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DESIGN STATUS OF THE US 100 TESLA NON-DESTRUCTIVE MAGNET SYSTEM 

H. Schneider-Muntau, H. Boenigl, L.J. Campbell1, K R. Eberll,Y. Eyssa, D. M. Parkinl, P. Pernambuco- 
Wise, J. Schiiligl, and J. Simsl 

National High Magnetic Field Laboratory 
Florida State University, Tallahassee, Florida, USA; 

lLos Alamos National Laboratory, Los Alamos, NM, USA 

Introduction 
A collaborative effort is now underway in the U S  between the Department of Energy and the 

National Science Foundation to design, build, and use a 100 T non-destructive magnet for studying the 
properties of materials at high fields. The National High Magnetic Field Laboratory (NHMFL) at Tallahassee, 
Florida, and cos Alamos, New Mexico, where the magnet will be sited, is carrying out this task. This magnet 
will join other pulsed magnets at NHMFL, described elsewhere in these proceedings, to provide magnetic 
fields at strengths, time durations, and volumes that are larger (in combination) than any now available. In 
particular, the goal for the 100 T magnet is a time duration above 80 T of about 15 ms  in a cold bore of 24 
mm. The present status of the design effort and various design issues are presented here. 

The 100 T technology will build on NHMFL experience in designing and building a 60 T quasi- 
continuous magnet and capacitor-driven pulsed magnets [l ,2]. Specifically, the 100 T magnet will consist 
of two components: a relatively small capacitor-driven magnet at the center (called the 'insert') and an outer 
set of mechanically independent, nested coils (called the 'outsert') driven by inertial energy stored in a 
motor-generator [3]. Each component will produce approximately 50 T. The outsert coils will be grouped 
into different electrical circuits to allow an efficient power-up sequence. (The largest coils, having higher 
inductance, need a longer time to become energized at practical driving voltages.) 

The range of design options for this magnet is quite large, even with the constraints that were 
adopted. These constraints include: a maximum of 7 power modules rated at 80 kVA connected in a 
maximum of 4 independent circuits, a one-hour cool-down time, a 24 mm inner bore, lifetimes of 10,000 
full pulses for the outsert and 100 full pulses for the insert, and a maximum of 2.4 MJ of capacitive energy. 

The respective fields from the insert and outsert and their relative sizes are closely coupled, of 
course, and require a coordinated design effort. Even after the fields and sizes are chosen each 
component still enjoys its own large design space in terms of different materials for conductor and 
reinforcements, and different sections and circuits. The design philosophies are also different. The insert 
is 'consumable' and should be relatively inexpensive. By contrast, the outsert should survive for many 
years and be safely robust because it is expensive and stores a large amount of field energy (about 140 
MJ). 

Clearly, it is instructive and necessary to search the design options for an optimum set of 
parameters, although practical considerations, such as available materials, fabrication methods, safety, 
user operations, etc., may require qualitative decisions that modify these inferred parameters at many 
design junctures. Examples of exploring parameter 'space' are given in the next section where the effects 
different initial temperatures, conductors, and outsert bore sizes are explored. In the following sections 
the insert and outsert designs are considered more carefully, then the power supplies are described and 
some conclusions are offered. 

Overview of Design Parameters 
To develop an understanding of the interplay and relative importance of the many parameters that 

govern the design, we have developed a computer code that determines the maximum field for different 
conditions. It takes into account the different constraints imposed by the availability of different conductors 
and reinforcement materiels. Eddy current and magneto-resistance heating are included. Of crucial 
importance is the sequential delivery of power to the different circuits, due to the strong coupling of the 
insert with the outsert and between the circuits of the outsert itself. 



A s  a first step on the way to explore the parameter space, with the goal of finding an optimum 
solution for generating a combined magnetic field of 100 T in the most efficient and reliable way, we have 
investigated the following questions: 

optimum initial (cool down) temperature 
choice of conductor materials 
impact of outsert bore diameter. 
The outsert circuit was tentatively modeled to consist of five mechanically independent coils. The 

inner four are wound with CUSS conductor and the coils are reinforced with a steel shell and carbon fiber. 
Because of the lower stress level, the outermost coil uses hard copper conductor reinforced by a steel 
shell. 

