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ABSTRACT

The Magnetics and Superconductivity Section has the responsibility for developing superconducting
magnet systems for tokamak fusion machines. This is being accomplished by carrying out those research
and development needs which will provide the physics understanding and engineering data necessary to
design, fabricate, and test large toroidal field (TF) and poloidal field (PF) coils. This information,
in addition, supports the Large Coil Program (LCP).

A number of design projects have been performed, some in support of other programs and some of a
continuing nature. These efforts support the goals and requirements for both the TF and PF magnet systems.
Examples are the magnet designs for the EPR, Demo, EBTR, EBT-II, and preliminary scoping for the TNS
project. The principal effort was expended on the iteration of the EPR Reference Design. Three features
of the original reference design — the honeycomb cail structure, the oval coil shape, and the forced-flow
cooling of the conductor by supercritical helium — remain as key features of the TF coils. Considerable
progress has been made in the theoretical understanding of forced-flow-cooled conductors, and optimized
" designs with maximum stability margin can be designed to meet specific applications. Experiments which
will test the theory are in progress, '

A number of projects consisting of laboratory scale experiments, primarily to characterize conductor,
are performed as needed. A new pulsed parallel field apparatus has been constructed to determine the
losses that a conductor exhibits in the environment characteristic of a tokamak TF conductor, i.e., pulsed
longitudinal field superimposed on a transverse field. Both propagation and stability experiments were
performed for pool-boiling conductors and compared with as complete a theory as can presently be con-
structed; it was concluded that transient heat transfer effects are very important. These experimental
results and theoretical calculations, along with mechanical tests on a wide variety of conductors,
resulted in new designs being prepared for 10-kA, 8-T conductors. At year's end two pool-boiling con-
ductors had been ordered. Another series of small-scale experiments was directed at obtaining infor-
mation relevant to the design of the PF coils. A pulse loss measurement system éapéb]e of providing
the total energy loss and the Toss voltage waveform for a pulsed (poloidal) coil was completed. The
loss voltage was shown to be useful as a quench detection scheme for TF coils. Within the 1imits of the
available power supplies, four small pulsed coils were tested and their losses characterized. A1l the
pulse coil work to date is focused on obtaining an economical and reliable conductor design which will
attain the maximum field at the anticipated field rate of change with acceptable losses in a scalable,
stable magnet design.

Design, procurement, and fabrication development have been initiated for the Large Coil Segment
(LCS) tests. A 3-m winding facility with some new refinements has been set up near the superconducting
laboratories and the site selected for LCS, and an oval bobbin has been procured for practice winding.
In addition some specialized instrumentation has been developed and a data acquisition system designed
for use in the LCS tests.

The two disciplines that involve analytical calculations to a large extent, magnet protection and
structural analysis, have contributed in a significant manner to all the large machine designs and the
forthcoming large magnet tests. Examples of these developments are a new method for quench detection,
complete analysis of the protection for a toroidal magnet system, development of a two-dimensional eddy

’

current code applicable even if ferromagnetic material is present, and development of an analytical
solution for the mechanical behavior of a transversely isotropic solenoid.

Procurement of facilities such as the large refrigerator, a liquid helium handling system, and
power supplies for both the base research and development program and the LCP test facility has been
initiated; these facilities will be procured and installed in the coming year,
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1. INTRODUCTION

An annual report is being issued on a
calendar year basis for the first time for two
reasons. First, a report is required -for the
Fusion Energy Division Annual Progress Report,
which is prepared on a calendar year basis.
Second, with the change in the start of the fis-
cal year, it makes 1ittle sense to prepare two
annual reports covering years which differ by
only one quarter.
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As in the past, the quarterly report for the
last quarter of the year is not issued separately
since its writing and that of the annual report
would coincide. However, the tabulations of
visitors and staff trips cover only the last
quarter. :

- 1.1 DESIGN PROJECTS

1.1.1 EPR

The previously design Experimental Power
Reactor (EPR) magnet systems (ORNL/TM-5042) were.
reevaluated and modified ddring this reporting
period. Parametric studies, sensitivity checks,
and detailed ca]cd]ations were done for several
selected subsystems. A revised design is re-
ported in Oak Ridge Tokamak Experimental Power
Reactor Study — 1976, Parnt 3: Magnet Systems
(ORNL/TM-5574). This revised design resulted in



a more economical and self-consistent design
which is simpler in concept and easier to ex-
trapolate to large demonstration and commercial
power reactors. Some pertinent modifications
are as follows.

1) The shape of the toroidal field (TF) coils
was carefully reexamined. It appears that
with a minor modification of the radius of
curvature, the oval shape is a viable
choice. .

2) The fabrication of the coils was simplified
by using L-shaped structural segments, each
enclosing several conductor conduits. The
number of welds has been greatly reduced,
resulting in significant savings in both
fabrication time and cost.

3) The conductor cooling paths were short-
ened and the protection problem eased
(discharge voltage lowered) by running
four conductors in parallel. The series
current is then increased from 20 to 78
KA.

4) The composition of the conductor cable
was optimized with respect to stability
using a new theory.

5) Improved theoretical understanding of
the stability of forced-flow-cooled
conductors allowed us to specify quanti-
tatively allowable sudden and gradual
heat inputs for a given conductor at a
specified temperature and field.

6) The required pumping power was minimized
with no sacrifice in stability margin.
This was achieved by flowing the helium
more slowly in layers where the field is
lower so ac to retain the came stability
margin,

7) Evaluations were made of ac losses in
the TF coils. Because the pulsed fields
have components both perpendicular and
parallel to the conductor, there is an
optimum choice of filament twist pitch.

8) Extensive discussion on the position of
the shield vertical field (S-VF) coils
has resulted in their being left inside
the TF coils.

9) The poloidal field (PF) coils have been
moved to decrease further the stored
energy and the ampere turns required.

10) Several possible schemes for connecting
the ohmic heating (OH) coils were dis-
cussed in an attempt to find an accept-
able compromise between the conflicting
goals of low series current and low in-
ductive volitage during the heating pulse.

11) Calculations of ac losses in the PF coils
were made by taking into account the de-
tailed behavior of the magnetic field
ingide the windings.

12) Flow paths of the helium through the OH
cnil central snlennids were determined
and the pumping power calculated.

13) A protection scheme for the TF coil using
external dump resistors and active switch-
ing was examined in detail. Satisfactory
thermal excursions, terminal voltages, and
mechanical loads can be achieved by con-
necting the TF coils in several parallel
loops and isolating and discharging only
the quenching coils. The protection
problems associated with the PF coils
were also examined.

14) The refrigeration cycle for forced flow
Tneludes a cold pump lToop. Some experi-
mental data on cooling of a cable by su-
percritical helium in forced flow are
available to incorporate in updated esti-
mates of refrigeration load.

16) Various schemes were studied for storing
and transferring the energy of the OH
coils; however, a satisfactory scheme has
not been identified, and the matter re-
quires more extensive study.

In short, the key features of the original
reference design are judged to be satisfactory.
The honeycomb coil structure and forced-flow-
cooling by supercritical helium in a conduit re-
main as key features of the TF coils. It is
worth noting that the modified structure can also
be used with pool-boiling or convectively cooled
conductors. Forced-flow-cooled conductor cable
is recommended for both PF and TF coils. No
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insurmountable problems were identified in the

magnet systems, including their protection,

structural integrity, and long-term reliability.
Qak Ridge Tokamak Experimental Power
Reactor Study —1976.1 J. W. Lue (ed.),

J. K. Ballou, R. L. Brown, R. B. Easter,
C. G. Lawson, W.C.T. Stoddart, H. T. Yeh.

This part of the ORNL EPR composite report
documents last year's design effort in the magnet
systems. The discussion covers both the toroidal
field (TF) coil system and the poloidal field
(PF) coil system. Consideration of coil support
structure, cryogenic requirements, and power
supplies is-included. Particular attention is
also paid to the protection scheme of both TF
and PF coils. The conductor design is based on
forced-flow supercritical helium-cooled cable in
conduits. A hybrid system is proposed for the
TF coil system; it uses NbsSn in the high
field region for a designed maximum field of
11 T, and NbTi in the low field region. Con-
ductor stability analysis in the forced-flow
scheme is discussed. Coil connection options
to obtain desirable current and voltage rating
in PF coils are described. The refined design
of the magnet systehs is more self-consistent
in every respect. '

Toroidal Field Coil System of the Qak Ridge

EPR Reference Design.2 J. W. Lue and J. N.
Luton.

A refined design of the toroidal field
(TF) coil system for the Oak Ridge Tokamak
Experimental Power Reactor (EPR) study is pre-
sented. This design is based on cable con-
ductor cooled by forced-flow supercritical
helium. It uses superconducting multifila-
mentary NbsSn for a maximum design field of 11
T at the coil windings. A hybrid system which
uses NbTi at low field regions i$ recommended.
The coil structure consists of stainless steel
segments welded together to form a continuous
stiff honeycomb. Conductor optimization and
stability analyses specifically applicable to
the forced-flow-cooled conductors are given.

1.1.2 Demo

A study has been made of the feasibility of
using resistive coils to generate the toroidal
magnetic field in a demonstration reactor. The
design parameters used were: plasma major
radius of 6 m, coil ID of 5 m, radial build of 2
m, and axial build of 1.4 m. The on-axis
toroidal field was 4.2 T. The 18-member coil
set, if resistive, would consume half the total
electrical output of the plasma. When the power
demands of other coils (such as OH and PF coils)
and the power to drive the neutral beam in-
jectors are considered, it becomes obvious that
most of the coils will have to be superconducting.
The cost of a resistive toroidal coil set was
estimated to be about 350 x 105 dollars for
about 8.75 x 105 kg (17.5 x 108 1bm) of copper.
It appears that some advantage could be gained
from optimized geometry and reallocation of
space, but a totally resistive coil set still re-
mains unattractive on a purely economic basis.

