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Superconducting Magnets 
H.E. Fisk 

Introduction 

The TEVA TRON at Fermilab, as a first-generation superconducting ac
celerator, has provided a working prototype for the future machines: UNK, HERA, 
RHIC, and the SSC. Indeed there are many areas where the designs for the new 
superconducting accelerators depend on improvements that are taking place. New 
superconducting wire gives higher current density that in turn yields higher-field 
dipoles. We can anticipate fine filament wire to reduce persistent current fields, 
although studies indicate that significant correction elements are still needed to 
correct systematic field errors. In response to calculations on the dynamic aperture 
required in accelerator designs, typical magnet coils include several wedges to 
generate a current distribution that is more nearly cos 8, thereby reducing higher 
order systematic multipoles. In the case of random errors, the available pool of 
measured multipole errors is beginning to give us a better understanding of how 
conductor placement errors vary with aperture. 

The use of aluminum or stainless steel collars that constrain coil motion to 
negligible levels is an almost globally accepted feature of modern magnets. Cold 
iron surrounding the collared coil is also a feature of most recent designs. In fact, 
the superferric magnet is an example where the saturation of cold iron presents 
new challenges for the magnet designer. 

Both active and passive quench protection schemes are being pursued in 
prototype accelerator systems tests. To meet economic demand, cryostats are 
being developed that have very low heat leak. An important, but not too well 
developed, R&D topic is high-gradient superconducting quadrupoles that are 
needed for the interaction regions of colliders. 

Conductor 

Superconducting accelerator dipoles that are now being built as prototypes all 
use NbTi. Over the past few years remarkable progress has been made in the 
critical current densities these conductors achieve at high fields. In 1983, the last 
100 cable reels used in building TEVA TRON magnets had an rms critical current 
density at 4.2K and ST of 1700A/mm2. TEVATRON cable purchased in 1984, 
made from high-homogeneity NbTi alloy, yields 2200A/mm2. Present day SSC 
cables carry current densities up to 2700A/mm2. Figure 1 (facing page) shows the 
history of high-current density NbTi alloy. 
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Figure 1. Progress in high-current density NbTi alloy strand. 

Improvements 

5 

There are several factors that have contributed to this improvement. First, the 
NbTi alloy must be chemically homogeneous. Second, the formation of Ti-Nb-Cu 
intermetallic compounds at the filament and Cu matrix interface must be pro
hibited. If these intermetallics form during extrusion of the billet or in the drawing 
and heat treating process, they agglomerate into 1-2 µm particles that cause 
sausaging of the filaments and there is a consequent deterioration in critical cu1Tent 
density as the filament diameter is reduced from 15-20 µm to 3-5 µm. Finally, it is 
necessary to appropriately mix heat treatments and cold work to obtain the proper 
microstrain in the final strand product. 

Making the strand into a cable with the right mechanical properties and high 
current density has been a continuing R&D subject over the last few years. In 
addition to getting the physical dimensions and modulus of the conductor right, the 
cable must be made with minimal damage to the filaments. As the magnet bore 
radius decreases with increasing beam energy, the temptation has been to make 
cable with a larger keystone angle. Large keystone angle, however, leads to cable 
damage. With magnet designs that incorporate wedges it is possible to use cable 
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with a small keystone angle, and this results in less than 10% reduction in le from 
strand to cable. 

Cable Testing 

As the critical current density has increased, the testing of cables has become 
more sophisticated. As discussed by Sampson in "Procedures for Measuring the 
Electrical Properties of Superconductors for Accelerator Magnets" (Proceedings of 
the !CPA Workshop on Superconducting Magnets and Cryogenics, P. Dahl, ed., 
1986), the critical current that a cable will carry depends on whether the cable is 
oriented with its wide face parallel or perpendicular to the applied magnetic field. 
The cable self field is an especially important factor in evaluating its performance, 
and self field effects must be included in short sample tests on strands and cable if 
an absolute comparison is to be made among samples with various dimensions. 

The uniformity of strands can be determined from photomicrographs of etched 
wire. A simpler test is to measure voltage versus current characteristics of a cable. 
It has been empirically established that in a transition from superconduction to 
normal conduction the resistivity is given by p=po Jn. In the transition the value n 
measures the uniformity of the filaments. A large value of n means the filaments 
all make the transition simultaneously, while a small value implies necking down 
of the filaments or breakage that forces current to change filaments thereby gener
ating resistive voltage. Typically a very good n value would exceed 50 while an 
average conductor would have an n of 30. 

