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1. INTRODUCTION

This note describes 2-D analytic and POISSON cdculations for the prototype test of
the “Double-C Transmisson Line” magnet (seefig. 1). Magnetic and eledricd parameters,
stray fields, stored energy, and behavior under fault conditions are discussed.

The plan isto drive a60KA current through a superconducting loop by conneding it
as a 1-turn shorted secondary winding of a aurrent transformer. This procedure avoids high
current superconducting power leads and limitsthe energy that can be transferred to or from
the magnet under fault conditions. Ininitial running the maximum current achievable in the
sendary is expeded to be ~30kA, limited by the size of the iron yoke of the transformer. In
the future alarger yoke (or reversing switch on the power supdy) will allow a maximum
current of 60KkA, limited by the number of ampere-turns available from the primary windings
and power suppy. Calculations are presented here for both the initial (30kA) and the full
60KA design current.

The load magnet is a“double-C” solid iron yoke ~1m (40") long placel on the
superconducting seandary winding. The load magnet has two 1/2” gaps and therefore an
anticipated transfer function of 1Teda/20kA. The total load inductance of 10uH includes
4uH from the load magnet plus ~6uH from stray inductance on the secondary winding. These
numbers have been cdculated (Sed. 10) with POISSON and chedked where possble with
exad analytic solutions for geometries smilar to the prototype setup.

The transformer yoke is the flux return iron from the Main Injedor Lambertson
Prototype. The transformer core has an iron crosssedion of 0.13 m” and therefore provides a
maximum of 0.3 volt-seconds of excitation to the seandary winding for a 2.2 Tesla flux
swing of the wre. Thus the maximum current which can be generated in the secondary is
(0.3volt-seconds) / 10uH = 30kA. The maximum total stored energy in the initial
configuration is 1/2 LI* = 4.5kJ at 30kA. For running in the final (60kA) configuration the
stored energy increases lessthan quadraticdly because of iron saturation and is in the range of
10kJ.

The primary windings for the transformer are the same 24 turn x 2.5kA water cooled
copper coils originally used for the Lambertson magnet. The airrent in the primary will be
limited to 2.5kA by the DC resistance of the wils and the voltage tap of the power suppy.

The superconducting loop seandary consists of 7 turns of SSC cable which are
looped through the ayostat, then spliced to itself. The entire secondary is $ieadhed ina
double-shell of grounded stainless $ed pipe. The il iseledricdly floating except for
instrumentation leads. Anticipated voltages during quench (sed. 4) are in the range of afew
volts.
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Fig. 1. - Schematic drawing of prototype test setup. A superconducting current loop
consisting of 7 turns of SSC cable is placal in aloop cryostat ~5m long. A maximum
current of 60kA will be driven through the 1m long “Double-C” test magnet by coupling to a
copper-driven transformer yoke. Under ided circumstances, the number of ampere-turnsin
the primary and secondary windings are equal, so that 24 turns of a primary winding carrying
2.5kA are sufficient. Also under ided circumstances, the total flux enclosed in the
superconducting current loop is conserved, so that the total flux circulating in the transformer
yoke should be equal to the tota flux circulating in the “Double-C” test magnet. Inredity a
significant additional flux circulatesin tight loops around the drive conductor, creding stray
load inductance which increases the anount of iron (but not the number of ampere-turns)
required in the drive transformer. During initial running the anount of iron in the transformer
yoke will limi t the secondary current to ~30kA.
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2. CIRCUIT BEHAVIOR UNDER NORMAL OPERATION

Under normal conditions (i.e. superconductor not quenched, iron yoke not saturated)
the power suppy will seethe DC resistance from the copper primary coil of 0.006Q and the
load inductance through the (square of the turnsratio) of the transformer, for an effedive load
inductance of 10uH*24% = 5.7mH. These parameters are mmparable to those of the magnet
yoke & it was previously operated at MTF as part of the Main Injedor Prototype
Lambertson. The PEI power supdy has a freevheding diode which proteds against
misbehaviors of inductive loads when the power supgy trips off, etc.

