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Summary 

llie tandem mirror magnetic geometry is described, 
io]lowed hv an analysis of the magnet set designed to 
meet the requirements of the TMX experiment. The final 
magnet 1ine-up is composed of ; hasehal1 coil with two C 
coils for each plug, si?: solenoidal coils for the central 
cell, and two RC a u 1s plus one nctupole coi 1 for each 
transit ion. 

Introduct ion 

Tli is paper is an account of the logical and chron
ological developments that formulated the TMX magnet set, 
the centerline schematic of which is illustrated as 
1'ig. 1 ,ind the ueonetric parameters condensed in Table 1. 
'Ihree distinct magnetic regime:; are readily identifiable 
as the plugs, the central solenoid and the transitions in 
spite of the. overlapping oi the solenoidal and ttie tran
sit ion i-oilr.. 

The magnets were designed to satisfy the require
ments of two different experiments as established in 
Ret". I. The conditions relevant to thi? magnet design can 
be capsulated as: 

• Plug plasma radius of " cm (experiment I ) , ]T cm 
(experiment 2). 

• Central eel] field strength, B , of 0.05 Tesla c o 
(I), 0.2 Tesla (2). 
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Solenoidal oil 

Plug center field strengtii o\ J Tesla (both). 

Plug mirror ratio oi 1 (both). 
Schematic ot the TMX magnet set. 

Table 1. TMX coil geometrv. 

Mean 
ma jor 

Coil ^-location radius 
ty PL- Quantity (cm) (cm) 

Mean 
minor Half 

r a d i u s e l o n g a t i o n Half lobe 
(cm) (cm) sweep ang le 

Est imated t o t a l 
c r o s s s e c t i o n 

Baseba l l | l u s 38.19 * 38.19 

Outs ide 
P lus 
C-coi l 

16.50 -. 16.50 

Inside 
pi UK 
C-coil 

±'345. 82.85 16.50 » 16.50 

Outside 
transition 
C-coil 

*124. 129.0 14.05 < 18.14 

Inside 
transition 
C-coi1 

±165. 61.0 18.14 v !8.14 

Transition 
octupole 

Solenoid 
coil 

±79. 56.0 

±160, ±96, ±32 113.0 

10.00 * 10.00 

9.00 x 42.00 

This work was performed under the auspices of the U.S. Energy Research and Development Administration, under con
tract No. 7405-F.ns-48. 
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End Plugs 

Inasmuch as the end plugs of TJ1X are minimum-
|B| mirror machines, the plug design is to achieve the 
baseline performance of the 2XIIB experiment in which 
the build-up and sustainment of a quiescent, high-density 
plasma were demonstrated. The feature of variable plug 
mirror ratios that allows varying experimental conditions 
by a change in current settings implies the synergistic 
arrangement of the plug colls as illustrated by Fig. 1. 
A baseball-type coil and a pair of C coils nested within 
the baseball lobes conscitute one plug. 

The minimum size of the plug is predicated by the 
i 

20-keV and 40-keV neutral beam access requirements," 
which translates to a baseball mean radius of 46 cm with 
an elongation (Az) of 16 cm in the straight segments, 
and, for the C. a mean major radius (R?) of 82.C5 cm, a 

swecp angle (0) of 33° and a compression (Az) of the rela
tive placements of the two C's by 50 cm. 

With the Buckingham's n theorem, a group of four 
dimensionless parameters (B/C I, R /R^, Az/R^ and 0/R7) 
were selected to study the plug coils. For the baseball 
coil and for one unit increase of Az/R? about the base 
point design, B (magnetic induction at plug center) 

o 
decreases by 6.8 tesla, R., (axial mirror ratio) increases 
by 1.2, and R. (radial well at 10-ctn radius) increases 

to 
by 0.2. For the C coils, one unit increase in R./R? 

causes a decrease of 17 in R,, and ;i decrease in 0.1 in R.. 
One degree increase in 0 causes K.. to decrease by 
3.9 ̂  10~~, R to increase bv 1.8 * 10~*\ 

10 

The parameter space is summarized in Fig. 2 with 
available power as the physical constraint. By varying 

to the minimum-|B; configuration, the plugs can operate 
in a non-minimum |B] mode with a large C-coil current to 
baseball-coil current ratio. This coil set can also pro
vide an unequal axial mirror ratio. 

