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ABSTRACT 

The Center for Electromechanics at The University 
of Texas at Austin (CEM-UT) has designed, built, 
and is now testing a full torus, single-turn magnet 
designed to produce 20 Tesla (T) on-axis . The 
Ignition Technology Demonstration (lTD) as it is 
called is a 0.06 scale Texas Ignition Experiment 
(IGNlTEX) toroidal field (TF) magnet prototype. 
The purpose of the lTD program is to demonstrate 
the operation of a 20 .T, single-turn TF coil powered 
by homopolar generators (HPGs). To date the pro
totype TF magnet has produced a purely toroidal, 
on-axis field of 15.0 T without an axial preload. 

INTRODUCTION 

The objective of the lGNITEX experiment1 is 
to prove the scientific feasibility of controlled ther
monuclear fusion in a laboratory and to study a 
new regime of physics: fusion ignited plasmas. The 
ignition headroom in lGNITEX provided by a 20 T 
toroidal field gives a wide margin (>200%) for all 
scaling laws except the original Goldston, for which 
ignition would require a larger device than origi
nally proposed. The IGNITEX TF magnet is a 20 T, 
single-turn, toroidal magnet powered by HPGs.2 
Homopolar generators are inherently low voltage, 
high current, and ideally suited to fulfill the 
requirements of the IGNITEX single-turn magnet. 
Single-turn magnet technology is currently being 
demonstrated with a 0.06 scale IGNITEX TF mag
net powered by an existing 9 MA HPG power sup· 
ply located in the CEM-UT laboratory. The 0.06 
scale of the prototype 20 T TF was selected based 
on the maximum current capability of CEM-UT's 
60 MJ HPG power supply which has a rating of 9 
MA at 100 V in a parallel configuration. Stresses 
and temperatures reached in the scale TF coil are 
representative of those that would be experienced 
in a full scale IGNITEX TF coil with a 1.5 m major 
radius and a 5 s flat top current profile. 
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The advantages of a single-turn coil are 
numerous: first, no turn-to-turn electrical insula
tion is needed. Essentially 100% of the inner leg 
region of the coil is utilized for the high strength 
conductor. The design also attains a very high con
ductor filling ratio due to the elimination or 
absence of structural high-strength laminates, case 
structures, and coolant channels. The absence of 
insulation between conductors makes it easier to 
balance the bucking and wedging stress state of the 
magnet and allows the magnet to operate to higher 
temperatures. Even with essentially full utilization 
of the inner leg area, axial preload and precooling 
of the magnet to liquid nitrogen temperature are 
necessary to achieve 20 T on-axis for 5 s. 
Electromechanical analysis of the IGNlTEX TF 
magnet has shown that an 18 Ton-axis field could 
be produced with no axial pre loading. 3 As of the 
writing of this paper, the prototype TF magnet (Fig. 
1) has been operated to an on-axis field of 15.0 T 
without axial preload. The description of the lTD 
experiment, numerical simulation results, fabrica
tion, and test results are presented. 

Figure 1. 180° section of lTD TF magnet 
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DESCRIPTION OF THE MAGNET SYSTEM 

The lTD TF magnet prototype includes all 
the necessary components required to demonstrate 
the operation of a 20 T, single-turn, TF magnet 
powered by HPGs. Homopolar generators 
(designed, developed and operated by CEM-UT) 
have been used for driving various pulsed power 
loads since 1973.4 The Balcones HPG power sup
ply is comprised of six, drum type, 10-MJ genera
tors, each rated at 100 V, 1.5 MA. The TF magnet 
(consisting of six, 60° sectors) are connected to the 
six HPGs in a parallel configuration as shown in 
Figure 2. Th extend the operational time of the TF 
coil, it is pool cooled to liquid nitrogen temperature. 
Heat is applied to the busbars between the TF coil 
and the HPGs using band heaters to prevent con
densation from forming on the busbars and genera
tors. 

Figure 2. lTD power supply layout 

High ele<:t.romechanical and thermomechani
cal stresses in the inner leg of the TF coil are sup
ported by efficient use of the inner leg area of the 
magnet, and by applying an axial preload. The 
preload requirement for the 0.06 scale is 420 tons 
in order to maintain an average axial compressive 
load of 50 ksi over the inner leg area of the coil. 5 
The preload is applied hydraulically to the inner leg 
of the TF coil via a composite thermal compression 
spacer at the top and bottom of the magnet. An 
external frame provides the axial containment and 
it is supported by a steel structure secured to the 
base of the HPG generator pit. The hydraulic sys
tem maintains the preload through the discharge, 
compensating for axial strain and thermal growth. 
A second preload is applied radially at the top and 
bottom of the TF magnet to hold the sectors 
together. The radial preload is applied by two rings 
which are thermally assembled over the coil sec
tors. 
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The lTD prototype is located in the base of 
the 9 MA HPG pit permitting the busbars to feed 
the device from above. The below ground level loca
tion permits other pulsed power experiments to 
continue using the generators without interference 
by the lTD magnet. A substantial amount of work 
was done early in the lTD project to adapt the 
existing generator busbars to support an experi
ment below ground level. 6 