Table 1: Nominal Operating Parameters

ORIGINAL INITIAL (30kA) FINAL (60kA)
MAGNET MAIN INJECTOR | PIPETRON PROTO | PIPETRON PROTO
PARAMETERS: 30IN. PROTO DRIVE XFORMER | DRIVE XFORMER
LAMBERTSON
Primary Current 2500Amps 1250Amps 2500Amps
Seondary Current 30 kKA 60kA
Magnet Resistance 6.01 mQ 6.01 mQ 6.01 mQ
Volts @ terminals 15.03volts 7.51 volts 15.03volts
Water Temperature 22°C 55°C 22°C
Rise (Based on 4.25
gpm flow rate)
Magnet Inductance 1.32mH 5.7mH ~3m
(as e from power (iron saturates)
supply)
Total Stored Energy 4.2 kJoules 4.5 kJoules ~10 kJoules

3. CIRCUIT BEHAVIOR WHEN YOKE SATURATES

The iron yoke will saturate under two conditions. Firstly, the yoke will saturate
whenever the magnet quenches or is powered upwith the secondary warm (non-
superconducting). Seoondly, in the initial configuration the yoke will saturate whenever the
primary drive aurrent exceeds ~1300A (corresponding to 30kA secondary current). Under
either condition the saturation will show up as adrop in the magnet inductance and a stored
energy which is snaller than predicted by the low-field inductance (seetable @ove). In all
cases the arrent will be limited by the DC resistance of the primary coil and the power supdy
output voltage. Thus the result of yoke saturation will be the incomplete transfer of energy
from primary to secondary, with no safety implicaion for personnel or equipment.
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When the yoke saturates the stray fields in the vicinity of the drive transformer will
increase due to the incomplete shielding of the airrents inside the transformer by the saturated
iron. Thefields dould ill be smaller than those from the completely unshielded sedions of
the transmisson line. The stray fields under saturated-yoke aonditions will be measured prior
to cool-down by powering the drive transformer to full current.

4. QUENCH TRANSIENT BEHAVIOR

Sadha Zlobin hes caried out a rough cdculation of the quench behavior of the
conductor in the prototype (included in the safety documentation). His conclusion isthat the
final temperature of the hot spot on the conductor following a quench is lessthan 15C°K,
indicating that the installed quench protedion system can fail entirely without any damage to
the ayogenic system. This edion discusses the dedricd transients which might accompany
aquench.

If the superconductor quenches at full current, aresistancewill “instantaneously”
appea inthe seamndary. This resistance varies with time due to quench propagation but is of
order 100uQ for the 1-turn secondary. Thus the resistive sedion will develop approximately
60kA*100pQ = 6v. If nothing else dhanges then the aurrent in the secondary (and the
transient voltage from the quench) will die avay with atime constant of
L/R=10uH/100uQ=0.1 seconds.

If the power suppy were aperfed current source with large voltage compliance, then
the 24:1 turnsratio of the transformer could in principle induce atransient voltage excursion
of 6v.*24 = 144v. a power supdy leads. In pradicethiswill not happen sincethe power
supfdy istapped in such away that it cannot source more than ~15v, and most of that 15v.
will be used up diving the resistance of the primary. From the power supgy point of view,
the situation is asif an extraresistance suddenly appeas in the load while driving aresistive
magnet. The value of the resistance which appeas is the quench resistance (100 uQ) times
the square of the turns ratio (24%) or 58mQ. Sincethisis larger than the DC resistance of the
primary coil (6mQ) that the power supdy can barely drive & full output voltage, the power
supdy saturates at the full output voltage and the aurrent starts dropping. Thus, when an
guench occurs the power supfdy will immediately go to its maximum voltage of 15V and
remain there until the arrent in the seandary has died away. There ae no anomalous
voltage or current demands on the power supdy during the quench.