Seven power modules of 4 kV/20 kA each energize the coils. The power modules have an internal 
impedance that reduces the output voltage by 20 % at maximum current, Le., at maximum load there are 
450 MW available. For the purposes of this section they are distributed over the coil circuits in the 
configuration 1-1 -2-3: one module for coils 1 and 2, one module for coil 3, two modules for coil 4, and 
three for coil 5. All groupings are in series. Fig.1 shows the the different field contributions of the four 
circuits and the total field profile of the outsert. The effect of the coupling of the different circuits is 
obvious. Fig. 2 gives a typical stress and strain analysis of the outsert coils. In this case the maximum Van 
Mises stress was limited to 11 00 MPa, the strength of the reinforcement to 3 GPa and the strain to 1.5 %. 
The plastic deformation of the conductor leaves the reinforcement in a tensile stress state and the 
conductor in compression. 

A. Choice of initial temperature 
In this section we examine how the initial temperature at the beginning of the pulse affects the 

maximum obtainable field under the constraints described above. Table 1 shows the results. There is a 
gain of about 2 T from reducing the starting temperature from 77 to 68 K and about 5 T by going to 30 K. 
The advantage of a lower magnet temperature comes from lower conductor resistance and stronger 
material properties. 

The 68 K cooling requirements are determined by the enthalpy difference of copper (66-77 K) of 
2.5 J/g or 22.3E06 Jh3. and of the steel (about 1.4 J/g or 11 .OE6 J/m3). Assuming the copper volume is 
about 0.30 m3, the steel volume is 0.2 m3 and the nitrogen heat of vaporization is 200 kJAiter (0.85 g/cm3), 
we need to pump about 45 liters of nitrogen to obtain the required temperature. Similar calculations for the 
30 K cooling requirements are for copper (30-77 K) 5.2 J/g or 46.4E06 J/m3, for steel 2.8 J/g or 22.0E6 
J/m3. Assuming the copper volume is about 0.33 m3, the steel volume is 0.2 m3 and the cool down 
process from 77 to 30 K is an hour, we need to remove an average heat load of 5000 W between 77 and 
30 K. 

If the insert would deliver the same field gain, then the considered temperature decrease could 
give a field "boost" of about 4 T. This method would only have to be applied when maximum field shots are 
desired. Although a 68 K starting temperature would give a higher field than 77 K, the practicality of 
implementation must be considered. 

B. Choice of conductor 
There is a limited choice of high strength conductors with high electric conductivity available which 

would be suited to be used in the windings of the four innermost coils. We investigated the following 
conductors: CuSS(40 % steel), CuAg, CuNb, and AL-60 Glidcop. The properties of each conductor are 
listed in Table 2 (yield and ultimate strength at 68 K, the conductivity at room temperature, R R  is the 
conductor resistivity ratio between these two temperatures) along with the maximum obtainable field, 
energy requirements, conductor and reinforcement volumes. We applied the same constraints as above. 
W e  conclude that within the accuracy of our assumptions the first three materials give practically the same 
result, and that other criteria as availability, price, or power requirements can now be determined as the 
decisive factor for the conductor choice. 

C. Choice of outsert bore 
It is obvious that for a given power and energy level the maximum field that can be generated will 

decrease with larger bore diameters, and vice versa. On the other hand, the insert will produce a higher 
field in a larger outsert bore, because its volume and heat capacity (and energy consumption) can be 
increased. To quantify this effect we computed the fields that can be obtained in different bore sizes using 
the same constraints as in the section above. A s  shown in Table 3, the field drops with the bore but we 
expect to gain the difference from a larger insert. In Table 4 and Fig. 3, we present a combined 
inserVoutsert analysis that shows that the total field has a broad maximurn, and is practically independent of 
the outsert bore diameter between 200 and 300 mm. 



The preliminary insert design we used for these calculations consists of eight mechanically 
independent coils. The first four have CUSS (40%SS) conductor reinforced by 0.5 mm glass fiber and 
followed by a carbon fiber shell. The outer four coils are similar except that they have 30% SS. One 
capacitor bank is used to power all coils which are connected in series. Fig. 4 shows the stress and strain 
constraints used in the insert analysis. In one case (260 mm bore outsert) we looked into the possibility of 
using two capacitor banks vs  one capacitor bank. It offers a field gain of over 2 T, however, at the expense 
of a pulse duration above 80 T of half the value. 