Future studies will center on interfacing
resistive and superconducting coils as well as on
designing the superconducting coils.

1.1.3 INS

During the initial phase‘of The Next Step
(TNS) TF magnet study, we supplied design crite-
ria and machine parameters and identified fea-
sible options for trade-off studies for the
Westinghouse design team. We have revieWed and
will continue to review their design and analysis
studies. In these coordinated efforts, we have
identified feasible designs for various TNS op-
tions which bracket physics uncertainties. Four
different TF coil designs are being considered in
the trade-off studies, namely: TNS-1, a water-
cooled copper coil with Bmax =12 T; TNS-2, a
superconducting NbTi coil with Bmax = 8 T; TNS-3,
a superconducting NbjSn coil with Brax * 12 T;
and TNS-4, a hybrid NbTi/copper coil with Bmax
between 8 and 12 T. A trade-off study model,
which represents subsystems in detail with a



consistent physics and engineering rationale,
has been developed.

In order to ensure a firm engineering basis
in the calculation, the design of the supercon-
ducting windings has been adapted to suit the TNS
operation. For example, because of the low duty
cycle and high nuclear heating pulse of the TNS
machine, pulsed operation of the helium flow is
proposed. The coil is to be pancake wound and
the supercritical helium is to enter through the
inner, high field turn and exit from the outer,
low field turn. At the start of the plasma burn,
the helium flow rate is increased so that the
nuclear heat accumulated during the helium tran-
sit time through the first turn is kept below the
superconductor stability margin. Additional
stability margin is obtained when the helium
reaches outer, lower field turns. As soon as the
plasma burn stops, the helium flow can be reduced
to just maintain stable magnet operation. By
operating in this manner one can use a thin
shield and still consume relatively little
pumping power.

It has also been found that by operating
the helium at a lower temperature and higher
pumping power, a magnet designed for a given
field can be extended to higher fields while
maintaining the same stability margin —
assuming, of course, that the structure has
been designed to withstand the higher mechan-
ical load.

1.1.4 LCP

The Large Coil Program (LCP) is a sepa-
rately funded project, the goals of which are to
provide tested designs for. the TF coils of fu-
ture generations of tokamaks and to encourage
development of an industrial base for the manu-
facture of such coils. The LCP is supported by
the technical efforts of the Superconducting
Magnet Development Program (SCMDP). This effort
is supplied from any group of the SCMDP as the
need arises; in 1976 it was equivalent to two
men full time. The SCMDP support of the LCP
occurred in four main areas: technical super-
vision of the ERDA contracts for EPR TF coil

studies; drafting of a Program Plan for LCP;
preparation of a Request for Proposal for the
LCP test coils; and preparation of a major
Project Proposal for the LCP test facility.

ERDA intended to fund three industrial
contracts for conceptual studies of TF magnets
for EPR, and more than three proposals were
reviewed. The SCMDP helped evaluate the pro-
posals, gave technical advice to the contrac-
tor selection committee, contributed to the
orientation meeting held for potential con-
tractors, and helped evaluate the three interim
and final reports.

The SCMUP assisted in the preparation ot
the LCP Plan by proposing a testing configura-
tion and size-scaling relations. The Program
Plan, recommending testing at ORNL in a compact
torus configuration, was approved by DMFE.
SCMOP ais0 participated 1n the LLP Workshop 1n
June.

To ensure wide industrial participation and
a variety of candidate designs, the LCP re-
quested proposals from industry for the con-
ceptual design, detaiied design, and construc-
tion ot a test coil. The SCMDP assisted in
preparing this Request for Proposal, particularly
the section on required design and performance
tharacteristics.

Work 1s under way to define the LCP test
facility and to prepare a major Project Proposal
for submission to ERDA. SCMDP personnel are
participating in the effort, especially in set-
ting the testing requirements and schedule and
in matching the operation of the facility to the
preexisting SCMDP helfum refrigerator.

1.1.5 EBTR

In support of the EBTR Reference Design,3,%
two versions of the magnet system were designed.
One had 48 coils with a major radius of 60 m
(EBTR-48), and the other had 24 coils with a
major radius of 24 m (EBTR-24). Aside from the
plasma constraints, the main goal was to design
coils which could be built with existing tech-
nology. The main features of the design are as
follows.



Conductor design

Monolithic NbTi superconductor was used.
The average current density in the winding is
1500 A/cm?; the peak field is 7.3 T. The con-
ductor is cryostatically stabilized by soldering
the NbTi-Cu composite to formed copper strips
with punched slots that facilitate cooling.

Majnet design

The magnets are circular, pancake wound,'and
cooled by liquid helium in natural convection.
As long as the ratio of major radius to the num-
ber of coils is fixed, the field strength pro-
duced by modular magnets of the same size is not
sensitive to the size of the reactor. Thus, an
important feature and advantage of an EBTR is
that modular magnets may be used in reactors of
different sizes and power ratings.

Protection

To ensure adequate protection by reducing
the terminal voltage during discharge, a high
operating current (25 kA) is used and four
conductors (each carrying 6.25 kA) are con-
nected in parallel. To avoid problems of
uneven distribution of current, a spiral
winding technique has been adopted. Voltage
taps are used on each coil as the main quench
detection device. Pickup coils on the current
leads of the power supplies are used to com-
pensate for the inductive voltage. External
dump resistors are used as heat sinks.

1.1.6 EBT-II

Preliminary designs for a toroidal array
of superconducting magnets for the proposed
ELMO Bumpy Torus-II (EBT-II) plasma experiment
have been developed to meet the following
criteria provided by the High Beta Plasma
Section:

- maximum field on

torus minor axis 6.0 T
« minimum field on

torus minor axis 3.0°7
= mirror ratio 20T

« €01l inneér radius i9.2 ¢ (b in.)

» x-ray heat load 1.0 W/coil.

The number of coils was to be maximized and the
major radius minimized.

EBT-II has a very large aspect ratio and
coil spacing compared to the TF coils of
tokamaks, and the coils have only a small
field asymmetry (about 2%). Therefore, in
contrast to tokamak coils, the EBT-II coils
can be axisymmetric and still have a favorable
{i.e., nonbending) stress distribution without
requiring special support precautions. The
design effort also attempted to minimize the
current density and the peak field in the
windings. The following results evolved:

- winding outside radius 25.4 cm (10 in.)
+ length 18.3 cm (7.2 in.)
+ winding cavity

current density 10 kA/cm?
« maximum field 8T
- number of coils 36

+ torus major radius 3.05 m (10 ft).

Several analytic studies of the behavior of
these magnets have been carried out, and it ap-
pears that the magnet system can be manufactured
without encountering severe development problems.
Some gquestions still remain about which design
will yié]d the most reliable magnet system.
Therefore, we intend to build four prototype
coils, each of a different design, and test them
to find the most reliable. The four magnets will
be of the following types:

1) potted: NbTi in helium at subatmospheric
pressure, .

2) potted: hybrid NbTi-Nb3Sn in helium at
atmospheric pressure,

3) unpotted NbTi,

4) unpotted hybrid NbTi-NbsSn.

The thermal studies indicate that the potted NbTi
coils can operate at the estimated x-ray heat
load; however, there is considerable doubt about
the size of this heat load and about the thermal
diffusivity of the coil, so the unpotted, venti-
lated prototypes are included. Potting was con-
sidered because of possible turn slippage due to
(1) the 2% field asymmetry and (2) the possible



addition of supplementary coils that would pro-
duce complicated stress patterns. The stress
analysis systematically considered the problems
of winding tension, bobbin thickness, and ther-
mal contraction on cool-down, and it was con-
cluded that the maximum hoop stress would be 90
MPa (13 ksi). The heat input to a coil due to
superconductor hysteresis effects if its netigh-
bor were to quench was calculated to be 11.7 J
total, with a peak value of 980 mJ/cm3. The
maximum temperature reached in a quench was
calculated to be 75 K, a safe value.

1.2 SMALL SCALE EXPERIMENTS

1.2.1 Pulsed Parallel Field

A series of experiments was carried out to
examine losses in twisted multifilamentary
composite superconductor when it is exposed to
transient magnetic fields applied parallel to
the longitudinal direction of the conductor.
The usual practice of twisting the filaments of
a composite conductor about its axis to decouple
them from transient transverse magnetic fields
enhances coupling (and thus the losses) in the
presence of time-varying parallel fields. The
TF coils of tokamak devices will be exposed to
both transverse and parallel components of
pulsed magnetic field over parts of their
windings.

The most recent experimental results were
reported by Miller and Shen at the 1976 Applied
Superconductivity Conference in Palo Alto.

This work demonstrated the difficulty of sat-
urating the filaments of larger conductors
when they carry no current and the ease of
saturating the same conductors when they carry
current near the critical value. Of course
the latter case is the important one because
any TF coil will be designed to operate at
some large fraction of the critical current.

Because the interest of our program lies
naturally with larger conductors, apparatus
capable of examining larger conductors has
been designed and is under construction. As in
previous apparatus, the test conductor will be

exposed to pulsed parallel fields by placing
it inside a torus. Previously, however, the
test conductor was wound into a thin solenoid
and the torus was wound around it. In the
apparatus being constructed, the torus is
wound around a spool which can be rotated via
a chain and sprocket to pull the test con-
ductor in from the outside; thus, the torus
need not be destroyed every time the sample is
changed.