Fine Filaments 

Largely in response to the SSC R&D considerations, wire manufacturers have 
developed superconductor with small filament diameter and high current density. 
The main motivation is the sextupole and decapole hysteresis at injection where 
magnetization is proportional to filament diameter times critical current density. If 
3 µm filaments are desired in a 0.78 mm strand of Cu to superconductor ratio of 
1.3, the number of filaments is roughly 29,000. To produce this many filaments a 
double stacking technique has been developed where a subelement billet is first 
processed and then used in a second billet. Examples produced include ( 19 x 
1927) 36,613 filaments for inner SSC coils with Jc of 2400A/mm2 (n=20) and outer 
SSC cable of (19 x 1086) 20,634 filaments with Jc of 2500A/mm2 (n=26). Another 
approach is to attempt a single stacked 12-in. diameter billet with 40,000 filaments. 
In anticipation of this a 4-in. billet (4164 filaments) was stacked with the same 
elements that would make up the 12-in., 40,000-filament billet. Processing the 
4-in. billet down to a 0.34 mm diameter strand where the filament diameter is 3.6 
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µm gave a Jc of 2700A/mm2 (n=32). A similar billet when drawn down to 0.47-
mm wire with 5 µm filaments yielded 3450A/mm2 (n=42). 

It has been known for some time that in the vicinity of one or two microns 
magnetization does not decrease linearly as filament size decreases. The increase 
in magnetization for small filament diameters is due to proximity coupling of 
neighboring filaments. Thus, it is important to measure magnetization to be sure 
that the decrease in filament size is giving the proper reduction in magnetization. 
Measurement is also essential in verifying similar magnetization for conductor 
produced under a variety of conditions, e.g., different manufacturers. Since 
magnetization is a property of the bulk superconductor, Sampson has noted that a 
measure of the integrity of the conductor is given by comparing the magnetization 
current density at low field (0.3T) with the current density at ST as measured 
directly from transport current. Figure 2 shows this ratio versus filament diameter 
for a number of samples. 
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Figure 2. Critical current density ratio as determined by magnetization at 0.3T 
and from transport current at 5T. The ratio is plotted versus filament diameter. 
The data at small diameters with large ratios is caused by coupling of filaments 

that are too close together. 

Fo1tunately the technical problems associated with small filaments have not 
been in serious conflict with the desire to obtain higher critical current density. In 
fact, solving the problems associated with the production of uniform small fila
ments has probably led to higher current density. It is, however, true that present 
samples of wire obtain higher current density for larger filament diameter. This 
tendency is shown in Fig. 3 (page 8). In the SSC program, where full-length 
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correction coils are deemed necessary, the emphasis is to optimize current density 
at a filament size near 5 µm. 
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Figure 3. Critical current density versus filament diameter for recently 
produced Nb Ti strand. 

Magnet Designs and Performance 

Prototype dipoles have been built for UNK, RHIC, HERA, and the SSC pro
jects. Design characteristics of these dipoles and the approximate number of 
constructed models are given in Table I (facing page). In addition to these, there 
are other recently constructed dipoles not listed in the table, such as the 9.3T and 
ST magnets built at KEK with a clear aperture of 61 mm and 100 mm, respec
tively; a dozen 5 cm aperture, 1 m long Fermilab prototype dipoles, several 6T, 
2-in-1, side-by-side BNL dipoles with 3.5 cm apertures, and a few examples of 
Nb3Sn magnets. In addition, the LHC protagonists at CERN are planning a modest 
R&D effort to make prototype 2-in- l, side-by-side dipoles that could be employed 
in the LEP tunnel. The maximum field would be in the range 8 to 1 OT which 
requires either Nb3Sn or NbTi with l .8K operation. 

All the magnets in Table I, except for the 90 mm UNK dipoles, are of the cold 
Fe variety. Cold Fe is chosen because it substantially increases the dipole field, 
typically 20 to 25% (thereby saving superconductor cost), provides a convenient 
mechanical structure and one that ensures the dipole field direction, provides 
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shielding from stray fields, and costs less than a magnet with an equivalent thick
ness of Fe that is located outside the cryostat. On the negative side, there is more 
time and cost associated with warm-up and cool-down of the magnet system. 