In summary, we conclude that for the generation of a total field of 100 T the sharing of the field 
contributions between insert and outsert is not critical. However, for economical reasons it is strongly 
recommended to make the outsert bore as small as possible. This will strongly reduce the required 
conductor volume of the outsert as well as of the insert, and also the energy requirements for the insert by 
a factor of four. Tables 3 and 4 give the most interesting values. The determining factor is the minimum 
required volume of the insert which itself is essentially dictated by the imposed pulse length. 

Insert 
A. Design limitations 

The design of the insert section of the 100T magnet is severely restricted by a number of factors. 
The first of these is the limitation placed on the outer diameter. Obviously, the insert must have an outer 
diameter such that it will fit within the inner diameter of the outsert which in turn is limited by power 
considerations. In addition to this is a philosophical restriction; the outer coil will be an expensive and 
massive piece of equipment that will not be easily replaceable, thus it must be protected from any damage 
caused by an accidental breakdown of the insert coil. A protective shell is intended to be placed between 
the  two coils such that energy escaping from the insert in the form of coil pieces propelled by Lorentz 
forces or plasma ejected from a shorting turn can be safely contained. The exact specifications of this shell 
have yet to be made but it is expected that it will consist of some variety of steel approximately 5 mm thick. 
Assuming that the inner diameter of the outsert will be approximately 220 mm, this gives a maximum OD for 
the insert of 210 mm. A somewhat more arbitrary stipulation is that the inner bore be 24 mm so as to fit the 
available dewar systems and dilution refrigerator already in operation at the NHMFL user facility. If possible, 
it is also desirable that some form of tube be placed in the bore so as to provide protection to the 
experiment in the case of insert failure. 

The second limitation is that of the capacitor bank. The conductivity of the insert material 
(discussed in more detail below) will be low enough that Joule and eddy current heating will be significant 
factors. The duration of the current pulse through the insert must t h u s  be kept short requiring low 
inductance and/or high voltage. The inductance of the magnet is a geometrical factor over which there is 
limited control if a successful design is wished for. The capacitance and voltage of the bank must be 
chosen to give an acceptable thermal excursion during the pulse. 

The most serious limitation in the design of the insert coil is that of available and suitable materials. 
While there has been much progress in the field of high strength, high conductivity wires over the last five 
years, it is obvious that the insert coil will be at the “edge of the envelope” in terms of operation. 
Recognizing this, the requirement of the insert coil is that it be capable of withstanding just 100 full field 
pulses before retirement. This allows fatigue requirements for the conductor to be relaxed somewhat and 
the materials operated well into the yield regime. 

B. Sample insert design 
From the previous outsert analysis section, it was seen that there are multiple solutions to the field 

distribution between insert and outsert coils. Each of these will results is a somewhat different design of 
insert coil. An example of one such coil will be presented in more detail in this section. 

Assuming a 53 T background field, the insert coil must be designed to produce 47 T in a 24 mm 
bore and have an OD of approximately 190 mm, leaving space for a -5 mm thick steel protection shell. The 
build of such an insert is shown in Table 5. 

The coil consists of eight mechanically independent layers of conductor. The inner four layers of 
Cu(4O%)SS (Le., cross sectional area of conductor is 40% copper) and the outer four of Cu(5O%)SS. The 
heights of these two sections are 140 mm and 298 mm respectively. Shell 1 is a 0.5 mm layer of S2 glass 
which is not designed to be load bearing but to act as an additional insulation layer between the conductor 
and carbon layer and as a buffer to prevent carbon fiber migration during impregnation. Shell 2 is the load 
bearing layer consisting of an intermediate modulus carbon fiber composite with a 60% filling factor. The 
stresses and strains generated within this coil are shown in Fig 4. 

The coil is powered by a 25 mF bank charged to 10.2 kV producing 48T in 8.5 ms. The maximum 
temperature reached within the coil is 369 K with an average temperature of 352 K. It should be noted that 



the coil is operated from 77 K. Pre-cooling to 68 K will have a corresponding impact on the final 
temperature. 