The torus windings of the new apparatus
will be superconducting to allow a ramp and
hold of the parallel fleld. The waxinm parallel
field component should be about 1.5 T and the
maximum ramp rate should be about 3 T/sec if we
use an available 30-V, 500-A motor-generator set
to charge the torus. Controls for the set have
already been designed and are ready for con-
struction. The torus will initially be operated
in a dewar inserted in a water-cooled copper
solenoid that will provide a 6-T transverse field
at the test conductor. Current to the test con-
ductor will be provided through 5000-A, vapor-
cooled leads.

1.2.2 Propagation and Stability Tests

Conductors cooled by boiling helium

Last year, calculationg of propagation
velocities that took into account current sharing
and the temperature variation of the material
properties of matrix and superconductor were
carried out. These calculations were based on
the restrictive assumption of a constant heat
transfer coefficient. This year, this restric-
tion was dropped, and full account is now taken
of the temperature variation of the heat trans-
fer at a copper-helium surface in the nucleate-
boiling, transition, and film-boiling ranges. A
new numerical method was developed to carry out
the calculations. Comparison of the calculations
with earlier measurements of Miller and Donald-
son3 indicates the need to include the effects
of transient heat transfer in the calculations
in order to achieve agreement between theory
and experiment. An account of this work has
been published in Cryogenics.



Measurements were undertaken to determine
the stability of various composite conductors in
realistic coil environments. The velocity of
propagation or contraction of normal zones, the
full recovery current, and the minimum propagat-
ing current were measured. The dependence of
these quantities on background field, transport
current, electrical insulation, cooling passage
size and orientation, and proximity of other
conductors was examined. The measured velocities
of propagation were compared with those calcu-
lated with the theory mentioned above, and good
agreement was achieved once an allowance was
made for transient heat transfer. This work
was described in a paper given at the 1976
Applied Superconductivity Conference.

Propagation of Normal Zones in Composite
Superconductors.® L. Dresner. This paper
describes calculations of propagation velocities

of normal zones in composite superconductors.
Full account is taken of (1) current sharing,
(2) the variation with temperature of the thermal
conductivity of the copper matrix and the specif-
jc heats of the matrix and the superconductor,
and (3) the variation with temperature of the
steady-state heat transfer at a copper-helium
interface in the nucleate-boiling, transition,
and film-boiling ranges. The theory, which
contains no adjustable parameters, is compared
with experiments on bare (uninsulated) con-
ductors. Agreement is not good. It is con-
cluded that the effects of transient heat
transfer may need to be included in the theory
to improve agreement with experiment.
Investigation of Stability of Composite
Superconductors in Typical Coil Configurations.”
J. R. Miller, J. W. Lue, and L. Dresner. The
stability of various composite conductor de-

signs in realistic coil environments has been
examined. We measure the velocity of propa-
gation or contraction of a normal region, the
full recovery current, and the minimum propa-
gating current in a coil segment. We examine
the dependence of these measurements on back-
ground field, transport current, electrical
insulation, cooling passage size and orienta-
tion, and proximity of other conductors.

Comparison of experiment and calculation provides
indirect information about local heat transfer .
to the helium bath and direct information

about safe operating current limits for par-
ticular coil designs.

Forced-cooled conductors

A computer program was written last year
to calculate the temperature-time history of a
uniformly pulse-heated NbTi-Cu conductor
cooled By supercritical helium in forced con-
vection. Using this program, one could find
by trial and error the maximum sudden heat
addition (AH) that still allowed recovery of
the superconducting state. This year the
progam was improved by .eliminating the trial
and error feature, which resulted in an order of
magnitude increase in the speed of the program.
The faster running of the program allowed AH
to be maximized by factorial search with re-
spect to simu]taneoué variation of the helium
volume fraction and the copper-to-superconduc-
tor ratio. Conductors with AH so maximized
are called stability-optimized conductors;
the use of these conductors in magnet design
minimizes pumping power and pressure drop for a
preassigned stability level AH. The design
method based on these considerations was de-
scribed in a paper given at the 1976 Applied
Superconductivity Conference. Practical use of
the method has already been made in aiding selec-
tion of forced-cooled conductors for purchase by
the Magnetics and Superconductivity Section.
Stability-Optimized, Forced-Cooled, Multi-
filamentary Superconductors.® L. Dresner. A

numerical program has been written to calculate
the temperature-time history of a uniformly
pulse-heated composite superconductor cooled by
supercritical helium in forced convection. The
program determines the maximum sudden temperature
rise from which the conductor can still recover
the superconducting state. The program includes
the effects of (1) current sharing, (2) the tem-
perathre variation of the specific heat of both
the matrix and the superconductor, and (3) the
temperature variation of the heat transfer co-
efficient. Using this program, one may optimize



forced-cooled conductors with respect to sta-
bility by simultaneously varying the copper-to-
superconductor ratio and the metal~to-helium
ratio. Use of stability-optimized conductors
allows a given stability level to be maintained
for a particular field and bath temperature and
the pressure drop and pumping losses to be
reduced.

1.2.3 Conductor Design and Tests

conductor designs

NbTi conductor. Early this year a study of
TF conductors was undertaken. A set of basic
criteria covering operating current, ac losses,
stability, mechanical properties, and insulation
requirements was established. Several conductor
designs were proposed, and four of these — three
pool-boiling and one forced-flow — were analyzed
in detail and were shown to meet the projected
needs of tokamak machines.

This study showed that the conductor ge-
ometry is strongly affected by ac loss require-
ments. They can be most easily met by using
some form of cabling technique. The question of
how this form of conductor construction affects
stability was investigated by Fietz and Dresner,
who examined current transfer between strands
in a cable which were coupled either inductively
or by a resistive matrix. Dresner studied the
effect of the resistive matrix on stability in
cab]gs, some of the strands of which were com-
posite supérconductors and the remainder of
whjch were pure copper.

As a result of these studies a specifica-
tion (ORNL-7D-SP#192) detailing the perfor-
mance expected of TF conductors was prepared.
This specification formed the basis of a re-
quest for quotation (RFQ) that was submitted
for competitive bidding. The RFQ did not
specify conductor design, but asked the manu-
facturer to propose his own design, analyze
it, and bid on a fixed price basis. In order
to stimulate interest and innovative design,
it was stated that ORNL might purchase other
conductors in addition to the low bid if they
were of sufficient interest. To guide the

manufacturers, Fietz presented some conductor
designs and analyses at the 1976 Applied .
Superconductivity Conference.

After receipt of conductor proposals in
response to the RFQ, two pool-boiling conduc-
tors were ordered. Six hundred meters of each
conductor (rated at 10,000 A in a perpendicu-
lar magnetic field of 8 T) were requested.

Negotiations were also initiated for further
development work on two forced-flow conductors
and one additional pool-bojling conductor.

Nb;Sn conductor. A mechanical testing
program was carried out with the Metals and
Ceramics (M&C) Division to characterize avail-
able multifilamentary NbgSn. This program is
described under the mechanical testing section.

Material which had previously been pur-
chased in the form of a 7-strand cable was
heat treated to optimize its performance, and a
forced-flow NhySn conductar was designed on
the basis of this cable. Initial experimental
work necessary for its fabrication was performed.

A length of fine, unreacted multifilamen- -
tary NbySn wire was purchased for evaluation
in pulsed coil operation. The preliminary de-
sign was completed for its use in a pool-boiling
hybrid coil with NbTi cable in the low field re-
gions and Nb3Sn cable in the high field regions.

Discussions were begun with vendors for
develapmental wnrk in the manyfacture of NbySn
forced-flow conductors for TF coils.

High Current Superconductors for Tokamak
Toroida) Field Coils.? W. A, Fietz. Conductors
rated at 10,000 A for 8 T and 4.2 K are being
purchased for the first Large Coil Segment tests
at ORNL. Requirements for these conductors, in
addition to the high current rating, are low
pulse losses, cryostatic stability, and accept-
able mechanical properties. The conductors are
required to have losses less than 0.4 W/m under
pulsed fields of 0.5 T with a rise time of 1 sec
in an ambient 8-T field. Methods of calculating
these losses and techniques for verifying the
performance by direct measurement are discussed. :
Conductors stabilized by two different cooling ¥
methods, pool-boiling and forced helium flow,
have been proposed. Analyses of these conductors




are presented, and proposed definitions and tests
of stability are discussed. Mechanical property
requirements (tensile and compressive) are de-
fined, and test methods are discussed.

Mechanical tests

The studies of multifilament superconduc-
tors under mechanical load which were begun last
year have continued through most of 1976. NbTi
superconductors with both copper and aluminum
matrixes have been studied, as well as a number
of Nb3Sn cables and monolithic conductors. The
results of this work have been reported in the
literature. '

Evidence has also been found for thermo-
mechanical heat generation in NbTi composites.
Preliminary results and calculations indicate
that this heating may be comparable in magnitude
to that due to magnetic hysteresis for a poloidal
coil system. ,

The following are abstracts of papers pub-
lished during the past year. (Other presentations
were also given.10-13)

Performance of Multifilamentary NbiSn

Under Mechanical Load.l* D. S. Easton and R. E.
Schwall, The critical current of a commer-

cial multifilamentary Nb3Sn conductor has been
measured under the application of uniaxial ten-

sion at 4.2 K and following bending.at room
temperature. Significant reductions in Jc

are observed under uniaxial loading. Results
are presented for a monolithic conductor manu-
factured by the bronze-diffusion technique and
for cable conductors formed by the tin-dip
technique.