A special example of the cold Fe design is the superferric magnet that derives 
half of the 3.2T field from laminated iron and as a consequence requires minimal 
superconductor. The magnet has an almost traditional cross section (25 mm vertical 

Table I. 
Recently Constructed Accelerator Dipoles 

Super-
UNK RHIC HERA SSC ferric 

Beam 3 TeV 100 GeV 830 Gev 20TeV 20TeV 
Energy /amu 

Coil i.d. 80 80 75 40 25 
(mm) (90)* 

Field (T) 5.0 3.45 4.65 6.6 3.2 

Shells 2 2 2 1 

Length (m) 5.8 9.48 9 16.6 28 

Collar SS RX-630t Al Nitronic Fe 
Material + 40 

Fe Yoke 

No.of 1* 1 (4.5m) 4(9m) 6 (4.5m) 3 (28m) 
Prototype 6(6m) 2 (3.5m) 1 (7m) 
Dipoles 20 (lm) 8 (lm) 10 (lm) 

2 (l 7m) 
*Warm Iron Design tGlass-Phenolic 

distance between pole tips) with the four turns nearest the mid-plane, two above 
and two below, on a circuit (I 1) separate from the outer four turns (12). The ratio 
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I 1/l2 controls the normal sex tu pole moment as the iron saturates. There is a trim 
coil (I3) on the edges of the pole face that can be used to zero the decapole. The 
conductor is 24 standard strands of 1.3/l Cu/SC ratio wrapped on a Cu backing strip. 

Quench Performance 

The quench performance of eight BNL 4.5 m and 3.5 m SSC prototypes is 
shown in Fig. 4. These data are typical of UNK, HERA, and RHIC magnets. The 
maximum field is reached after about 4 or 5 quenches. Thus, training is not a 
problem. The superferric magnet also has no problem with quench performance 
because it achieves 3.5T before quenching. 

Es 
0 

~ 5 .. 
u 
;: 4 
w 
z .. 
:: 3 

0 

" 

(2 5 K) I 
-···· ~:::1 

: -- I . . . 
SHORT-SAMPLE 

PREDICTION 

MAGNET 
No I 2 

9 

MAGNETIC FIELD AT QUENCH (4.5K) 
SSC Rao DIPOLES 

(4.5M LONG, 4.0cm APERTURE, 
cot9, COLO IRON) 

(2.6K) l 
-··· 

(2.6K)1 

.. - .. 
• 

(2.6K)l 

••• . . 
NOTES. I. ALL QUENCHES SHOWN FOR i .. a A/He 

(35K)r 

·-·--. 
2.MAGNETS NO I 8 6 EXHIBITED A WELL-DEFINED OUENCH 

PLATEAU IN SUB-COOLED HELIUM, AS INDICATED 

3.MAGNET NO. 6 HAD ONE UNEXPLAINED ANOMALOUSLY LOW 
(-5T) QUENCH (#7) AT 4.5 K 

3 4 5 6 

9 13 I 9 I 91 

QUENCH NUMBER 

MAGNETIC FIELD AT QUENCH (4.5K) 
SSC "STRAIGHT-ENOM Ra 0 DIPOLES 

(3.5M LONG, 4.0cm APERTURE, 
cos8, COLO IRON) 

5 

• 
• • 

13.5Kl1 .. 
SHORT· SAMPLE 

PREDICTION 

MAGNET 
No. 7 

o~~--1'."101-1--~---:'10· 

QUENCH NUMBER 

Figure 4. Quench performance of SSC 4cm prototype dipoles. 

Relative to quench training there has recently been an interesting proposal and 
set of tests. It has been observed that a magnet can be trained to its asymptotic 
quench current at a given temperature, with fewer quenches, by lowering the 
temperature and then stressing the magnet with more current than anticipated for 
the asymptotic limit at the more elevated temperature. In tests at LBL, five virgin 
coils, i.e., with no previous quench history, have been cooled to I.SK, powered 
without quenching to 7.2T which is 0.5T higher than the expected quench level at 
4.2K, and then warmed to 4.2K. When quenched the first time at 4.2K, they have 
already reached their asymptotic quench current and further quenching does not 
yield a higher quench current. This phenomenona, called conditioning, has inter
esting applications for the SSC where it has been suggested that magnets would be 
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quenched in strings as they are assembled in the tunnel. Conditioning would seem 
to be an easier process provided operation at reduced temperature is feasible with
out excessive costs. 