A scale of 0.06 was selected for the prototype 
magnet based on the ratio of the current capability 
of the CEM-UT HPG system to the current require
ments of IGNITEX TF coil (9 MA/150 MA). Th pro
duce the same on-axis 20 T toroidal field, the 
magnet dimensions are reduced by this factor. A 
second prototype with a scaling factor of 0.12 will 
succeed the 0.06-scale prototype and will operate at 
10 T when driven directly with the HPG power sup
ply. The 0.12 scale TF coil is intended to demon
strate scaling relationships, large plate magnet 
conductor capability; provide a test-bed for a future 
poloidal field (PF) coil system; and serve as the load 
for a proposed 1 GJ homopolar module. 7 Operating 
parameters for the lTD and the small and large 
versions of IGNITEX are given in Table 1. Stresses 
for the lTD given in Table 1 take into account 
empirical circuit parameters and thermophysical 
properties of the BeCu conductor material. 

Table 1. Critical parameters of lGNITEX toroidal 
field coils 

~tion Bma.U .I.arre 
, M>ij[lletic field on axis (T) 20 20 20 
· Major radius (m) 0.09 1.2 2.1 

I'F ooi minor radius (em) 3.0 45 78 
. !l ucltinlc cylinder radius (em) 1.2 5 5 
TF coil aspect ratio 3.00 2.67 2.69 
CurTent pUJse width 
(s) (Oat top) 0.150 8(2) 18 (6) 
Peak CUJTl!nt (MA) 9.0 120 210 
Ave. ~'Ul'l'ent density 
(inn"r leg) (MA/m"2) 829 68.2 38.4 
Max. stress 
(von Miaes) (ksi) 90 93 93 
Peak tempera tun ("\:) 187 164 158 
~terial(Cl7510) BeCu BeCu BeCu 

Even though current density in the TF mag
net scales linearly with the scaling factor, stresses 
are identical as long as all the dimensions are 
scaled. Furthermore, as long as the time scaling 
factor is the square of the geometric scaling factor, 
the temperature, magnetic induction, and Mises 
stresses in the scaling model are an image of those 
for the full-scale model. Ideally, the physical his
tory of the prototype would scale exactly to the full 
scale IGNITEX, but the existing circuit parameters 
of the BHPG system prevent this. Due to the geom-
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etry and layout of the existing busbars in the HPG 
pit, the circuit parameters of this experiment could 
not be reduced to accommodate the lTD current 
profile needs. A scaled current pulse for the 0.06 
scale TF coil would be 36 ms long with an 18 ms 
flat top, as shown in Figure 3. A simulated HPG 
discharge current profile is superimposed in Figure 
3 . The actual current profile provides approxi
mately twice the ohmic heating necessary to 
demonstrate the magnet's capability. A compensat
ing feature of the prototype TF magnet is the TF 
aspect ratio of 3.0 vs. 2.5 required for the full scale 
IRm = 1.5 m) magnet. As a result, the additional 
energy in the TF magnet induce temperatures and 
stresses to levels that are representative of those 
predicted for the full scale lGNITEX TF magnets. 
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Figure 3. lTD current and profiles--simulated and 
ideal 

To accommodate the fast current rise time of 
the HPG!l'F magnet circuit, each HPG and 60° sec
tor is in series with an explosive closing switch. 
Typically, the HPG brush gear is used as the mak
ing switch when discharging into inductive loads. 
The lTD experiment requires a faster switch for its 
di/dt of 50 MA/s and a time-to-peak of 30 ms . A 
coaxial explosive switch was designed based on an 
existing, highly reliable switch used on other 
pulsed power experiments. 8 

TOROIDAL FIELD MAGNET DESIGN 

An attractive feature of the IGNITEX single
turn TF magnet design is its simplicity and robust
ness. The TF magnet consists of single-turn plates 
of high strength, high conductivity copper alloy. 
Complex casing support structures are not neces
sary to carry the electromagnetic loads, nor are 
sliding joints necessary to permit motion of the con
ductors. High field is attained by the efficient use 
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of the inner leg area of the magnet, terminal clamp
ing, and the use of an external axial preload struc
ture. Electromagnetic forces produce large tensile 
loads in the inner leg of the TF coil, thus a compres
sive preload negates as much as 30% ofthis load
ing. Compressive loading is also achieved in the 
radial direction by use of a solid "bucking post". 
Since the lGNITEX PF magnet system is internal, 
a solid central post may be used, whereas a central 
ohmic heating coil dictates material properties and 
complicates the interaction between the PF and TF 
coils. Axial forces are also supported by clamps 
along the terminal leg. The terminal clamp pro
vides both the axial support for the outer leg and 
clamping pressure for the electrical joint between 
the TF coil terminals and the buswork. A ring-type 
clamp on each individual TF coil plate maximizes 
both the clamp area and conductor area. Clamping 
pressure is produced by wedge jacks located above 
and below the terminals. A finger joint design is 
also utilized to provide adequate contact area at the 
joint. Ceramic spacers located between the TF coil 
terminals and between the terminals and the clamp 
provide electrical insulation and counter thermal 
contraction differences between the clamp and the 
terminals during the LN2 cool down. 