Thermomechanical Heat Generation in
Copper and a Nb-Ti Superconducting Composite.l5
n. S. Easton, D. M. Kroeger, and A. Moazed.
Heat generation via tensile stresses in both

purc copper and a superconducting Nb-Ti com-
posite was studied at 300 and 4.2 K. Linear
thermoelastic behavior was found at room tem-
perature but not at 4.2 K. At 4.2 K, stress
levels on the order of 88 MPa and 0.1% strain
produced energy losses of 1-2 x 105 J/m3.

When stress-cycled under adiabatic conditions,

the composite showed a temperature increase
with each cycle as a result of nonlinear
(hysteretic) stress-strain behavior.
Stress-Induced Heating in Commercial
Conductors and Its Possible Influence. on Magnet
Performance.l® D. M. Kroeger, D. S. Easton,
and A. Moazed. Calorimetric measurements show
that significant amounts of heat are generated
when a multifilamentary composite conductor is
stressed in tension to levels expected to '

occur in large, high'fie1d mégnet systems.

When the stress on the condubtor is repetitively
cycled between zero and some maximum value,

the amount of heat produced per cycle is con-
stant after the first few cycles. Comparison

is made between calorimetric determinations of

heat injections and the work done on the
specimen as indicated by stress-strain cufves.
Stress-strain curves for a number of commer-
cial conductors indicate that the most impor-
tant determinant of the magnitude of this
effect is the choice of matrix material.

Measurement facilities

A short sample test facility comprising a
2000-A sample holder and a 7.9-T, 10-cm-bore,
NbTi solenoid was put into operation for routine
conductor testing. An additional 5000-A sample
holder was constructed for testing conductor in
the 8-T, 16-cm-bore, water-cooled copper sole-
noid. Conductor was purchased and tested and
preliminary design completed for a 15-cm-bore,
5-cm-gap, split solenoid. The coil is designed
to produce a central field of 7.8 T with the help
of iron pole pieces. The maximum field in the
windings will be 7.0 T. Clear access of 1-7/8
in. diam will ‘be sufficient for testing of all
conductors of LCS size.

1.2.4 Pulse (Poloidal) Coils

Poloidal field coil development by the
SCMDP has been initially directed toward those
aspects of the PF system which are device- ‘
independent, i.e., those areas in which work can
be pursued independent of the detailed design of
TNS. Given the limited resources available



10

within the SCMDP for PF coil work, we feel that
this approach has provided and will continue to
provide the most usable information from the
effort being expended.

Loss measurements

A pulse loss measurement system was complet-
ed. The system consists of fiberglass dewars,
ramp power supply, Rogowski coils, and a PDP-12
computer. Test data are recorded and analyzed
digitally. The method yields not only the total
energy loss but also the loss voltage waveform.
Measurements have been pertormed on three dif-
ferent. pulise cail systems.17

Discharging magnets may be a useful way of
operating the poloidal coils in a tokamak fusion
reactor. A discharge test has been performed on
one pulse coil. The results have shown that the
magnet can be discharged from 6.2 T at a rate of
10 T/sec without going normal. Filamentary
hysteresis losses, coupling losses, eddy current
losses in normal metal, and losses due to con-
ductor motion have been individually identified
and measured.

Pulse Loss and Voltage Measurements on
Superconducting Magnets.l® S. S. Shen and H. T.
Yeh. This paper describes an electrical
method for measuring pulse losses and compensated
voltage in superconducting magnets. Test results
from two pulsed solenoids were recorded and

analyzed digitally by computer.
loss performance on Bmax and B is studied.
effects of conductor motion and presencevof
normal metal on the loss performance are also
discussed.

Experimental Simulation of Pulsed Field .
Losses in Tokamak Toroidal Field Coils.!®
J. R. Miller and S. 5. Shen. Experiments have
been carried out to measure loss in a twisted

Dependence of
The

multifilamentary composite superconductor when
exposed to a transient longitudinal field. We
investigated the variation of losses both as a
function of transverse applied field and of
Losses are probed
mainly by measurement of the dynamic resistivity
of the sample during the longitudinal pulse.
Experimental results are compared with theories

sample transport current.

The
extension of theory to include transport current

for the zero transport current case.

is also discussed, and the impact on tokamak
toroidal field coil design is considered.

Quench detection

A fault detection and protection scheme
has been suggested, based on measurements of
instantaneous Toss voltages. Such a scheme
has also been designed for the toroidal.coil

system of the EPR.20

Loss calculations in coils

A comptiter code named PLASS has been
developed to calculate composite conductor
losses in pulsed poloidal systems of tokamak
machines.

A Computer Program to Calculate Composite
Conductor Losses in Pulsed Poloidal Coil
Systems.2l W. H. Gray and J. K. Ballou. 1In
the design of the cryogenic system and super-

conducting magnets for a poloidal field system
in a tokamak fusion reactor, it is important
to have an accurate estimate of the heat pro-
duced in the superconducting magnets as a re-
sult of the rapidly changing magnetic fields.
Until recently, this estimate was obtained by
assuming that the field and the time rate of
change of the field were constant throughout
the coil windings. A more accurate method of
estimation involves integrating the losses

over the coil windings, thus taking into account
the spatial variation of the magnetic field. A
computer code, PLASS (Pulsed Losses in Axisym-
metric Superconducting Solenoids), has been
written to perform this integration.

PLASS has been used to analyze the present
design for the poloidal coil system of the ORNL
Experimental Power Reactor (EPR). This design
requires that superconductor hysteresis losses,
superconductor coupling losses, stabilizing
material eddy current losses, and structural
material eddy current losses be taken into con-
sideration in the calculation of conductor
losses. A tabulation of individual losses vs
variations in superconductor characteristics and
coil current changes is presented to demonstrate



the parameters which significantly affect the
design. Results indicate that the total energy
release into the cryogenic system is less than
one-half of that predicted by the previously
oversimplified calculation.

An Estimate of Thermbe]astic Heat Production

from Superconducting Composites in Pulsed
Poloidal Coil Systems.22 J. K. Ballou and W. H.
In the design of the cryogenic system and
superconducting magnets for the poloidal field
system in a tokamak, it is important to have an
accurate estimate of the heat produced in super-
conducting magnets as a result of rapidly chang-
ing magnetic fields. A computer code, PLASS
(Pulsed Losses in Axisymmetric Superconducting

Gray.

Solenoids), was written to estimate the contri-
butions to the heat production from superconduc-
"tor hysteresis losses, superconductor coupling
losses, stabilizing material eddy current losses,
and structural material eddy current losses.

Recently, it has been shown that thermo-
elastic dissipation in superconducting composites
can contribute as much to heat production as the
other loss mechanisms mentioned above. We dis-
cuss a modification of PLASS which takes into
consideration thermoelastic dissipation in super-
conducting composites. A comparison between
superconductor thermoelastic dissipation and the
other superconductor 10ss mechanisms 1s presented
in terms of the poloidal coil system of the ORNL
Experimental Power Reactor Design.

Pulse coils

Two new coils were constructed to achieve
maximum rate of rise in a design that would be
scalable to large sizes.

ORPUS-1. ORPUS-1 (Oak Ridge Pulsed
Solenoid), a reinforced, highly ventilated
solenoid wound from copper-matrix, formvar-
insulated, NbTi compacted cable, has been con-
‘structed and tested. The coil attained the
design field of 4 T and can be charged'at 2
rate of 2 T/sec (1imited by the power supply
only).

ORPUS-2. ORPUS-2, with the same structure
as that of ORPIS-1, has been wound frnm'solder-'

filled NbTi compacted cable. A number of

n

Solenoid.23

heaters and voltage taps are embedded in the

windings so that normal zone propagation can

be studied and the recovery current determined.
ORPUS-1 — A Pulsed Superconducting

R. E. Schwall.

reactors presently proposed require very

The tokamak fusion

large, pulsed, superconducting magnets for
plasma breakdown and ohmic heating. These
magnets are unique in their simultaneous re-
quirements of high maximum field (B = 7 T),
high charging rate (B = 7 T/sec), and bipolar
operation. This paper describes the first of
a series of magnets designed to develop the
needed pulsed magnet technology.
ORPUS-1 is an 8-cm-bore, 25-cm-long
solenoid wound of 11-strand, copper-matrix
NbTi cable. The coil is designed to operate
at 4.2 T at 2000 A and to be charged at 4 T/sec.
With the exception of cowound stainless
steel reinforcement, the structure is entirely
nonmetallic. The coil is not potted and more
than 50% of the conductor surface is exposed
to helium. Data on dc and pulsed performance
and on heat generation during pulsed operation

are presented.

1.2.5 Instrumentation

Instrumentation work has been directed
mostly toward mechanical and electrical mea-
surements and data acquisition. Accomplish-
ments include the development and evaluation
of needed transducers that are not commercially
available and the design of systems around data

handling dévices that are commercially available.

Mechanical measurements

Linear displacement transducers. Five
moving coil differential transformers (MCOT)
were fabricated and calibrated. Three of these

uhit; were installed and operated satisfactorily

in the three-coil cluster test of the Princeton
Large Torus TF coils at Princeton Plasma Physics
Laboratory. As previously reported (period

_ending June 1, 1976) the MCDT exhibited a 1%"

increase in output when it was axially aligned.
parallel to a b-1 magnetic field and excited at



10 kHz by a commercial carrier amplifier-demodu-
lator having a 4-Q carrier output. This was due
to vibrations of the transducer's windings
caused by Lorentz forces. More recent experi-
ments revealed that because of effective changes
in the reactance of the primary winding, this
error became larger and somewhat unpredictable
when the transducer was excited by a 600-Q
source. The phase-angle dependence of this
error signal was then determined, and a method
was devised for reducing it to within $0.3% for
any field up to 7.5 T at either ambient temper-
ature or 4.2 K. A method was devised for cor-
recting the transducer's temperature coeftficient
to within 1% for operation at either ambient
temperature or 4.2 K.