5. EDDY CURRENTSIN STAINLESSPIPES DURING QUENCH

The entire superconducting loop is enclosed in agrounded double shell of stainless
sted pipe. Therefore this sell also loops the transformer yoke, and flux changesin the core
will i nduce eldy currentsin the stainlesspipes. A safe upper limit to the voltages and currents
which can beinduced in the stainless $ed transmisson line piping is obtained by assuming
that the full 0.3 volt-seconds of flux available in the drive transformer collapsesin 0.1 seands
during aquench. This generates 3 volts on any conductor looping the transformer core. The
shell resistance (assuming a 30UQ-cm stainless sed cross aion of 3cn and a 9m effedive
length) is9mMQ. Therefore the maximum current in the stainless $ell is6V/9mQ = 670A. The
total power disspated is670A * 3V * 0.1 Sec= 200J. Thus we conclude that eddy currents
in the stainless $ell during a quench are unimportant.
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6. TRANSIENT BEHAVIOR DURING POWER SUPPLY TRIP

If the power suppy trips off at full current, the situation isidenticd to what happens
with a conventional resistive magnet load. The dfedive load inductance seen by the power
supdy (5.7mH, seetable 1) attempts to keep the aurrent flowing through the supdy, which
resultsin arapid negative excursion of the power supdy. However this negative excursion is
clamped at -1.5V by freewheding protedion diodes on the PEI suppy. Following the supdy
trip the aurrent will decgy with an L/R time @nstant of 5.7mH / 6mQ = 1 second. (The
adual decg will be dightly faster due to the voltage drop of the freevheding dode).

The voltage excursions on the secondary during a supgy trip will be lower than the
voltage transients on the primary side by the 24:1 turnsratio, i.e. the 15v. - -1.5v excursion
on the primary winding will correspond to a0.625v. — -0.06v excursion on the load magnet.

7. INDUCTANCE AND STORED ENERGY

The cdculation of the stored energy treas the prototype setup by breking it down the
into a number of 2 dmensional (2-D) POISSON cdculations. Eacd cdculation represents a
2-D crosssedion of part of the prototype gparatus. Most of these caes can be dhedked via
analytic solutions which approximate the red geometry. This allows usto caculate the
conductor forces, total stored energies, stray and mutual inductances, etc. on a per-meter
basisfor eat case. The stored energies and inductances are then summed over the various
cases weighted by their lengths in the adual setup. This represents an exad solution in the
limit that ead sedion of the prototype setup was infinitely long. This approach tends to
overestimate the stored energies and inductances of the a¢ual prototype system, sincethe
adual 3-D fields will use the 3rd dmension to spread out and lower the stored energy for a
given circulating current.

The inductanceis obtained from the stored energy for a given current via
Esroren = 1/2LI1%. Sincethe mupling coefficient for an unsaturated iron-core transformer is
esentially 100%, the load inductance can be referred to either the primary or the secondary
viathe square of the turnsratio of the transformer. When the transformer core and/or the
load magnet saturates, the stored energy drops below the low-field extrapolation.

The table below summarizes the 2-D stored energies and effedive lengths used to
cdculate the stored energy and inductance of ead sedion of the prototype. The individual
cdculations are described in sed. 10. (There ae pictures & field maps).

Table 2: Contributions to stored energy and inductance of the prototype.