C. Materials 
Examination of Fig. 4 will show that the materials utilized are pushed very close to their ideal 

ultimate strengths. In particular the carbon fiber reinforcements approach 4 GPa within the fibers 
themselves. While the measured single strand UTS of carbon fiber may exceed 5.4 GPa, it is rare to 
approach 50% of this when the material is used in a composite. Values measured at the NHMFL at 77 K 
have shown values of 2.6 GPa, well short of the required values. There is however, evidence from 
previous magnet construction and testing, that composites used within these sorts of coils often exceed 
the values as measured from a standard composite tensile test, although the mechanism is not yet clear. 
The NHMFL is actively studying this phenomenon. 

The advantage of carbon fiber for this purpose is twofold; the high strength and the high modulus 
of the fiber. The latter allows good stress transfer from conductor to reinforcement without large amounts 
of conductor strain while the former allows that stress to be withstood without failure. The drawback is the 
filling factor of the composite which rarely can exceed 65% and the stress concentration effects which lead 
to failure at stresses only a fraction of the UTS of the individual fibers. Another promising material is Pearlitic 
steel wire as utilized principally by the auto-tire industry, the UTS of these wires can approach 4 GPa. At 
such strengths, this material would be very suitable as a carbon fiber replacement especially if it can be 
obtained as a square crossection wire and closed packed to very high filling factors. At present, the 
strongest rectangular cross section wires have UTS of 2.8 GPa but assuming that these could be packed 
to 90% density, the above magnet could be produced using this material with only slight increases in 
reinforcement thickness to compensate for the lower modulus of steel and thus the increase in stress in 
the conductor. Steel reinforcement also has a final advantage over carbon composite in that the thermal 
conductivity would be greater resulting in a faster cool down of the magnet when in a liquid nitrogen bath. 
The pulse to pulse down time could be decreased significantly. 

The conductor used in this magnet is CUSS, a macro-composite material consisting of a high purity 
copper core surrounded by a steel jacket. The stresses generated during a high field pulse approach the 
UTS of the material at the strengths currently being produced. In addition, the dimensions of the wire are 
larger than currently produced. With the moderate temperature excursion projected for this magnet, there 
is some leeway to upwardly adjust the strength of the conductor at the expense of the conductivity or to 
substitute either CuNb or CuAg (see Table 2). Moderate increases in Joule heating can be compensated 
for by decreasing the capacitance of the bank and increasing the voltage. Both of these materials have 
been produced in the required strengths although only in small quantities and dimensions. It is likely that 
some materials development work must be completed before a better suited material is available. 

Outsert 

The outer coil set for the 100 T magnet will have a configuration similar to the predecessor 60 T 
quasi-continuous magnet. It will consist of nested, mechanically independent coils of helically wound 
rectangular copper alloy conductor , two to six layers thick, contained within closely fitted steel alloy shells. 
The 100 T outer coil set is being designed to produce 51 T for 30 m s  at the center of a 220 mm bore. 
Design goals are to minimize the size of the coil set and power requirements by maximizing the utilization 
of the material strengths. Seven 4 kV / 20 kA modular power modules are available to power the outer coil 
set. Various combinations of coil groups and power supply configurations are being studied. 

A. Magnet materials 
The development and selection of optimum materials for the 100 T outer coil set for the coil 

conductors and for the external support shells is essential to reach the 100 T design goal. High strength 
copper alloys currently used in the NHMFL 60 T magnet, such as GlidCop AL-15 ( 570 MPa @77K) 
and GlidCop AI-60 ( = 646 MPa @77K) are being considered, as well as higher pe ?= ormance alloys such 

electrical properties and large scale production issues of higher performance materials are currently being 
investigated in concurrent efforts (assumed values are = 880 MPa and %d= 1024 MPa for GlidCop AL- 
15+NB1000and CuAg, respectively, at 77K). Support s k ell materials being considered are high strength 
steel alloys, such as Nitronic 40 (21-6-9)(sy,,= 1000 MPa @77K) which is used in the 60 T Long Pulse 
Magnet, as well as cold-worked Nitronic 40 (21-6-9) and maraging steel alloys with estimated strengths of 
syld= 1200 MPa @77K and S y p  1800 MPa @77K, respectively. The current design for the insulation 
between turns and layers of conductor is similar to that used in the 60 T Magnet; fiberglass and Kapton 

as GlidCop AL-15+ I? I31000 (containing Niobium) and Copper-Silver (Cu24 wt%Ag). The mechanical and 



tape co-wound around the conductor prior to coil winding with additional layers of fiberglass cloth between 
the coil layers, and the entire coil impregnated with epoxy resin. 