Selection of the magnet conductor is based 
on trade-offs between electrical conductivity, yield 
strength, material stability, and available plate 
thickness. The 0.06 scale was fabricated from 1.25 
in. thick plates of beryllium copper (Brush Alloy #3 
HT, Alloy C17510). The Brush Wellman alloy has 
demonstrated an electrical conductivity of 64% 
lACS at room temperature and an increase in con
ductivity by a factor of 2.3 at liquid nitrogen tem
perature. The material has a 0.02% yield strength 
of 108 ksi at room temperature. Brush Wellman is 
eurrently producing 2.125 in. thick BeCu plates 
with minimum dimensions of 16 X 17 in. for the 
0.12 scale IGNlTEX TF magnet demonstration. 

TEST OF FAST, HIGH CURRENT 
SWITCIDNG SYSTEM 

A test of the six explosive closing switches 
was performed in the generator pit prior to the first 
electrical test of the magnet. The purpose of the 
test was to verify mechanical integrity of the bus
bar/switch, to insure that explosive heat was con
tained well enough to prevent actual fire or an 
unnecessary response of the fire suppression sys
tem, and to observe switch-to-switch jitter times. 
Batteries and voltage probes were connected to 
each switch in order to record the time of closing. 
Switch-to-switch jitter of 0.02 ms was well below 
the desired maximum of 0.30 ms, indicating that 
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pulsing of the TF assembly would be well balanced. 
Explosive heat from the closing switch was ade
quately contained. 

TF MAGNETIHPG OPERATION 

Operation of the lTD TF magnet proceeds 
with the loading of the explosive closing switches. 
Switch loading and unloading has proved to be the 
most time-consuming aspect of testing the lTD 
magnet. Several hours are needed to complete this 
task. Liquid nitrogen precooling of the magnet pro
ceeds once the switches are loaded . A brief check
out of the HPG system is performed and the busbar 
heater system is enabled. So as to prevent an 
excessive thermal gradient in the magnet or adja
c-ent busbars, nitrogen gas is used initially to slow 
down the process. Liquid nitrogen flow to the cryo
stat is controlled by a LN2 level sensor/solenoid 
valve. The cool-down process takes approximately 
45 min . An exhaust system in the HPG pit pre
vents excessive oxygen dilution due to the nitrogen 
boil-off. With the magnet at LN2 temperature, tht> 
motoring sequence for the six HPGs is initiated. 
Figure 4 shows a typical HPG/TF magnet operating 
sequence for the lTD. To operate the power supply. 
the operator need only to provide input selection of 
the desired generator's speed and field current 
level. 9 After a discharge, bus bar heaters are re
enabled and the magnet is brought back up to room 
temperature. 

TF MAGNET TESTING 

The testing program of the ITD TF magnet 
consists of three phases: low current, room temper
ature testing (B s 11.0 T); intermediate current 
with LN2 cooling testing, (B ::::; 15.0 T); and high cur
r·ent with LN2 cooling and axial preloading testing 
(B ::::; 20.0 T). Due to the numerous experiments uti
lizing the CEM-UT, 9 MA HPG system, a limited 
number of tests can be performed in a given time 
frame. As of the writing of this paper, testing 
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Figure 4. Typical HPG/ITD TF magnet operating 
sequence 

through the intermediate current phase has been 
completed. 

A summary of the lTD testing is given in 
Table 2. For reasons of space, the current, voltage 
and Hall probe data are shown only for test #9. 
Homopolar instrument brush voltage for test #9 
(LN2 cooled, 15.0 T) is shown in Figure 5. A prereq
uisite for the HPG system to permit a discharge is 
that the generator speeds matching to within a 
specified tolerance window. Any variation in the 

Table 2. Summary of ITD testing 

RoomTemperatureTesting LN2CooledTesting 
Parameterffest I Test II Testf2 Testf3 Testf4 TestiS Testf6 Testf7 Testf8 Testf9 