2-D CrossSedion L(pH/m) Effedive Length Lot Esroren (@30kA)
C-Magnet + Return | 4uH/m 1m 4uH 1.8kJ
Drive Transformer + | 2.6uH/m 0.75m 2uH 0.9 kJ
Return Bus
Two Bare 1.4uH/m 2.2m 4uH 1.8 kJ
Conductors

Totd 10wH 4.5kJ
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The magnitude of the stray inductance céculated for the prototype is disappointingly
large compared to the initial estimate. The main reason for thisisthat the original estimate
was based on a1” diameter drive conductor with no flux penetration inside the drive
conductor. The ad¢ual conductor isroughly 0.5” square and significant flux penetrates inside
the cadle. Thusalarge anount of stray flux circulatesin tight loops around the drive
conductor and current return. This gray inductance increases the anount of iron required in
the drive transformer, sincethe total flux circulating “upwards’ through the drive transformer
must equal the flux circulating “downwards’ through the (double-C load magnet + legkage
inductance). Asaresult, the transformer yoke is expeded to drive only about 30KA of
current before it saturates rather than the 50-60kA originally planned. Two remedies which
would enable the full 60kA to be generated are to double the size of the iron yoke (which is
medhanicdly possble), or to instal areversing switch on the power supdy (which would
provide a4Teda flux swing in the drive transformer rather than a 2T swing). Inthe mean
time it provides an “fail-safe” current limit of ~30KA in the secondary winding.

The le&age inductance does not change the number of ampere-turns required to drive
the magnet.

8. STRAY MAGNETIC FIELDS

This gray magnetic fields from the prototype will me measured in situ, at low current
then full current, and with the secndary warm then superconducting. The expeded fields can
be estimated in two approximations.

1) At distances large compared to the dimensions of the prototype setup, the field is
only afunction of the total magnetic moment of the system (which is dominated by the aurrent
loop of the superconducting secondary). The acaracy of the far-field dpole gproximation
will be limited by the presence of large iron objeds, etc. at MTF but provides an order-of
magnitude estimate for the stray field on the other side of the building.

2) At distances small enough that the transmisson line loop can be cnsidered
“infinitely long”, the 2-dimensional solutions from POISSON or simple analytic cdculations
provide good estimates. These should provide good predictions of the Hall probe
measurements within afoot or two of the conductors, and a reasonable guessfor the stray
field standing in the ase ~1m from the test setup.

8.1. Stray Field Far Away: dipolefield far from a 50kA x 3m? current loop.

This gives a zeo-order estimate for the stray fields far from the test setup, ignoring
the dfeds of neaby sted objeds. The magnetic moment m of the loop [Lorrain & Corson
p.32] is:

m = (Current)x(Ared = (50E3 Amps)*3m* = 1.5E5 Amp nr.

The nonzero field components B, and By are:
B: = (Mo/410) 2m/r® cosB,  and
Be= (Lo/4T) m/r’sin®,  where r,0 arethe usua polar coordinates.
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The field is maximum on axis (perpendicular to the airrent loop)
Buax = (Ho/410) 2m/r® = 1E-7 x 2 x 1.5E5 / = 300Gausd r°
= 2.4 Gauss @5m, and deareasing as 1/ r°.

Thefield at the “equator” is 2x smaller and also deaeasesas 1/ r°. As mentioned

above, the acual field at remote parts of MTF can be ather shielded or concentrated by the
presence of neaby iron structures.

8.2. Stray Field Nearby: Two infinite parallel wires carrying opposite currents.

This gives an estimate for the stray field, conductor forces, and stray inductancein the
region nea and between the wires but away from the iron yokes and only at distances snall
compared to the length of the setup. It also gives an estimate for the inductive stored energy
of the system excluding the magnet gaps and the stored energy in the iron of the transformer
yoke.

The magnetic field from one infinitely long conductor in freespaceis:
B(Tesla) = pol/21R = (41t x 10-7) 1/2mR
= 0.01T (100 Gausg at 50KA at adistance of 1m.