Eddy current displacement transducer. An
eddy current displacement transducer (ECDT)
was developed to serve as a miniaturized
comparison to the MCDT.

Its intended uses are
to measure small linear displacements in coils
and to serve as a sensing device for bellows

deflection in liquid helium pressure transducers.

It differs from the MCDT in that the sensitive
element is a copper (or other highly conductive
nonmagnetic metal) slug, movable within two

The
physical size of the first prototype is 0.95-cm
diam by 5.1-cm length, the gaging range is 7.5
mm (£3.75 mm), linearity is $2.5%, and sensitiv-
ity is 400 mV/mm.
tested in intense magnetic fields under liquid

opposing coils operating at 2.7 Miz.

The device has not yet been

halium.
Expendable eddy current proximity
transducer. An expendable eddy ctrrent

proximity transducer has been developed for
noncontacting measurements of small mechanical
displacements in very high magnetic fields at’
ambient as well as cryogenic temperatures. It
is intended for use in conductor motion
studies and as a sensing element for diaphragm
deflection in liquid helium pressure trans-
ducers. It is basically a modification of an
earlier ORNL development (U.S. Patent No. 3-
609-527) and differs from most of the commer-
cial proximity transducers by containing no

ferromagnetic material. It operates with the
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The
sensitivity (dc output) of the prototype was
150 mV/mm over a gaging range of 6.4 mm with
a linearity of £1.3%.

same electronic module used for the ECDT.

It is suitable for use
with any high conductivity metal surface such
as copper or aluminum. It has not been tested
in high magnetic fields under liquid heljum.
Strain gages and cements. Platinum-

tungsten gages were investigated for use in

magnet testing and were found to have a con-
siderably lower dR/dT at 4.2 K than Karma

alloy gages.
for low magnetoresistance and mechanical

These gages need to be tested

hysteresis befure they are fully qualified
for magnet use, however. Two strain gage ce-
ments, AE10 and AE15, ubtained frum Micru-
Measurements Corporation, were found to be
satisfactory for cryogenic use. They have the
advantage of not requiring a high temperature
cure, which is not feasible with large test
pieces (e.g., large magnets).
Liquid helium pressure and flow. A

product search for pressure and flow trans-
ducers suitable for use with liquid helium was
conducted. While a few commercial devices
appeared promising, none was found which
clearly met all the requirements. Therefore,
the development of a differential pressure
transducer for use in intense magnetic fields

was begun.

Electrical measurements

Coil eurrent. A Rogowski coil with a novel
cuaxial bus drrangement Fur medsuring JdI/7dT in <
magnet coil was developed. The current flows
through the center and back around the outside
of the Rogowski coil in the coaxial bus to cancel
the external field which would otherwise be
induced. The entire device is enclosed in a
heavy magnetic shield, the effectiveness of which
is maximized by the cancellation of the induced
external field. A prototype embodying the con-
cept was fabricated and is in use in the pulsed
coil program, where the amplified output of the
Rogowski coil is subtracted from the magnet coil
terminal voltage in order to yield the in-phase

signal. The concept is also intended for use in



toroidal coil tests where a similar subtraction
will be made in order to detect the IR drop in
normal zones.

Coil voltage. ‘A voltage tap signal con-
ditioning unit, quench detection circuit, and
dump control unit were designed and fabricated.
The voltage tap unit consists of a ten-channel,
high-voltage isolation amplifier system with
analog subtraction of dI/dT signals from
Rogowski coils. The quench detection circuit
produces a TTL logic signal when an IR signal
either instantaneously exceeds a preset high
level or exceeds a preset lower level for a
preset time. The dump control circuit takes the
output of the quench detection circuit and the
output of the comparators or other quench indi-
cators {e.g., pressure transducers), and initi-
ates a dump when given a TTL signal.

Data‘acquisition

A revised automatic data acquisition system
was designed after an earlier proposed system
was delayed by lack of capital fundiﬁg. The
revised system is designed to allow expansion to
handle the LCP by addition of parallel processors
with buffer memory. The parallel processors are
microcomputers (LSI-11 or equivalent). An A/D
unit on each of the outboard processors accesses
the memory directly in order to achieve the
necessary throughput.

A Moving-Coil Linear Variable Differential

Transformer.2% J. F. El1is and P. L.
Walstrom.

A moving coil linear variable differential
transformer with no ferromagnetic components
has been developed. The device retains all
the advantages of the conventional moving
coil linear variable differential transformer
(high sensitivity and high output signal, in-
finite resolution, excellent linearity, and
wide dynamic range) but is virtually unaffect-
ed by ambient magnetic fields up to 7.5 T.

The sensitivity of the device was measured to
be 18 mV/mm/V. Linearity was determined to

be £t0.1% and 1% over 1-cm and 2-cm gaging
ranges, reépective]y, when the transducer was
excited by a commercial carrier amplifier unit
at an excitation level of 5 V rms at 10 kHz.
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Controlled Thermonuclear Fusion Reactors.25
P. L. Walstrom.

Controlled production of energy by fusion
of light nuclei has been the goal of a large
portion of the physics community since the
1950's. In order for a fusion reagtion to
take place, the fuel must be heated to a tem-
perature of 100 million °C. At this tempera-
ture, matter can exist only in the form of an
almost fully jonized plasma. In order for the
reaction to produce net power, the product of
the density and energy confinement time must
exceed a minimum value of 1020 sec m™3, the
so-called Lawson criterion. Basically, two
approaches are being taken to meet this crite-
rion: inertial confinement and magnetic con-
finement. Inertial confinement is the basis
of the laser fusion approach; a fuel pe]lef,
imploded by intense laser beams from all sides,
ignites.
exist in a variety of geometries, rely upon

Magnetic confinement devices, which

electromagnetic forces on the charged particles
of the plasma to keep the hot plasma from ex-
panding. Of these devices, the most encouraging
results have been achieved with a class of de-
vices known as tokamaks. Recent successes with
these devices have given plasma physicists
confidence that scientific feasibility will be
demonstrated in the next generation of tokamaks;
however, an even larger effort will be required
to make fusion power commefcia]]y feasible. As
a result, emphasis in the controlled thermonu-
clear research program is beginning to shift
from plasma physics to a new branch of nucliear
engineering which can be called fusion engineer-
ing, in which instrumentation and control
engineers will play a major role. Among the new
problem areas they will deal with are plasma
diagnostics and superconducting coil instrumenta-
tion.

Cryogenic Instrumentation Needs in thé

ControTled ThermonucTear Research Program.Z26
P. L. Walstrom.

The magnet development effort for the con-
trolled thermonuciear research program will re-
qhire extensive testing of superconducting coils
at various sizes from small-scale models to



full-size prototypes. Extensive use of diag-
nostic instrumentation will be necessary to
make detailed comparisons of predicted and actual
performance in magnet tests and to monitor the
test facility for incipient failure modes. At
later stages of the program, cryogenic instru-
mentation will be needed to monitor magnet sys-
tem performanée in fusion power reactors. Mea-
sured quantities may include temperature, strain,
defiection, coil resistance, helium coclant
pressure and flow, current, voltages, etc. The
test environment, which includes high magnetic
fields (up to 8-10 T) and low temperature,

makes many commercial measuring devices in-
operative or at least inaccurate. In order to
ensure reliable measurements, careful screening
of commercial measuring devices for performance
in the test environment will be required. A
survey of potentially applicable instrumentation
is presented, along with available information
on operation in the test environment, based on
experimental data or on analysis of the physical
characteristics of the device. Areas where fur-
ther development work is needed are delineated.

1.3 LARGE COIL EXPERIMENTS

1.3.1 Large Lo1l Segment lest

The Large Coil Segment test was conceived
in 1976 as a test stand for the LCP-TNS genera-
tion of high current (10-20 kA) composite con-
ductors and for winding designs using these
conductors. It will provide essential data on
the 1imits of cryostability of these conduc-
tors on a physically meaningful scale and thus
will provide infermation which cannot ba
obtained by short sample or small magnet tests.

The facility is designed to accommodate test
coils up to v3 m in diameter of either mod{fied-
D, oval, or circular shape, with a winding cross
section of up to 12 x 20 cm with up to 60 turns.
The test coil winding will be subjected to a

total field of ~7 T over a 0.6-m length, the back-

ground field being provided by a set of super-
conducting NbsSn tape coils obtained from the
old IMP plasma physics facility and rearranged
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in a new configuration. The coils were success-
fully tested in their old configuration to 95%
of short sample critical current with no damage.
A bell-jar vacuum will be provided by a vacuum
tank salvaged from the ORMAK facility and modi-
fied by addition of a 1.22-m-diam cylindrical
extension at the top hatch of the 1id. The
tank, along with test coil, background coils,
and support structure, is shown in Fig. 5.1.

On October 1, 1976, a conceptual design and
proposal were completed by Design Engineering
and SCMDP personnel. The proposal was not sub-
mitted as a separate formal proposal because at
that time it was decided to includé the LLS
facility in the overall LCP facility. . The con-
ceptual design included field and force calcuia-
tions, mechanical structure design, cryogenic
design, electrical system design, vacuum system
design, a facility instrumentation design, and
an overall layout.

