 
yoke and to return legs of the magnet. 

As the tests on the LLNL design progressed, the 
beamline design was changing. The new design required 
two sources per beamline. A beamline, similar to our 
requirements, was operating on Doublet III. After 
consulting with General Atomic' and reviewing the de
scription of their beamline, we made a one-tenth scale 
model of the magnetic shielding of the Doublet III 
beamlines (Fig. 5). This shielding scheme was tested 
in the uniform fields and at the same angles as 
mentioned previously. 



Fig. 5. One-tenth-scale model of magnetic shielding 
of the Doublet III beamlines. 

Test Results 

The fringe fields of HFTF-B dictate the data that 
will apply to the shielding-design problem. The fringe 
fields at the center plane (z = 0) will be transverse 
to the shields, whereas the fields between the solenoid 
and the yin-yang coils or the fields at the end dome 
will be directed axially into the beamline. The trans
verse shielding problem is easier than the axial case. 
Both the LLNL and the Doublet III designs meet and ex
ceed the design specifications when tested in these 
fields. A good shield in transverse fields may not be 
adequate in axial fields, as can be seen from Fig. 6. 

nmnl' that all the ahaeBd* wre <1.r*if.r.tA to etnrld 
axial field*. Ve rcr.di:ct«*'.l the !«••!• *o that m .rowi-
pariton of the ahielding eff^c-riv^nest -of |he rfutral-
irer, neutra1ir.fr plus ragnet, and neutralirer -pUie 
finjer* and magnet could be wade. TSiene teaulre are 
shewn in Fia> 7. Note that the axtol fielda in front 
of the neutraliter increase before the start of the 
neutraliier. This increase occurs because the shield 
acta like j dipole mapnet in Che direction of the im
posed fringe field and aids the background field. Palo 
collection started in the niddle of the mapj.et and con
tinued along the axis of the shield. The plot nhous 
very little difference between the cases of the neti-
tralirer alone ond of the neutralirer nmi magnet for a 
field of 135 gauss. The only difference occurred in 
the magnet region where the magnet provided some 
shielding because it was not magnetized for this data. 

Fig. 6. Effect of vacuum-field magnitude and incident 
angle on the shielding. For obtaining these data, we 
placed the Hall probe in the middle of the LLNL neu-
tralizer (see inset). 

At a 30-degree angle, the shield starts to saturate 
when the external field is 398 gauss and becomes more 
saturated as the angle increases. The Doublet III de
sign starts to saturate at the same angle but lower ex
ternal fields. Figure 6 also suggests that a conser
vative design approach would be to consider as a trans
verse field any field that makes an angle of 30 degrees 
or less with the normal to the sides of the shield and 
to consider any other fields as axial fields. 

Another criteria for shielding designs for MFTF-B 
beamlines was to make all the designs the satae so that 
manufacturing retooling costs are niniaiized. This 

Fig, 7. Effect of axial fields (135 gauss) on shield
ing effectiveness o f source-neutralizer (Curve 1); of 
neutralizer and magnet (Curve 2); and of reutralizer, 
fingers, and magnet (Curve 3). 

Initially, after the finger assembly is attached 
between neutralizer and magnet (see Fig. 7), the low 
point of the field (see dashed line near 10 in.) 
occurs closer - o the beginning of the finger assembly. 
Next, for Curve 3, the fields between the magnet and 
the neutralizer are lover than those for Curves 1 and 
2, but the fields now extend into the neutralizer. The 
neutralizer saturates where the finger assembly ends. 
This happened because the increase in magnetic flux 
carried by the shield traveled down the finger assembly 
and into the neutralizer. This flux, which increased 
because the overall shield length increased, is added 
to the flux that enters the magnet. 

The Doublet III model was tested and its saturation 
levels in the neutralizer were higher than those shown 
in Fig. 8. The larger magnet and the gap in the finger 
assembly between the neutralizer and bending magnet 
contribute to the higher fields. The Doublet III neu
tralizer is also thinner than the LLNL neutralizer and, 
even though it is made of a highly permeable material, 
it is not capable of carrying the amount of flux re
quired for axial fields. 