B. Magnet design and analysis 
Magnet designs are produced and evaluated iteratively to establish a suitable outer coil set 

configuration using known and assumed material properties. When additional information becomes 
available from characterization of higher performance materials, the configuration will be confirmed or a new 
one developed. A typical intermediate result of a outsert design study case is shown in Table 6. 

The design iteration process begins with an assumed field target, an assumed electrical coil group 
configuration and assumed target current densities for each coil group or coil, if different materials are used 
within a coil group. The current densities are estimated based on the anticipated on-time of each coil 
group. The parameters of this configuration are then varied to produce suitable performance of each coil 
and coil group and to meet stress and thermal design factors using a comprehensive analysis routine 
which includes magnetic, thermal and mechanical stress analysis. The main input and output parameters 
involved in this analysis routine are shown in Table 7. 

Once suitable performance and acceptable design factors are attained for an entire outsert 
magnet design, the axial magnetic stresses are obtained from a parameterized finite element model to 
confirm or modify the initially assumed input values. Next, self and mutual inductances are calculated and 
reduced according to the assumed coil group configuration. The electrical and thermal performance of the 
magnet and power supply system is then modeled using custom electrical circuit modeling tools. These 
codes determine coil currents and temperatures, circuit voltages and power consumption. If the electrical 
layout or the thermal layout (j2t) of a particular design needs modification to meet power supply 
characteristics and limitations or thermal requirements and limits for the coil design, changes are made to 
the coil configuration and the mechanical design iteration and analysis process is repeated, followed again 
by an electrical and thermal system evaluation. This process is continued until a design becomes 
consistent by meeting all magnetic, mechanical and electrical performance requirements. 

C. Design issues 
A s  additional information becomes available on the properties of higher performance materials, 

material availability and cost, the design configuration may be modified. The difficulty of forging maraging 
steel into required sizes, the inability to obtain cold-worked Nitronic-40 forgings and concerns about 
adequate fracture toughness at cryogenic temperatures present design challenges. Support shells may 
be manufactured from a Nitronic-40 thin-walled shell wrapped with thin layers of cold-worked Nitronic-40 or 
maraging steel sheet in order to increase the fracture toughness and ease manufacturing difficulties. A 
discussion of this concept and required analysis will be presented in future reports. Integration of this 
outer coil set design with the inner coil set (insert) design may also require design changes. 

Power Supplies 

A. Overview of electrical design 
A s  mentioned above, the outsert magnet will be energized from inertial energy stored in the large 

motor-generator at Los Alamos while the insert will be capacitor driven [4]. The requirement to tun the 60 T 
magnet and the 100 T magnet at the same time places additional constraints on the  power modules, 
because all of the five power modules for the 60 T magnet will also be used for the 100 T magnet. During 
normal operation of both magnets, each having a cycling time of one hour, every 30 minutes one magnet 
will be energized. To limit the switching of the power modules to a minimum, with the arrangement of the 
power modules for the 60 T already fixed, the 100 T outsert coils will be arranged in such a way that the 60 
T power supply arrangement can be used for some coil groups of the 100 T magnet. The simplified 
electrical circuit of a possible power supply configuration of the 100 T magnet is shown in Fig. 5 with the 
power modules distributed 1-2-2-2 over four coil circuits [3]. 