On the basis of conductors which were
ordered (see Sect. 5.2.3) or under considera-
tion, winding schemes for five test coils were
laid out. UDetail design of the coils and bob-
bins was initiated.

1.4 PROJCCTS BASCD ON DISCIPLINLCS

1.4.1 Prulecliun Analysls and Eddy Current
Calculations :

Protection analysis

Quench detection.2? An electrical method

tor measurement ot ac loss voltages has been
developed to compensate for the large inductive
voltages caused by charging and discharging of
magnets. A pirkup enil i< plared at the cyrrent
Teads of each power supply. Loss voltages as
small as 0.1% of the inductive voltage have been
detected. A

Coil interaction and protection. We have

studied the mutual interaction between toroidal
and poloidal coils during normal and fault con-
ditions and the effect of plasma discharge on
the first wall as a result of coil quenches.
Temperature rise, induced voltage, and mechanical
load on coils due to their mutual interaction
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have been computed. For the Qak Ridge EPR de-
sign, connecting symmetrically located TF coils
in groups and isolating and discharging only
the faulty coils result in satisfactory dis-
charge voltages and temperature rises in the
coil.

The Interaction and Protection of Super-
conducting Poloidal Field Coils and Toroidal
Field Coils in a Tokamak Experimental Power
Reactor.28 H. T. Yeh and J. W. Lue. The
protection problems of superconducting coils
in a large tokamak device are delineated.
Effects of the plasma discharge on the first
wall, the induced voltage, and the temperature
rise during the quench of a superconducting
coil, as well as the mechanical load on coils
due to their mutual interaction under normal
or fault conditions, are discussed.

Various
design choices and protection schemes are used
to ensure the integrity of the coils during

For the Oak Ridge EPR design, a scheme
of connecting symmetrically located toroidal
field coils in groups and isolating and dis-
charging the faulty coil only gives satisfactory
results.

quench.

Eddy current calculations

A 2-D computer code has been developed to
solve axially symmetricai eddy current problems,
including those in which iron is present.

Rapid relaxation is achieved by combining
coarse and fine lattices in the transition re-
gion between air and iron. The program can be
run interactively on a time sharing computer.

Eddy current codes have also been developed
for thin, nonmagnetic rectangular plates and
cylinders ot finite length. The transient eddy
current was found by solving the integro-
differential equation in the form.of a perturba-
tion expansion with separated time dependence.
No reference to field values outside the con-
The time variation of the
driving field is fitted by a polynomial in

ductor is required.
time. The effects of the boundary charges in
modifying the eddy current pattern are taken
into account.

A Two-Dimensional Relaxation Program for

Systems with Inhomogeneous Permeability.29
W. E. Deeds and C. V. Dodd.
is presented and explained which will solve

A computer program

axially symmetric eddy current problems, in-
cluding those with permeable media present. An
unusual feature is the combination of coarse and
fine lattices, which permits rapid relaxation of
coarse lattices in homogeneous regions to be
combined with more accurate calculations using a
fine lattice in the transition regions where
the permeahility varies. Although the actual
program 11sted is restricted to coils encircling
a coaxial metal rod, the program can be
modified to include any axially symmetric
configuration.

A Perturbation Expansion with Separated

Time Dependence for Eddy Current Calculations.30
K. H. Carpenter and H. T. Yeh.
solution to the eddy current integro-differential

A particular

equation is found in the form of a perturbation
expansion with separated time dependence. No

reference to field values outside the conductor
is required and a full three-dimensional treat-
Transient behavior of the

eddy currents is obtained by this method through
a technique of fitting the time variation of the

ment is maintained.

driving field with a polynomial in time. As an
example, the case of a thin plate of constant
conductivity i1s studied. The eddy current
distribution is obtained as a function of time
for the external magnetic field of a dipole
having ramp time dependence and with the dipole
axis perpendicular to the plate. The effects of
the boundary charges in modifying the eddy cur-
rent pattern are illustrated.

Eddy Current Calculations for Thin Cylinders
of Finite Length with Driving Fields of Ramp
Time Dependence.31 K. H. Carpenter and H. T.
Yeh. Eddy current density for a thin cylinder of
finite length is calculated for the case of a

driving field of ramp time dependence and dipole
spatial dependence, the dipole being at the cen-
ter of the cylinder. The calculations are made

by using a perturbation expansion of the eddy
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current integral equations with a polynomial
approximation to the time factor of the driving
The steady-state solution, presented as
an arrow plot, shows the effects of edge
charges fdrcing currents to remain within the

term.

conductor. The transient solutions show that
the entire geometrical pattern of the steady-
state eddy currents is approached uniformly in
the typical exponential manner of diffusion
equations. Typical transient curves are given.
A1l calculations are in normalized coordinates
to allow maximum flexibility in applications.
FORTRAN Programs for Transient Eddy
Current Calculations Using a Perturbation-
Polynomial Expansion Technique.32 K. H.
A description is given of FORTRAN
programs for transient eddy current calculations
in thin, nonmagnetic conductors using a
perturbation-polynomial expansion technique.

Basic equations are presented as well as

Carpenter.

flow charts for the programs implementing them.
The implementation is in two steps — a batch
program to produce an intermediate data file and
interactive programs to produce graphical output.
FORTRAN source listings are included for all
program elements, and sample inputs and out-
puts are given for the major programs.

1.4.2 Structural Analysis and Material Tests

Structural analysis

The structural anélysis'portion of the
program concerns itself with analysis of mag-
netic fields, electromagnetic forces, and
structural response of electromagnetic devices.
Major.accomplishments were achieved in five
areas:

1) the development and refinement of an
analytical solution for the mechanical
response of a transversely isotropic

“solenoid;

2) the implementation of computer code
GFUN-3D;

3) the completion of a photoelastic analysis
of TF coils;

4) the numerical approximation of supercon-
ducting losses in solenoids of the ORNL
EPR poloidal coil system by using the
finite element method; and

5) the implementation of the GIFTS-IV computer
code.

The details of these projects are discussed in-
dividually in the following sections.

W. H. Gray attended the GIFTS-IV workshop at
the University of Arizona during the week of
June 9, 1976. Subsequently, the GIFTS-IV comput-
er program was implemented on the FED PDP-10.

~ The GIFTS-IV system is a collection of program

modules operating on a unified data base (UDB)
designed to facilitate finite element analysis
It is
a significant improvement over its predecessor,
GIFTS-II.

ORNL participated in the meeting organized
py Brookhaven National Laboratory on structural

uSing modern data management techniques.

analysis needs in superconducting magnets: Five
ORNL staff members from the Fusion Energy,
Metals and Ceramics, and Engineering Divisions
W.C.T. Stoddart and W. H. Gray
represénted the Magnetics and Superconductivity

were present.

Section. Sessions were chaired by C. R. Brinkman
and W.C.T. Stoddart; Stoddart also presented an
overview of the ORNL magnet structural analysis
efforts.

The GFUN-3D computer program has been
acquired from the Rutherford‘High Energy Labora-
tory in Eng]aﬁd. This computer program will
perform a three-dimensional magnetostatic field
analysis including the nonlinear effects due to
ferromagnetic material. The code has been con-
verted to account for the differences in the ORNL
C. W.
Trowbridge and J. Simkin of Rutherford Laboratory

and Rutherford computational environment.

assisted W. D. Cain in the implementation and
check-out of this code. It is currently being
used to calculate the influence of iron on the
magnetic field of several electromechanical de-
vices under design at ORNL.



D. L. Levine and W. H. Gray modified the
STANSON-II33 computer program to augment the
output with a sequence of computer plots which
present the computed values in a concise form.
The augmented version of the code is referred
to as STANSOL-IIP (LOT). To facilitate the
use of STANSOL-IIP (or -1I), a preprocessor
code, STNDAT, was also develdped. This code
interactively accepts input data about the
geometry, material properties, and electrical
characteristics of a solenoid and creates an
input data file in a format acceptable to
STANSOL-IIP.

These codes were extensively used during
.the EBT-II design studies discussed elsewhere
in this report. Also, structural analysis and
design guidance were provided for the LCS,

LCP, TNS, ISX, and ORMAK Upgrade projects.

Our interest in graphical representation
of the voluminous input and output data required
and produced during magnetic and structural
analysis has led to the modification of several
graphic software libraries. These libraries,
LSLTEK, LSLVEC, VECTEK, CALVEC, CALDD8, DISVEC,
and DISDD8, are used routinely by users of the
FED PDP-10. The last two programs represent
the most important contribution, as they are
the back end to the display graphics package.