There is debate about the use of aluminum (Al) versus stainless steel (SS) for 
collar material in the case of magnets that are not rapidly ramped for fixed-target 
physics where aluminum cannot endure the fatigue stress implied by millions of 
ramp cycles. The room temperature preload required with Al collars is smaller 
than that required with SS since the A 1 shrinks more than SS as the coil is cooled 
from room temperature to 4.5K. This means, in the case of Al collars, the coils 
can be treated more gently without so much concern about cutting kapton insula
tion or allowing creep that causes loss of preload if the coil sits for long periods of 
time at room temperature. The amount of preload required for either A 1 or SS is 
being investigated with strain gauges that can be read out either warm or cold, 
installed in the pole tips of the collars or adjacent to the coils themselves. 

Field Quality 

There are both random and systematic errors that need to be considered when 
designing a magnet. The random errors result from our inability to precisely locate 
conductor, while systematic errors come from the transport current density distri
bution and from persistent currents induced by the change of magnetic field en
countered in ramping a magnet. 

The field of these magnets is generally expressed in a two-dimensional multi
pole expansion since the multipoles are then easily related to dynamics in the 
accelerator: By+ iBx = B0 I (b0 + ia0 ) (x + iy)0 

n~O 

with b0=1 and ao=O. The dipole field (n=O) is given by B0 and it is usual to 
suppress a factor of 10-4 in quoting the normal (b0 ) and skew (a0 ) moments. For all 
terms but the dipole field it is essential to choose a reference radius. Typically this 
is =2/3 of the radial distance to the inner conductor. In TEVA TRON dipoles it is 1 
in., while the SSC has set down 1 cm as its reference. 

Random Errors 

The placement errors are primarily due to the fact that azimuthally the 
conductor is not located exactly where it should be. As an example, one finds the 
normal sextupole moment for a single shell of uniform current density between 
radii R1 and R2 terminated at angle 00 to be 

bz = ~ (:I ) ( :2) ~ii~ 3:i 
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where w is the reference radius at which the moment is evaluated. For ea=60a, i.e., 
zero sex tu pole moment, R1 =2 cm, R2 = 3 cm, and w= 1 cm, we have for a small 
variation in ea, ~ea, that 

~b2 = ~ ( ~) ( j) ~eo , 
which for an angular error of lmr (i.e., 25 µmat a mean radius of 25 mm) gives 1.9 
units of sextupole. 

While the normal sextupole, decapole, 14 pole, etc., are allowed in a dipole 
design, they are made small by placing the conductor in blocks separated by Cu 
wedges. Other multipoles are not allowed unless symmetry in the magnet is 
violated. This means that while b2, b4, b6, etc., are allowed, the existence of b1, b3, 

b5, etc., implies a violation of left-right symmetry. Non-zero a1, a3, a5 indicate 
up-down symmetry is broken, while a2, a4, a6' etc. require both violation of up
down and left-right symmetry. In the magnet data accumulated to date, it is gen
erally true that the rms widths get smaller as one progresses from the symmetry 
allowed, to up-down asymmetry violation, to left-right asymmetry violation, to 
breaking of both left-right and up-down symmetry. 

For the higher energy machines it has been important to understand how these 
random errors scale with coil radius. From the multipole data on CBA and 
TEVA TRON magnets it was anticipated that ~ea would vary as 11-YRI> where R1 is 
the inner coil radius, and in this way magnet errors were scaled to the 4 cm and 5 
cm possible apertures for SSC dipoles. In Fig. 5 the rms multipole width data on 
six 4.5 m long, 4 cm aperture magnets are presented. Also shown are predictions 
that indicate the measured cos e magnet errors are safely smaller than those used in 
tracking calculations. 

Data on seven I-meter-long superferric magnets are also displayed in Fig. 5. 
The random errors that give rise to multipoles in this example include conductor 
placement, iron dimensions and die stamping tolerances, iron permeability 
variations, stacking factor variations, and up-down iron permeability mismatch. 
Two sets of measurement data are shown since problems at the low excitation are 
generally related to magnet iron, while the 2T data indicate sensitivity to conductor 
placement and iron saturation. 

There are also multipole data from HERA, RHIC, and UNK. While these data 
do not change our understanding of the conclusions reached on scaling, they do 
confirm that superconducting magnet technology is being readily assimilated into 
the newer magnet programs at these laboratories. All measurements to date on 
random magnet errors indicate tooling and construction techniques are adequate to 
make coils that are good for accelerators. 
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Figure 5. RMS multipole widths for 4cm cos 0 and superferric dipoles. The 
dashed lines are a prediction of the expected sigmas for the 4cm cos 0 magnets. 