To evaluate the magnetic performance of the plug 
design, radial well depths and axial mirror ratios were 
plotted on Figs. 3 and 4 to demonstrate the better-than-
baseline achievements of the TMX plug design. What was 
plotted on Figs. 3 and 4 corresponds to the case witli 
central-cell magnetic induction (B ) of 2 kG. Vor the 

case with B of ̂ 00 C, c o 
that of the case with B 

the contributions from the baseball coil 

= 1.0R) and the C coils (R„ = 4.25, 
*ll 1, 

10 
0.9R), it is 

possible to produce a minimum |Bj plug field with an axial 
mirror ratio from 1.3 to 2.8 with varying plug central 
magnetic Induction. Also shown in Fig. 2 is the central 
magnetic induction as a function of current ratios when 
the maximum available power is used, if we assume seven 
300-kW power supply modules to power each baseball coil 
and two 300-kW modules to power each C coil. In addition 

K)( at 30 cm is 1.36 (100.13% of 

= 2 kG), R at 30 cm is 1.34 
o 

5 2 kC). (101.6A of that of the case with B 
o 

Figure 5 illustrates closed 'B|-contours of the 
plug and the radial well of 1.4, and the spanning radius 
from 3D to 40 cm. This figure provides an added perspec
tive to Fig. 3 in which the abscissa is measured along 

Distance from plug center - cm 

Fig. 3. Radial well comparison of TMX and 2XIIB. 

-Axial mirror ratio 
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Fig. 2. Range of magnetic-field parameters for the plug 
co i l s . 
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the machine axis whereas Fig. 5 exhibits dimensions per
pendicular to the machine axis. Not illustrated in 
Fig. 5 but noteworthy is the on-axis mirror-to-nirrcr 
distance of approximately 112 cm. 

In the above expression the center of the TMX is fixed at 
z = 0, the plug center is at z = 320 cm, z.^ is the 
z-Jncation of the plug inside mirror point, and z is 

om 
the z-location of the plug outside mirror point. 

For a given magnet se 
discussed quantities (e.g. 
fdi/ i 

many of the previously 
|, plasma volume and 

B are calculated by F.FF or MAFC076. Though 

.B,contours at plug center. 

Transition Desig 

MAFCO and MAFC076 are interchangeable in almost all 
aspects. MAFCJ">76 is a modified version of MAFCO with 
improved accuracy in field line integrations by C. Finan. 
The additional calculations for PWF, central cell to plug 
radius transform, srlenoidal length, etc. were augmented 
by TMXTN.5 

Most of the TMX transition was designed by a com
puter-aided iteration process starting with an arbitrary 
transition magnet design, then the calculation of the 
magnetic field configuration via MAFC076 or F.FFI, then 
the calculation of the transition requirements by TMXTM, 
then the modification of the transition magnet parameters, 
and then the repetition of the design loop. 

In simple terms, the inn-shape flux bundle from the 
plug needs to be compressed in the long dimension of the 
fan while simultaneously expanded in the narrow dimension 
before it is compatible with the solenoir'al flux tube. 
Two major categories of transition coils were analyzed. 
One witli bucking currents takes the form of a loffe coil 
and the other is a reversed C-eoil with aiding currents. 

The central cell of TMX uses an existing stt of six 
solenoidal coils, each with a mean radius of 113 cm and loffe 

j 
a cross section of 9 *• 42 cm". The plug is topologically 
equivalent to a simple mirror connected with loffe bars. 
Between the cylindrical central flux and the fan-shaped 
end plug flux bundle, the transition fulfills the role 
of linking the two regions while satisfying certain 
condit ions. 

The magnetic flux tube starting from the plug cen
ter Ls shaped by the baseball quadrupole and is further 
exp nded by the stretched qu.idrupole of the C-coil as it 
enters the central cell section. Consequently, while in 
the solenoid, the flux tube assumes the fan shape of the 
stretched quadrupole and simultaneously exhibits, though 
to a much lesser extent, the clover-leaf geometric influ
ence of the baseball cusp. 

At specified mirror ratios and field magnitudes, 
the cylindrical central cell plasma and the two plug 
plasmas must he pressure-weighted MHD stable. Further-

Because in the final analysis the tran'.cion C was 
considered more suitable based on the consideration of 
adiabaticity, only a brief summary of the characteristic 
with minimum details on geometry of the transition loffe 
is included. Because of the bucking currents in the 
loffe coils, large-diameter field lines are lost in the 
vicinity of tl.e loffe turnarounds. Subsequently, maximum 
plasma radii are limited to those shown in Fig. 6. 