B. Insert power supply, design and status 
The 100 T magnet insert will be driven by a 2.4 MJ capacitor bank. Because the power 

requirements of future inserts can not be foreseen it is necessary to provide the maximum flexibility in the 
design , including estimated excess capacity. The bank is subdivided into 4 modules, each having an 
energy of 600 kJ. The rated voltage for each module is 6 kV. The total bank design will allow the four 
modules to be connected either all in parallel or in series, or three modules in series, or two sets, 
consisting of two parallel connected modules, connected in series. These four combinations maximize the 
available maximum bank energy in the voltage range from 6 kV to 24 kV, to accommodate a wide variety of 
possible insert designs. A 300 pH protection inductor with a 200 pH tap will be installed with the thyristor 



switch to limit the short circuit current to 80 kA in the case of a magnet failure at the magnet terminals. Fig. 6 
shows the electrical circuit for one capacitor module. The modularity of t h e  capacitor bank also allows 
splitting the insert coil into sections, each with an independent energy source. 

Forty-eight, 6 kV capacitors for the total bank have been bought and delivered to Los Alamos. The 
capacitors are of the high energy density, self healing type, each capacitor having an energy of 52 kJ. The 
reversal voltage is 40%. It was decided to use solid-state switches instead of ignitrons for the current 
switching. Each switch was specified to consist of a thyristor switch and the free-wheeling diode. The 
thyristor switches are designed for n-1 operation, using three 77 mm (4.5 kV) devices in series with two 
devices in parallel. Triggering of the devices is done by fiber optics. The current rating of the switch was 
specified for rectangular current pulses as shown in Fig. 7. The peak current is specified to be 80 kA 
sinusoidally for a base time of 5 ms. The switches are capable for 9 kV operation with all devices functional. 
The diode arrangement is similar, having three strings and two parallel devices. The repetition rate for the 
switches is one shot every 20 minutes. 

One thyristor/diode switch has been delivered to Los Alamos and is being tested using a portion 
of our 1.6 MJ pulsed magnet bank and existing reactors. Long pulse current tests are been performed and 
short pulse current tests up to 80 kA are in progress. Fig. 8 shows a typical short pulse current test at 35 
kA. Thermal calculations for the thyristor wafer have predicted absolute temperatures of 186 C for an 80 kA 
current pulse and .an ambient temperature of 30 C. While the life time of the bank is designed for 20,000 
full power shots, the solid-state switch can only survive 20 short circuit currents because of the cyclic 
stresses. 

Two 1 15 kVA, 12.5 kV current regulated charging supplies will energize the total bank in about 30 
s. The input transformer connection can be changed to provide a peak vottage of 6.25 kV, if the bank is 
connected in the lower voltage configuration. 

One charging supply and the four protection reactors have been delivered to Los Alamos. While 
all the major components of the 2.4 MJ capacitor bank are on site, the detailed system integration design 
work still must be performed. 

C. Outsert power supply, design and status 
The 60 T magnet requires five power modules, each having a no load voltage of 4 kV and a rated 

current of 20 kA for 2 seconds [5]. The rated voltage at 20 kA is 3.2 kV. Up to four power modules can be 
connected in series for a total maximum voltage of 16 kV. Each 12-pulse power supply is fed from the Los 
Alamos generator at a voltage of 21 kV. Two 43 MVA cast-coil transformers, one with a delta and the other 
with a wye secondary winding set, step the voltage down to 3.1 kV, feeding two parallel six-pulse 
converter bridges. Each converter leg has two 94 mm thyristors in series (5.2 kV). At this time three power 
modules have been installed, the commissioning of which will commence in August of 1996. 
Commissioning tests will include a full power test into a resistive-inductive dummy load for consecutive 
twelve shots, one hour apart. It is expected that with the three existing power modules the 60 T magnet will 
produce a field of 45 TI starting in the latter part of 1996. 

Four additional power modules, with identical characteristics as the already installed modules, will 
complete the 60 T magnet electrical installation and cover the anticipated power demand for the outsert 
magnet of the 100 T magnet. Commissioning of these pending modules is expected to be complete by 
the summer of 1997. 