Systematic Errors 

The cos e magnets have three major sources of systematic multipoles: (a) devia
tion from a pure cos 0 current distribution, (b) iron saturation, and (c) persistent 
current effects. As mentioned earlier, the higher order multipoles b4, b6, b8, b 10, 

etc., can be designed to average zero with appropriate wedges. Iron saturation can 
be avoided if not too much additional field is desired from the iron. The typical 
dipole field enhancement due to iron is slightly more than 20%. This can give rise 
to a few units of saturation sextupole moment although the iron can also be shaped 
to reduce this level. For example, the cold Fe SSC cos 0 magnet has 1.2 units of 
saturation sextupole moment. 

Doublets of persistent current induced in the filaments of the superconductor by 
a change of the magnetic field give rise to systematic sextupole, decapole, etc. The 
problem is at injection where the external field is low and Jc is high. For example, 
at UNK where the injection field will be in the range 0.67 to 1 T, the sextupole 
moment is -20 units (at 3.5-cm) for 10 µm filament wire. For HERA at injection 
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(.23T) the sextupole field is -30 units (at 2.5 cm) with 14 µm filaments. The 4 cm 
SSC prototype dipoles have a sextupole moment at injection, .33T, that is 25 units 
(at 1 cm) below the asymptotic sextupole built into the magnet. Since the filament 
diameters of the SSC prototype cables are large, ,,,20 µm, the effect will be reduced 
significantly with finer filaments. A reduction by a factor of five to ten would still 
leave a substantial sextupole field. To correct these unwanted fields, all of the 
presently planned accelerators have long (at least half the dipole length) sextupole 
windings and possibly decapole windings. 

There is an alternative scheme that could be used to correct the persistent cur
rent fields. In the sextupole case it employs strips of superconductor located in 48 
fashion inside the dipole aperture, perhaps in lieu of the present correction wind
ings. No transport current is put through these strips; they produce persistent 
currents by induction that can be used to cancel the dipole winding persistent 
fields. Recently, a test at Fermilab showed that the 4 cm SSC prototype persistent 
current sextupole field at 0.3T was reduced by 83%. For the Fermilab test the 
corrector was fabricated using 45 µm filament NbTi conductor in a Cu matrix that 
was roughly 1.2 mm square in cross section. Figure 6 shows a picture of the 
corrector and the dipole winding cross section. To make a more effective cor
rection, smaIJer diameter filament wire would be needed, such as 30 µm. 

Figure 6. Passive corrector strips used to correct the persistent current sex
tupole field in an SSC prototype dipole. (Fermi/ab photograph 86-88-7) 



Tracking studies that use multipole errors for magnets are becoming increas
ingly important in specifying both machine optical design and acceptable magnet 
tolerances. A.W. Chao at the Central Design Group of the SSC has suggested 
specifications for multipole field errors in both random and systematic categories 
as given in Table II. 

Table II. 

Specifications of multipole field error tolerances for the SSC 
dipole magnet. The rms specifications are given for the random 
field errors. The units are [a,J=[b,J= J0-4cm-n. 

Random Systematic 
a1 0.7 0.2 
a1 0.6 0.1 
a3 0.7 0.2 
a4 0.2 0.2 
a5 0.2 
a6 0.1 
a7 0.2 
a8 0.1 

0.7 
2.0 
0.3 
0.7 
0.1 
0.2 
0.2 
0.1 

0.2 
1.0 
0.1 
0.2 
0.02 
0.04 
0.06 
0.1 

In determining the magnet's good-field region an important task is to sort the 
magnets on the basis of normal and skew sextupoles and place them in the ring 
appropriately. For the 4 cm SSC case, the aperture over which linear motion is 
achieved increases from 0.55 ± 0.13 cm to 0.89 ± 0.20 cm by sorting magnets in 
groups of 60. The dynamic aperture, defined by stable particle motion, is 1.2 ± 
0.15 cm and is determined primarily by systematic higher multipoles. In the results 
just quoted it has been assumed that there are both sextupole and decapole cor
rectors located on the bore tubes of the dipoles to correct the systematic average of 
these multipoles. 
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With the ability of modern programs to calculate beam dynamics on a tum-by
turn basis, there is a consequent need for accurate magnetic field data and accel
erator performance data. Efforts are underway at Fermilab to understand the beam 
behavior in the TEVA TRON vis-a-vis the Magnet Test Facility magnet data. 
Topics being studied include: vertical and horizontal coupling, beta function 
changes with low-~ quadrupole tuning, and resonance width studies. Presumably, 
as other laboratories install measured superconducting magnets they will also want 
to use magnetic field data to understand the beam. 