Date of Test 5/16/90 6/4/90 6/8/90 6/11/90 6/12190 7/26/90 7/27190 7/30190 7/31190 
HPG Speed (RPM) 375 625 1125 1450 1800 375 1190 1712 2250 
Ave. O.C. Volts (V) 6.1 10.4 19.1 24.6 30.5 6.2 20.1 28.8 38.2 
Peak Gen . Currents (kA) 146 262 502 660 ffZl 150 596 873 1126 
Total Current (MA) 0.88 1.57 3.01 3.96 4.96 0.90 3.58 5.24 6.75 
TF Magnet Field (T) 2.0 3.5 6.7 8.8 11.0 2.0 8.0 11.6 15.0 
Max. Measured Temp. (oC) **** 33 65 97 135 -186 -142 -95 -26 
B-Post bore Displacement 
(max @ t = 44 msJ (mils) **** **** **** 1.77 2.02 0.75 5.00 6.37 8.81 
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HPG/TF magnet sector circuit parameters may be 
compensated by adjusting the respective HPG's 
field voltage. In this way, a field ripple, if any, can 
be corrected. Individual current profiles from test 
#9 are shown in Figure 5. 

The primary magnet diagnostics in the lTD 
experiment are the magnetic field, strain, and tem
perature measurements. The on-axis Hall probe 
data from test #9 (Fig. 6) was produced using F.W. 
Bell Hall probes (BHT-921) calibrated with a 5 em, 
20 T, bitter magnet at the MIT, National Magnet 
Laboratory. It is believed that the field variation is 
the result of a radial positioning error of the Hall 
probe mounts. At 15 T, the field gradient in the 
radial direction is 0.17 T/mm. An alternate method 
of supporting the Hall probes will be implemented 
for the high current phase of testing. 

"' 0 
~ 

~ )( 

C'! g ~ 

g: 
!Z "' (\: SlX HPG CURRENTS 

0 
w ~ 

~ 
:I: 

a: )( . X SIX HPG VOLTAGES "0 
a: 0 C) 
::> ai < 0 ~ 0 
w "' !:i 0 I (!) ~ 

~ > a: )( j C) < 0 
:I: .. m 
0 ~ 3 (/) 0 

0 

i5 0 
~ 

(!) )( 0 
a.. 0 
:I: d 

~ 

0 
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 

TIME (s) 
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Measured temperatures in the lTD TF mag
net are consistently lower than predicted. It is 
believed that two factors may attribute to this 
result: thermocouple response time and the conser
vative assumptions associated with the computer 
model. Figure 7 shows profiles temperatures mea
sured at several locations along the i!1fier leg of the 
magnet for test #9. 

Inner leg axial strain data for tests #2 
through 5 is shown in Figure 8. Tests #2 through 5 
were room temperature tests up to 11.0 T. The 
peak axial strains correspond very well to predicted 
values for the 3.5, 6. 7, and 8.8 T tests. The pre
dicted peak axial strain for the 11.0 T test is 2,490 
fl£ compared to a peak of 2,250 fl€ that was mea
sured. It is believed that this phenomena may also 
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Figure 7. Inner leg thermal gradient for 15 T test 
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be attributed to lower temperatures in the magnet 
than predicted, resulting in noticeably lower ther
mal strains in the 11.0 T test. 

Displacements of the central hole of the TF 
magnet are critical for sizing the bucking post. 
Diameter changes during a discharge are measured 
by strain gauges mounted to a proof ring installed 
in the central hole of the magnet. Results for tests 
7, 8, and 9 are shown in figure 9. The displace
ments correspond well with predictions of gap clos
ing and magnet modulus. 
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Figure 9. ITD TF magnet tests 7, 8, & 9 TF mag
net diametrical displacement 

During the initiation of the high current test
ing, a design oversight was discovered in the transi
tion busbars between the existing HPG busbars 
and the TF magnet. Thermal and electromagnetic 
loads in this region of the bus bar system will 
require some design modifications. The high cur
rent testing phase will be realized later this year. 
The conductor region of concern is located where 
the busbar transitions from horizontal to vertical in 
close proximity to the TF magnet. This area has 
proved diflicult because of lack of access for vertical 
busbar clamping. This aspect of the busbar config
uration is unique to the ITD TF magnet experiment 
because of the peculiarities of the BHPG setup and 
is not related to the full scale TF magnet design 
and operation. 

CONCLUSION 
Synchronization of multiple HPGs into a sin

gle-turn toroidal magnet has been realized. Strain 
and temperature measurements indicate peak lev
els close to or below those predicted by the elec
t rothermal and mechanical computer model. To 
date the full-torus , lTD magnet prototype has pro-
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duced fields up to 11.0 Ton-axis without precooling 
and up to 15.0 Ton-axis with magnet precooling. 
High current testing with precooling and preload
ing ofthe prototype magnet up to field levels of20.0 
T is scheduled for later this year. 
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