D. Outsert booster supply concept 
The fast current rise in the insert magnet results, due to the mutual coupling between the coil 

groups, in a current reduction and therefore in a reduction of the field contribution, especially in the inner- 
most coil group of the outsert magnet. We are investigating the idea of counteracting the current reduction 
by installing a capacitor bank in series or parallel with the power modules. Energy of the capacitor bank 
would transfer to parts of the outsert magnet during the time when the insert magnet is being energized. 
Fig. 9 shows the circuit with the, switching components for adding the additional bank in series with the 
given power supply. During the pulsing of the insert, when additional power is needed in the inner most 
coil group of the outsert, the capacitor is switched in series with the power supply module to boost the 
voltage of that coil group. This reduces or eliminates the drop of the current and thus  of the field 
contribution of the innermost coil group of the outsert. 

Conclusions 
It is not trivial to design a 100 T non-destructive magnet. Nevertheless, recent advances in high 

field magnet technology and the availability of significant power sources make it possible, and the exciting 
prospects for research at 100 T impels us  to do so [6]. 



The approach taken here of surrounding a small inner coil that is temporary and replaceable by 
large, permanent outer coils certainly involves compromises but it also offers flexibility and an easy route to 
upgrades as new materials and design concepts result in advanced inserts that could conceivably raise the 
field beyond 100 T or increase the pulse duration or give larger working volumes. Even now, different 
insert designs can be imagined that would trade bore size for larger fields or field strength for longer pulse 
widths, or higher fields for shorter lifetime. 

Ultimately, it will be the scientific results that justiry this magnet. However, history shows that the 
emergence of every significant new research tool is soon followed by significant science, so the prospects 
are excellent. 
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Table 1 Summary of effect of initial temperature choice 

Ti Bmax I2Rdt T(Bmax) Tf % strain Scond %hell sshel2 
(K) 0 (MJ) (K) (K) (MPa) (MPa) (MPa) 
77 52.8 153 171-198 212-237 1.1 1033 1100 2400 
68 54.7 144 149-183 209-225 1.4 1045 1150 2800 
30 57.5 109 95-1 69 146-1 80 1.8 1073 1180 3500 

Table 2 Summary of analysis a s  function of conductor choice 

Table 3 Summary of analysis a s  function of bore diameter 

Table 4 Summary of insert analysis a s  function of outsert bore 



Table 5 Example Insert Coil Construction 

Table 6 Typical Outsert Design Study Case 

Coil ID [mrn] 
Coil OD [rnrn] 
Layers 
Turns 
Field [TI 
Coil Length [rnm] 
Support Thickness [rnm] 

Coil 1 Coil2 Coil3 Coil4 Coil5 Coil6 
224 356 489 606 703 798 
265 397 541 657 769 859 
4 4 4 4 4 4 
428 472 396 396 272 300 
11.6 11.3 8.9 8.4 5.3 5.5 
890 990 990 990 900 900 
41 42 28 19 10 7 0  

Input 
Winding ID 
Coil Position 
Conductor HeighVWidth 
Winding Error (axialhadial) 
Winding Length 
Shell Thickness 
Number of Layers 
Magnetic Field Strength 
Winding Temperature 
Shell Temperature 
Conductor Material 
Axial Magnetic Load 
Shell Material 

Table 7 Input and Output Design Parameters 

output 
Winding OD 
Current 
Current Density 
Winding Thickness 
Beta 
Shell OD 
Number of Turns 
Shell Stresses 
Winding Stresses 
Conductor Weight 
Shell Weight 
Packing Factor 
Winding Thickness 

Figure Captions 

Fig. 1. Currents in 68 K, CuSS, 5 coils, 4 circuits outsert. 
Fig. 2. Stress and strain analysis for a 200 mrn bore, 68 K, CuSS outsert. There are 4 coils supported by a 

Nitronic-40 shell and carbon fibers, and an outer coil supported by Nitronic-40 shell. 
Fig. 3. Total insert and outsert field and energy requirements for the insert. 
Fig. 4. Stresses and strains in 24 mrn bore, 48 T insert inside a 200 mrn bore, 53 T outsert. 
Fig. 5. Electrical circuit of the power module configuration 1-2-2-2 applied to 4 groups of outsert coils. 
Fig. 6. Electrical circuit for one capacitor module. 
Fig. 7. Current rating of thyristor switches for different current pulse shapes. 
Fig. 8. Typical short pulse current test at 35 kA. 
Fig. 9. Capacitor booster circuit, series version. 
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