. Electromechanical Stress Analysis of
Transversely Isotropic Solenoids.3* W. H.
Gray and J. K. Ballou. The mechanical behavior
of superconducting magnets deviates from

isotropy due to their construction techniques,
which involve layering superconductor, insula-
tion, and sometimes structural reinforcement
within the windings. Previous mechanical
analyses considered the windings of a magnet to
behave isotropically. This paper describes an
analytical solution for deflection, stress, and
strain of axisymmetric, electromechanically
loaded, and rotationally transversely isotropic
solenoids. The results indicate that for magnets
with a large radial build compared to inner
radius, transverse isotropy has a dramatic
effect; for magnets with a small radial build
compared to inner radius, transverse isotropy

has a negligible effect.
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Photoelastic Analysis of Stresses in
Toroidal Magnetic Field Coils.35 H. Pih, W
Several two-dimensional photoelastic stress

analyses were made on models of circular and oval
toroidal magnetic field coils for fusion re-
actors. The circumferential variation of each
coil's in-plane magnetic force has been simulated
by applying different pressures to 16 segmented
regions of the inner surface of the models. One
special loading fixture was used for the model
of each shape and size. Birefringence and iso-
clinic angles were measured in a transmission
polariscope at selected points on the loaded
model. Boundary stresses in the cases of known
boundary conditions were determined directly
from the isochromatics. Separate principal
stresses were calculated using the combination
of photoelastic information and isopachic data
obtained by the electrical analogy method from
the solution of Laplace's equation. Comparisons
were made between experimental results and those
computed using the finite element method. The
theoretical and experimental stress distribu- -
tions agree very well, although the finite
element method yielded slightly higher stresses
than the photoelastic method; further work is
needed to resolve this difference. In this in-
vestigation several variations of coil geometry
and several methods of support were evaluated.
Based on experimental results, optimum Structural
designs of toroidal field coils were recommended.
Experience in the Use of Static SAP to

Structurally Analyze Electromechanical Systems.38

W. D. Cain and W.C.T. Stoddart. A large-scale
effort 1s presently being undertaken tu design
and construct large electromechanical systems for
use in controlled thermonuclear research
machines; energy storage devieces, and related
systems. One of the major thrusts of this

effort is directed toward the evaluation of
stresses and deformations in toroidal field

coils which are induced by electromagnetic body
forces, differential temperatures, winding pre-
loads, and other forces. The purpose of this

paper is to describe some of the work which has v
transpired in the Fusion Energy and Engineering

Divisions of Oak Ridge National Laboratory in



the area of structural analysis of toroidal
field coils. Basically, this paper describes
the tools which have been developed to aid in
the structural design analysis of electromechan-
ical systems (in particular, TF coils] and re-
lates some of the experiences encountered in
the utilization and implementation of these
tools. .

Finite Element Calculation of Stress-
J. E.
This research is con-

Induced Heating of Superconductors.37
Akin and A. Moazed..
cerned with the calculation of the amount of

heat generated due to the development of
mechanical stresses in superconducting com-
posites. An empirical equation is used to define
the amount of stress-induced heat generatioh per
unit volume. The equation relates the maximum
applied stress and the experimentally measured
hysteresis loop of the composite stress-strain
diagram. It is utilized in a finite element
program to calculate the total induced heat
generation for the superconductor. An example
analysis of a solenoid indicates that the stress-
induced heating can be of the same order of
magnitude as eddy current effects.

Materials evaluation

The materials evaluation portioﬁ‘of the
SCMDP concerns itself with the properties of
all materials except the conductor. The bulk
of the effort has been directed at metallic
primary structural materials (design studies)
and at organics for both electrical insulation
and potting applications (experimental work).

The primary structure work, which in~
volved extensive liaison with other parts of
the SCMDP, ORNL, and the ERDA fusion community,
has been summarized in a technical memorandum.38
C. J. Long was appointed secretary of an

ERDA-DMFE Task Group on Special Purpose Materials

for fusion reactors and continued as a member of
ASTM-ASME-MPC Joint Committee J1.06, Low-Tempera-
ture Effects on Materials Properties.

During 1976 a series of tests of mechanical
properties was conducted at room and cryogenic
temperatures on potential insulation systems and
potting compounds by K. J. Froelich (who left
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ORNL in September) and C. M. Fitzpatrick. A
report on the results of tensile tests of in-
sulators is in preparation.

A program to measure the radiation resis-
tance of electrical insulators in liquid helium
was formulated by C. J. Long (ﬁow Metals and
Ceramics Division) and R. H. Kernohan (Solid
State Division). This program, which will be
conducted in the Low Temperature Irradiation
Facility at the Oak Ridge Bulk Shielding Reactor,
will measure degradation of both mechanical and
electrical properties beginning in 1977. '

A final report entitled "A Review of
Electrical Insulation in Superconducting Magnets
for Fusion Reactors' was prepared for ORNL by
Magnetic Engineering Associates. The report
concludes that significant radiation damage
might be expected in organic insulators in a
fusion reactor during its lifetime.- No appre-
ciable damage is expected in inorganic in-
sulators. '

Structural Materials for Lérge Supercon-
ducting Magnets for Tokamaks.39 C. J. Long.
The selection of structural materials for

large superconducting magnets for tokamak fusion

reactors is considered. The important criteria

- are working stress, radiation resistance,

electromagnetic interaction, and general
feasibility. The most advantageous materials
appear to be face-centered-cubic alloys in the
Fe-Ni-Cr system, but high-modulus composites may
be necessary when severe pulsed magnetic fields
are present. ASpecia] purpose structural mate-
rials are considered briefly.

Lap Shear Strength of Selected Adhesives
(Epoxy, Varnish, B-Stage Glass Cloth) in Liquid
Nitrogen and at Room Temperature.*? K. J.
Froelich and C. M. Fitzpatrick. The lap shear

strengths of several adhesives were measured in
The
adhesives included several epoxy resins, a var-

1iquid nitrogen and at room temperature.

nish; and a B-stage glass cloth (a partially
cured resin in a fiberglass cloth matrix).
Several parameters critical to bond strength
were varied: adhesive and adherend differences,
surtace preparation, coupling agents, epoxy
thickness, fiﬁ]ers, and bonding pressure and



temperature. The highest lap shear strengths
were obtained with B-stage glass cloth at both
1iquid nitrogen and room temperatures with
values of approximately 20 MPa (3000 psi) and
25.5 MPa (3700 psi), respectively.

1.4.3 Fabrication Development

A large coil winding facility was con-
structed in the Y-12 Plant Electric Shop.
Preliminary shakedown winding using a round
bobbin was carried out and the operating
characteristics of the winding equipment were
Some additions and refinements
have since been made in the equipment. A
variable speed motor drive and controls have
been procured for the winding table. Elevating
mechanisms have been instai]ed on both the
tensioner and dereeler.

evaluated.

Extensive alterations
in the drive and controls of the dereeler have
been made. Also, a prototype automatic winding °
clamp for keeping the windings compressed is

in the shop and near completion. Before any
practice winding could be done with the re-
vised equipment it was necessary to relocate
from the Y-12 Plant Electric Shop to Building
9201-4. An oval bobbin is now available for
practical winding; it will help identify prob-
lem areas associated with fabricating LCP

coils. The equipment will be used to wind

the large coil segments. ’

The coil fabricating laboratory in
Building 9204-1 now has equipment for winding
coils up to 1.5 m in diameter. A very accurate
tensioner (2%) has been developed for maintaining
a conductor tension of up to 100 kg while
winding. Several small superconducting coils
for the pulsed poloidal coil project have been
wound using this equipment.

A novel method of winding fat toroidal coils
was developed for the pulsed parallel field ex-
periment. The winding is laced in and has no
splices at all, a feature which is especially
Also, the
major axis can be filled completely with con-

important in winding superconductors.

ductors, thus obtaining the maximum possible

number of ampere turns. These requirements
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cannot be met with industrial equipment. This
method of lace winding may have applications in
remote winding and unwinding (for example, of
radiation damaged PF coils in fusion reactors).
For the pulsed parallel field experiment, an
inner spool inside the toroidal coil can be
rutated for windiny and unwinding counductor
samples to be tested without disturbing the
toroidal coil.

1.5 PROJECTS REQUIRING WORK BY SUBCONTRACTORS

1.5.1 Forced-Cooled Magiets”

A study"l;“2 was conducted that concluded
that economic cooling systems of forced-conled
superconducting magnets must employ efficient
cold pump recirculators in which the flow to the
magnets is confined to the cold end of the re-
frigeration column. This holds true if the
liquid pump efficiency is 40% or greater.

Tests have been performed and results re-
ported*3-45 measuring the stability of two types
of forced-flow-cooled NbTi filament conductors.
The tests were successful in that they demon-
strated experimental results to be equal to or
better than theoretically predicted conductor
behavior during a recovery from a localized
quench. Test measurements included voltage drop,
helium discharge temperature, and pressure
drop across the coil. Triplex wire conductor
proved superior to grooved wire. Testing will
continue with a modified version of the triplex
wire cable.

A 1-m-scale test of a racetrack coil of
NbTi filament superconductor has been designed
for operation late in 1977. Five kilometers
of NbTi superconductor wire have been received
and a contract for fabrication of the coil is
being negotiated. Construction of the in-
stallation site at the Francis Bitter National
Magnet Laboratory has started and component

*.'
Subcontract with the Francis Bitter National
Magnet Laboratory, MIT. '
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components are expected for delivery by June
1977.

An additional contract to be supervised
by ORNL has been signed with ERDA to evaluate
the feasibility of Nb3Sn forced-flow conductors.

parts of the test loop have been ordered.

1.5.2 Helium Refrigerator and Handling System

Helium refrigerator and reliquefier

A contract has been awarded to purchase
a helium reliquefier and refrigerator from
Cryogenic Technology, Incorporated, Waltham,
Massachusetts. The réfrigerator has the
capacity to produée 0.0045 kg/sec of liquid
helium and 866 W of refrigeration simultaneously
at 3.56 K and 0.5 atm. This refrigerator and
the liquid helium system connected with it
should have the capacity to supply helium
coolant to the first phase of operation of the
Large4Coi1 Project.

The refrigerator has a two-stage, 0il-
lubricated, rotary-screw compressdﬁ. The Tow
pressure stage is rated at 400 hp and can
operate with a 0.4-atm suction (0.5 atm at
the return inlet to the coldbox). The high
pressure stage has a 1000 hp motor. The
overall ‘compression ratio is about 35 to 1
for the two stages. Delivery is expected by
July 1, 1977 and operafion by January 1, 1978.