A large plasma is possible if variations of the 
basic loffe geometry are adopted, allowing the effect of 
the bucking turnarounds to be distributed in space (as 
in the case of a distributed loffe), or by further place
ment of the turnarounds from the machine ,<xis (as in 
asymmetric loffe). All these options were investigated 
and any improvements are shown on Fig. 6. However, for 
all field lines in close vicinity of the turnaround, the 
subtracting nature of the bucking currents effects a 

more, for the purpose of scaling to reactor size, a demon-magnetic dimple of magnet J.- field strengths 'ower than 
strable solenoidal segment is required. Specifically, 
for experiment 1 a 7-cm plug plasma with the conditions 
of plug mirror ratios of two, plug center field strength 
of I Tesla, and a central cell field strength of 
0.05 Tesla is to be MHD vacuum stable with a pressure 
weighting factor for the central cell of no less than 
1/125. For the second experiment a 15-cm plug plasma 
with the conditions of plug rr.irror ratios of two, plug 
center field strength of 1 Tesla, and a central cell 
field strength of 0.2 Tesla should require a pressure 
weighting factor for the central cell of no less than 1/35f i e U L i n e s t Q t h Q I o £ f e t c r n a r 0 u n d persists. 
while satisfying the requirement of a demonstrable sole
noidal section. The pressure weighting factor (CWF) 

defined as along any given field line is 

the nominal central cell field by 20 to 90Z depending an 
the field line radius and the particular loffe geometry. 

Particle orbits were calculated to attempt to as
sess the implications of this magnetic dimple. The results 
reveal a direct correlation between the magnetic dimple 
and a jump in the particle magnetic moment that caused 
nonndiabattc losses. Improvements in the form of asvm-
metric lofTes decrease the magnitude of the dimple con
siderably. However, the sensitivity of large-dlasieter 

Therefore, 
we investigated a different approach to satisfy the tran
sition requirements. 

*r *r 
whereas the Mill) requi rement i s f 1 PWF(z) d Z/r 

Transition C 

In the same manner as the C-coil fans out a circu
lar plasma, a transition 0 (or an RC, which will be used 
interchangeably with transition C throughout the paper) 
reverses the fan-shape flux bundle into a cylindrical 
plasma column if the proper combination of RC parameters 
are exercised. Cenerically, an RC coil is a stretched 
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Fig. 6. Magnetic dimples caused by Ioffe coils with 

quadrupole with poles opposite those of the C, However, 
the different levels of |B| in the plug and the central 
cell, compounded with the sandwich structure of the base
ball and C coils, predicate an RC quite different from 
the plug C. 

The parameters of the transition C are similar to 
those of the plug C previously discussed. The parameter 
space was mapped out in Fig. 7. The ratio Y no/V Q no of 
the plug radii of the 0 and 90° field lines (starting with 
a central cell radius of 30 cm in B of 500 G) measures 0 c t : i ] P o l e 

this jump with reasonable results for the case of B of 
"o 

500 G and moderately successful results for the case of 
B of 2 kG, by providing an internediate step. Improve-
o 

ments in this direction c m be expected by further param
eterization of the second RC and optimization of the 
interactions between the two KC's. What has been pre
sented is therefore only one feasible design. 

the effectiveness of RC to circularize the fan shape flux 
bundle, and is plotted against the normalized RC param
eters. The ratio of the RC and plug C major radii is 
Rn^ / R^ • The ratio of the RC and plug C minor radii is RC 2 C 2 w 
The half-sweep angle of the major arc of RC is 0 . 
Working together, these four parameters compensate for 
the different levels of radii and field between the plug 
and the central cell with varying degrees of effective
ness. Based on this design parametric study, R is 

Re
designed with the value of 61 cm equivalent to 0.74 of 
V/V V i s 1 9 cra < l ' 0 7 o E W ; GRC <Q m"° 2 2 1 1 1 
and RC would operate at about half value of the plug C 
current. The RC as designed above is shown in Fig. 1 as 
the inside transition C. The outside transition C is a 
consequence of the effort to smooth out the |B| distribu- octupole region, the octupole is placed inside the cen-
i ion in the transition region. The 0 and 90° field lines tral cell in line with the RC's and the plug. The length 

The effect of the cusp magnetic configuration of 
the end plugs is greater with large plasma, i.e., there 
is approximately a 50% difference in radii of the 0 (or 
90) and the 45° field line in the central cell when mapped 
from a 15-cm field line in the plug. However, the need 
for correction can only be satisfied by some higher order 
iragnet arrangements such as the octupole that is included 
in the TMX magnet line-ups of Fig. 1. 

Two options of the plug orientation were investi
gated. The first was a 0 to 90° arrangement in which the 
0" field line in one plug became the 90° field line of the 
other. This arrangement also iwplied a rotational com
ponent of the field lines in the central cell, which in 
turn suggested a helical coil for the correction ot the 
actupole component. Because of this considerable diffi
culty connected with the octupole correction in a rota
tional field, the symmetric plug orientation was adopted. 