If the field intensity is increased to 398 gauss, a 
core dramatic difference is seen between the results of 
the neutralizer and of the neutralizer and magnet com
bination (Fig- 8a). For the case with the neutraiizer, 
finger assembly, and oagnet all together, a pattern 
sirailar to that of Fig. 7 is seen but with an increased 
magnitude. For the case with the ctagnet-neutralizer 
cenbiroation, the flux from the eagnet is drawn into the 
raeutralizer and saturates it. 

http://neutra1ir.fr
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Fig. 8. Effect of axial fields (398 gauss) on shield
ing effectiveness, (a) Source-neutralizer (Curve 1); 
neutralizer with magnet (Curve 2); and neutralizer, 
fingers, and magnet, nonmagnetic poles (Curve 3). 
(b) Effect of permanent magnet: source-neutralizer 
(Curve 1); and neutralizer, fingers, and magnet 
(Curves 2 and 3), permanent magnet poles, Curve 2, and 
nonmagnetic poles, Curve 3. 

As a final test, the permanent magnets were instal
led and the same tests were performed (see Fig. 8b). 
The field in the magnet is approximately 1 kG r which 
helps to saturate the fingers to a high level. This 
field is again deposited into the neutralizer. This 
saturation effect would prevent the source and the neu
tralizer from operating. 

These tests show that the best shielding design for 
the 0.5-s neutral-beam sources is the neutralizer 
shield developed for MFTF. This design is the smallest 
in length and in frontal area and, therefore, attracts 
the least amount of flux. This configuration also 
eliminates a costly finger assembly and replaces an 
iron-core magnet with an air-core magnet, which iB 
similar to the MFTF design where the fringe field acted 
as the separator magnet (see Fig. 9). 

The 0.5-e beamline sources are in the central cell 
and axicell regions of MFTF-B (Fig. 1). These beam-
lines will see fields ranging from transverse at the 
-1.25-m location to axial at the -6.25-m and axicell 
locations. The maximum field that any one beamline 
will see is 341 gauss at the -6.25-m location during 
the Kelley mode of operation. This is a 284-gauss 
axial field and a 188-gauss transverse field. Figure 4 
shows that for 264 gauss, there is very little satur
ation in the shield, and this meets the design specifi
cations. 

One problem area in this design is the region near 
the back plate, because the trapped flux starts to 
leave the shield before the back plate is reached 
(Figs. 7 to 9). Tests show that the fields will begin 
to leave at approximately the arc-chamber location. 

Source, neutf *hm, 
and thMding 

Apsrture-I 

Fig. 9. Neutral beamline design, showing source-
neutralizer shield and air-core racetrack magnet. 

The internal fields in the shield are much less than 
the 1.5-gauss limit at the arc chamber. We do not 
expect this problem will affect the operation of the 
source. 

Another area of concern is near the exit of the 
neutralizer. The fields entering the end of the neu
tralizer are absorbed into the shield in an exponential 
manner along the distance from the exit of the neutral
izer* These fields are transverse to the beam and can 
reduce the neutralization efficiency. The decay is 
described by Eq. 1' and occurs over approximately one-
third of the neutralizer distance for this design. 

H. = C exp (-k 2x/D) H . (1) 

In this equation, H is the field either internal 
(H{) or external (H e) to the shield, k is defined 
to be 2.26, x is the distance along the axis, and D is 
the effective diameter of the shield. This equation 
was derived for cylinders but can be used for other 
shapes if an effective diameter D can be fourd. We de
fine D to be the distance across the narrow dimension 
of the shield. The value of C for axial fields is 
1.3(L/D) 1/ 2, where L is the shield length. 

Transverse external fields follow a similar 
equation, but the value of k is 3.52 and the constant 
for multiplying the external-field value is 1/3, In 
the worst design case, these transverse external fields 
represent a 7% increase to the axial field strength at 
the entrance to the neutralizer. The internal field 
created by a transverse H e will decay to zero faster 
than that created by an axial H e. We neglected this 
contribution in determining the effects of rhe .*-
trance-field on the neutralization efficiency. T*,.»se 
transverse fields alter the ion trajectories as de
scribed earlier. Toe trajectories are altered during 
Che last third of the neutralizer, which reduces the 
neutralizing efficiency (n) as given by Eq. 2. 

n = 1 - (1 - n) Vfl (2) 
where 3. is the neutralizer length and 2.1 is the length 
of the field-free region in the neutralizer. 

For the 0.5-s sources, this change reduces the ef
ficiency from 96* to 88JE under the worst fringe-field 
condition. 

Conclusions 

We established a one-tenth-scale model-testing pro
gram for the magnetic shield design of the MFTF-B beam-
lines. ID tests to date, the best designs are those 
that use the minimal amount of shielding material . 
This is because the axial fields saturate the larger 
designs. This finding resulted in a new shielding de
sign for the 0.5-s sources. The new design uses the 
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