The magnetic field of two conductors (carrying opposite airrents in the Z-diredion)
and locaed a Y =+A [Lorrain & Corson P.307] islargest on the midplane (Y=0) and is:

B.(midplane) = (Wl /T)* A/(x*+A%) for our case A=0.3m, 1=50KkA, so:
= 666 Gauss/ (1 + (x/0.3)%)

Thus, standing in the ade (x=1m, y=0) your credit card will see55 Gausswith 50kA
in the superconducting loop.
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9. FORCESON CONDUCTORS

The transverse forces on the superconductors can be estimated from the same
POISSON or analyticd 2-D cdculations used to adbtain the inductance and stored energy.
This piecavise 2-D approad does not necessarily underestimate the forces on the
superconductor, sincein some caes (e.g. the superconductor inside the double-C magnet or
the transformer yoke) these depend on cancding of forces due to symmetries which may not
be present in the full 3-D situation.

Forces on two unshielded conductors:

The smple analyticd case of two paralel wiresin sed. 8 applies. The second
conductor islocaed at a distance of 0.6m (24in) and feds aforce

F(Newton' s/meter) = B(Teda)* I(Amperes) = 0.01T / (0.6m) * 50kA
300Newtons/m
30 kg/m @50KA.

Thus, insulating “spiders’ spaced at 0.3m intervals in an unshielded region of the
transmisson line loop see aside force of ~9kg ead. If thisisdetermined to be aproblem for
the transmisson line, it is possble to null this force out by pladng a small iron shield plate
nea the surfaceof the vacuum jadket of eat conductor, so that the atradive forcethat eah
conductor fedsfor the iron plate cancdsthe repulsive forceit feds for the opposite
conductor.

Forces on Shielded Conductors:

The superconductors inside the double-C magnet and the drive transformer seeless
force, dueto the shielding effed of the iron and the symmetry of their positionsin the iron
structures. Thisforce has alarge gradient however, and the conductor experiences alarge
deceantering force (a“ negative spring constant™) which will be investigated in the prototype
and discussed in a separate paper. It does not represent a safety issue, sincethe worst-case
behavior of the conductor pipe from these forces is have the old pipe move ~1” transversely
(to get as close a posshle to the neaby iron) and rip through the cld mass sipport spiders.
The modulus of the support spidersis believed to be sufficient to resist such behavior.
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10. SUMMARY OF POISSON & ANALYTIC CALCULATIONS

10.1. Drive Transformer with Copper Primary, SC secondary & Current return.

Lambertson Drive Xformer With NO C-mag Load Cycle = 12

Primary Current: 2.5kA*24turns = 60KA-turns
Semndary Current: 60kA
Stored energy = 3.9216+01 Joules/cm

Inductance (referred to primary):
L primary = 2Esroren/ IZPRIMRY =1.2mH/m

Inductance (referred to secondary):
L seconpary = 2Estoren/! “seconpary = 2.2uH/m
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10.2. Double-C Magnet with Current Return

C-mag Load on Bare Conductors Cycle = 3

Drive Current 10kA
Stored energy = 2.0613=+00 Joules/cm
Inductance = 2Esrorep/12 = 4.1pH/m
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10.3. Two Unshielded Bare Conductors

Two Bare Conductors Cycle = 1

Drive Current 60kA
Stored energy = 2.5611E+01 Joules/cm

Inductance = 2Esroren/1® = 1.42uH/m

10.4. Analvtic cross-check of the POISSON stored enerqy calculation

This sdion describes a aossched of the “two bare conductors’ case to make sure that
POISSON is reporting the stored energy reasonably. The inductance of two parallel wires can
be obtained from the transmisson-line impedance Zo and eledricd propagation time At of the
conductor geometry viathe relations:

L =Z)At or
L/meter = Z/c.

The daraderistic impedance of the two parallel wires (Rad Engr. Handbook Sed. 29-22
solution “T”) is:
Zo= 276'0910(2D/d) =464 Oth,
where d=1.25cm isthe dfedive wire diameter and D=60cm is the spadng. Thisyields.
L/meter = Z,/c =464. / 3E8 = 1. 55uH/m,
whichisin reasonable agreament with the POISSON value of 1.42uH/m.
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