To avoid field line rotation in the transition 

were plotted respectively on Figs. B and 9. Without the 
outside transition C, the 90° field lines would have 
passed through a low-field region between the plug C and 
the inside transition C; this would result in a jump in 
|B| at the passage of the RC. The second RC diminishes 

of the octupole mainly affects the power demands of the 
coil. Shorter coils require more power. It is there
fore advantageous to design a long octupole while simulta
neously maintaining solenoidal central section and not 
intruding on the opening of the diagnostic/beam port in 
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Fig. 7. Design parameters of an RC coil. 

Fig. 9, Magnet plan view with 90* field lines. 

average percentage discrepancy from the mean plug radius 
for the 0, 45, and 90° field lines. This discrepancy is 
defined as — % where y = (y, + Y „ + Y Q n)/3, and 

<Y - U/2 With 
'0 T45 '90' 

> 9 0)']/3} 1 

the same current in the octupole, approximately 4% aver
age discrepancy in radius was calculated for an octupole 
radius of 56 rn and approximately 10% average discrepancy 
was calculated for a radius of 67 cm. However, If the 
octupole varies, an identical 4'' average discrepancy in 
radius translates to current in the octupole with a "5-cm 
radius four times the current in the one with a 56-cm 
radius. Hence, the octupole radius was chosen to be 
56 cm, which then concluded Che actupo]e design. 

Summary and Recommendations 

With all the previously discussed design consider
ations accounted for, the TMX magnet geometric parameters 
are consolidated as Table 1. Table 2 further details the 
power and conductor requirements of the magnet set as a 
function of the choice of conductor size and winding 
strategy to obtain a proper balance of power, current 
voltage, and temperature gradients compatible with the 
water-cooled copper coils and the power supply modules. 
Total power requirements amount to 14.64 MW that can be 
adequately supplied by twenty-five 300-kW modules. With 
a contingency factor of 10%, it is recommended that there 
should be 28 300-kW modules available for the experi
ment. The minimum conducrcr requirements are 5,640 m 
of 1.59-cm conductor and 1,220 m of 1.27-cm conductor. 
Ten percent contingency is again recommended. 

Figures 8 and 9 show the 0 and 90° fieldlines as 
calculated with EFFI in Ref. 1. Because further explor
ation of the parameter space revealed a stable plasma as 
large as 7 = -12 cm with K = 500 G, this case is also 

plotted on Figs. 8 and 9. The vacuum stability weighting 
factors for the various field lines are summarized as: 

Fig. 8. Magnet elevation view with 0° field lines. 

the center of the central cell. Considering these facts, 
EFFI simulations of the octupole performance resulted in 
an octupole length of 70 cm. 

The last and perhaps most important of the octupole 45 
parameters is the radius of the turnarounds. We describe 
the effect of the radius variation with the aid of the 

Y = 15 cm 
P 

B = 2 kG 
c 

0 

Y = 7 cm 
P 

B = 500 G 
c 

0 

Y * 12 cm 
P 

B = 500 G 
c 

0 

0° 
45° 
90" 

4 .2 
8.9 

10.4 

33.6 
28.3 
14 .8 

50.9 
61.5 
43.9 
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Table 2. Power and conductor requirements for TMX colls (as calculated by EFFI, values in parenthesis calculated 
by MAFC076). 

Coil 
type 

Amp. turns 
per coil 

Turns 
per coil 

Conductor 
size 

Total 
length 

(m) 
Current 
(amp) 

Total 
voltage 
drop(V) 

III 
No. of 
power 
supply 

Baseball (2) 1,500,000 18 x 18 1.63 4,160 4,568 1,992 9.1 14 

Outside plug 
coil (2) 450,000 10 x 10 1.19 604 4,400 498 2.2 4 

Inside plug 
C-coil (2) 400,000 10 x 10 1.19 604 4,000 452 1.8 3 

Outside trans. 
C-coil (2) 

130,000 
(222,000) 

6 X 8 1.63 458 2,708 
(4,625) 

130 
(222) 

0.35 
(1.03) 

1 
(2) 

Inside trans. 
C-coil (2) 

210,000 
(222,000) 

8 X 8 1.63 718 3,281 
(3,469) 

247 
(261) 

0.81 
(0.91) 

2 

Transition 
octupole (2) 

56,000 
(62,000.1 

4 x 4 1.63 292 3,500 
(3,875) 

107 
(118) 

0.38 
(0.46) 

1 

Totals NA NA 
1.63 

1.19 

5,628 

1,209 
NA 

3,426 
(3,543) 

14.64 
(15.5) 

25 
(26) 

The length of the solenoidal central section with 
less than 10% variation in radius is also summarized as: 

Y = 15 cm P B = 2 kG c 
o 

Y = 7 cm P B =• 500 G c o 

Y = 12 cm P B = 500 G c 
o 

0° 
45° 
90° 

120 cm 
180 cm 
120 cm 

90 cm 
170 cm 
90 cm 

80 cm 
260 cm 
80 cm 
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