Liquid helium handling system

lhe T1iquid helium system associated with the
refrigerator consists of-an 18,000 liter (5000
gal) liquid helium storage dewar, a transfer line
which will connect to the experiment and to the
laboratory, helium gas storage capacity for an
equivalent of 7200 liters of liquid, and gas
Additional
storage of gas, when required, will be supported
by portable helium tanks. Detailed design of
the Tiquid helium handling system is being
carried out by the Engineering Division with the

1ines tov and from the compressor.

assistance of a subcontract architect-engineer
chosen by ERDA.
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VISITORS (OCTOBER 1 TO- DECEMBER 31,a1976*)

1.6

Oct. 11-15 Jack Fivel, McDonnel Douglas

Oct. 19 Robert J. Koenig, Leinart A.
Malewicz, GE, Schenectady, NY

Oct. 19 Saul Silverman, University of
California

Oct. 21 Frank P. Falcone, Thomas W.
Schuck, Gardner Cryogenics
Division, Bethlehem, PA

Oct. 28 Robert Botwin and Paul Butler,

" Grumman Aerospace

Nov. 11 John Wen-Hue-Chi, John H.
Murphy, Joe Josiah Lynn Yang,
Westinghouse

Nov. 19 Masayuki Nagati, Sumitomo Elec.
Industries, Ltd., Japan

Nov. 19 Eric Adam, Airco, Murray Hill,
NJ

Nov. 24 Gary C. Guenther, Nat. Oceanic

' & Aeronautics Ad, Washington,

DC

Nov. 24 Charles S. Parmele

‘ Hydroscience, Inc., Knoxville

Nov. 24 E. Bertolini, Michel Huguet,
Rudo1f Dieter Pohlchen, Tullio
Raimondi, Paul-Henri Rebut,
Culham Lab, England

Nov. 30 Keith H. Sueker, Robicon Corp.

Dec. 2-3 Mitch 0. Hoenig, MIT, NML

Dec. 3 Douglas A. Koop
-Clay N. Whetstone, Alcoa

Dee. 7 Eric A. Larson, W. A. Brown
Instruments, Oak Ridge

Dec. 7 Ed Fisher, Ithaco, Inc., Ithaca,
NY

Dec. 13 Wesley W. Craddock, University

of Wisconsin

*

The three previous quarterly reports include
lists of visitors during their respective’
periods; there is thus no need for duplication.
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1.7 STAFF TRIPS (OCTOBER 1 TO DECEMBER 31, 1976)

J. K. Ballou
November 3-5

J. F. Ellis
October 11-14

W. A. Fietz
November 8-10

December 7

vecafibéry 3
December 9
December 16-17

C. G. Lawson

November 3-4
November 5

C. J. long
October 13

October 26-28

November 8-10

M. S. Lubell
Sept. 26-0Oct. 2

October 3-5
October 11
October 12-13

J. W. Lue

Oct. 7-Dec. 3
Novemher 4-5
December 9-14

J. N. Luton
November 12
December 13

J. R. Miller
November 8-10

December 10-11

EPR Meeting, University
of Madison, WI

ISA-1976 International
Conference, Houston, TX

ASM Conference, Port
Chester, NY

MCA & Supercon, Boston,
MA

1L, Albany, NY

Airco, Murray Hill, NJ
Meeting, Washington, DC

BNL, Upton, NY
MIT, NML

Meeting with ERDA & NBS
personnel, Washington,
DC

Metals show, Cleveland,
OH

ASM Conference, Port
Chés Ler, NY

Moscow, U.S.S.R. (listed
in September trips)
Leningrad

Saclay, France

Karlsruhe

MIT
University of Wiscnnsin
MIT, NML

University of Wisconsin
ERDA-DMFE

ASM Conference, Port
Chester, NY
MIT, NML

W.C.T. Stoddart
October 13

Washington, DC

P. L. Walstrom

October 11-14

October 15

ISA-1976 International
Conference, Houston, TX
Los Alamos

Abstract of ORNL/TM-5574, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (1976).
Mbstract of paper prescented at the 1976
Applied Superconductivity Conference, Palo
Alto, Lalifornia, August 17-20, 19/6.

D. G. McAlees, N. A. Uckan, E. S. Bettis,
P. B. Burn, C. L. Hedrick, D. B. Nelson,

R. T. Santoro, H. L. Watts, H. T. Yeh,

L. M. Lidsky, D. A. Ehst, A. Pant, J. S.
Herring, D. L. Kaplan, and R. E. Potok,
“The ELMO Bumpy Torus Reactor," paper pre-
sented at the 2nd Topical Meeting on the
Technology of Controlled Thermonuclear
Fusion, Richland, Washington, September 21-
23, 1976.

D. McAlees, N. A. Uckan, E. S. Bettis,
Burn, C. L. Hedrick, D. B, Nelson,

R. Santoro, H. L. Watts, H. T. Yeh,

.. M. Lidsky. D. A. Fhst, A. Pant, 1. S.
Herring, D. L. Kaplan, and R. E. Potok,

The ELMO Bumpy Tonus Reactor (EBTR) Refenence
Design, ORNL/TM-5669, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (November
197R)

L. brésner, J. . Miller, and L. W.
Donaldson. "Propagation of Normal Zones in
Composite Superconductors," paper presented
at the 6th Symposium on Engineering Prablems
of Fusion Research, San Diego, Califarnia,
November 18-21, 1975.

Abstract of paper published in Cryogenics
16, 675 (1976); see also ORNL/TM-5543.
Abstract of paper presented at the 1976
Applied Superconductivity Conference,

Palo Alto, California, August 17-20,

1976; see also ORNL/TM-5637.

-
—- ™ o

" Abstract of paper presented at the 1976

Applied Superconductivity Conference,



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Palo Alto, California, August 17-20,

1976; see also ORNL/TM-5637.

Abstract of paper presented at the 1976
Applied Superconductivity Conference,
Palo Alto, California, August 17-20, 1976.
D. S. Easton and D. M. Kroeger, "Temperd-
ture Increases in Superconductivity

- Composites as a Result of Tensile Strain,"
-Fall Meeting, AIME, Niagara Falls, New

York, September 20-23, 1976. .

D. S. Easton, "Stress Effects on the
Current Densities of Commercial Conductors
at 4.2 K in Magnetic Fields," paper pre-
sented at the 1976 Applied Supercondhctivi-
ty Conference, Palo Alto, California,
August 17-20, 1976.

D. S. Easton, "Stress Effects on Mechanical
and Superconducting. Properties of Commer-
cial Conductors at 4.2 K," paper presented
at the 3rd NBS-ARPA Workshop, Vail,
Colorado, April 5-6, 1976.

D. S. Easton, "The Effect on Critical
Current of Tensile Stress in NbsSn and

NbTi Superconducting Composites,"
presented at the Spring Meeting, AIME,

Las Vegas, Nevada, February 22-26, 1976.
Abstract of paper published in Appl. .

Phys. Lett. 29, 319 (September 1976).
Abstract of paper published in Appl.

Phys. Lett. 29,.382 (Septeuber 1976).
Abstract of paper presented at the 1976
Applied Superconductivity Conference,

Palo Alto, California, August 17-20, 1976.
W. H. Gray et al., Papens on ac Losses and
Pulsed Coils Submitted to the Applied
Superconductivity Conference, ORNL/TM-5635,
O0ak Ridge National Laboratory, Oak Ridge,
Tennessee (August’1976).

Abstract of paper presented at the 1976
Applied Superconductivity Conference, Palo
Alto, California, August 17-20, 1976; see
also ORNL/TM-5635.

Abstract of paper presented at the 1976
Appiied Superconductivity Conference, Palo
Alto, California, August 17-20, 1976; see
also ORNL/TM-5635.

paper
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

H. T. Yeh and J. W. Lue, The Interaction
and Protection of Superconducting Poloidal
Field Coils and Torodidal Field Coils in a
Tokamak EPR, ORNL/TM-5542, Oak Ridge Na-
tional Laboratory, Oak Ridge, Tennessee
(September 1976).

Abstract of paper presented at the 1976
Applied Superconductivity Conference, Palo
Alto, California, August 17-20, 1976; see
also ORNL/TM-5635.

Abstract of paper presented at the 2nd ANS
Topical Meeting on the Technology of
Controlled Thermonuclear Fusion, Richland,
Washington, September 21-23, 1976; see also
ORNL/TM-5661. ‘
Abstract of paper presented at the 1976
Applied Superconductivity Conference, Palo
Alto, California, August 17-20, 1976; see

" also ORNL/TM-5635,

Abstract of paper to be published in Rev.

.Sci. Instrum.

Paper submitted at the ISA International
Conference and Exhibit, Houston, Texas,
October 11-14, 1976. .

Paper submitted at the ISA International
Conference and Exhibit, Houston, Texas,
October 11-14, 1976; see ORNL/TM-5596.

S. S. Shen and H. T. Yeh, "Pulse Loss and
Voltage Measurements on Superconducting
Magnets," paper presented at the 1976
Applied Superconductivity Conference, Palo
Alto, California, August 17-20, 1976; see
also ORNL/TM-5635, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (December
1976).

Abstract of ORNL/TM-5542, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (September
41976).

Abstract of ORNL/TM-5333, Oak Ridge
National Laboratory, Oak Ridge, Tennessee
(June 1976).

Abstract of ORNL/TM-5652, Oak Ridge -
National Laboratory, Qak Ridge, Tennessee
(December 1976).
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