Correction Coils 

Both the HERA and SSC project groups have developed correction coil 
windings that are attached to the beam bore tube. 

In the case of HERA there are both quadrupole and sextupole coils over a 
length of 5.9 m on the 9.6 m long beam pipe whose outer diameter is 6.03 cm. The 
coils are a single layer made from 1.03 mm diameter insulated NbTi wire of Cu/SC 
ratio l.8 with filaments 15 µm in diameter. The sextupole coils are made from 
three subcoils each having 21 turns, while the quadrupole coils are made from two 
subcoils of 33 windings each. The nominal sextupole (quadrupole) field is 0.030T 
(0.045T) at a radius of 0.25 cm for a current of 65A (85A). 

The correction coils for the SSC will include sextupole, octupole, and decapole 
correction windings. These coils are being fabricated with a new technique in 
which a numerically controlled head ultrasonically embeds fine superconducting 
(SC) wires in a substrate coated with special adhesive. Wire can be laid at the rate 
of 10 meters per minute, and the transverse positional accuracy is 25 µm. The 
substrate is wound in its flat condition and later affixed to the beam tube. Both 
0.15mm and 0.20mm wires have been used to build prototype coils. Seven 4.5 m 
coils of this type have been built and tested; they all give adequate performance, 
have small unwanted harmonics, and are adequately aligned rotationally. 

The Mole 

Accurately measuring the magnetic field of a long magnet with a small bore, 
such as the SSC prototypes, is a nontrivial problem. Brookhaven National 
Laboratory (BNL) has developed a 61 cm long rotating probe that is 2.5 cm in 
diameter which can be pulled through a wam1 bore tube in the magnet. The probe 
is driven by an air motor through a gear reducer. The measuring coil intercepts 
radial flux and there are also two bucking coils. The Mole assembly contains a 
gravity sensor to measure the dipole field angle, and there is an encoder attached to 
the measuring coil to readout angle. The measuring coil signals are brought out of 
the Mole via slip rings, and the signals from the three coils are digitally processed 
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with voltmeters (Hewlett Packard Model 3457 A). The coil rotates one revolution 
in 3.5 seconds. 

The system has been calibrated in both large and small bore magnets. Recently, 
it has been used to measure a TEVA TRON dipole at 4T and has also been used in 
warm and cold measurements of the first two 16.6 m long SSC prototypes. The 
data shown in Fig. 7 represent the measured warm skew and normal quadrupole 
moments for the second long SSC magnet. Although there are still a number of 
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Figure 7. Normal and skew quadrupole moments for the second l 7m SSC 
prototype magnet. The measurements are made at room temperature every 6/cm 
with the Mole. There are three measurements at each longitudinal position. 

mechanical improvements to make, the device is already being used to understand 
the first long SSC prototype dipoles. 

Quench Protection 

The protection of magnets during quenches is accomplished with current bypass 
circuitry that is in parallel with the magnet coils. The bypass circuit is either 
self-activating with diodes, or the detection of resistive magnet voltage causes 
normally open bypass SCR's, or thyristors, to close. These two systems arc 
refened to as passive and active. In either case there is additional circuitry to 
monitor the voltage across magnet strings and take appropriate action such as the 
shutdown of power supplies and the firing of quench heaters located next to coils 
that can be used to fully distribute the quench energy throughout the coil if necessary. 
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The TEVA TRON system is active while the passive HERA scheme uses cold 
diodes located in an access port on the magnet cryostat. The SSC project is slated 
to use warm diodes as the quench bypass switch. These warm diodes could be 
replaced with cold diodes if quench tests with prototype magnets are successful 
and if diodes can be found that are radiation resistant. 

The length of magnet or magnet string that is included in a single bypass circuit 
depends on many factors. The stored energy in the magnet must be distributed 
quickly enough to keep the temperature in the coil below 450K where solder melts. 
The self propagation of the quench zone in the magnet, i.e., the quench velocity, is 
an important parameter. In general the quench propagates more quickly as the Cu 
content in the winding is reduced, which is good. However, the smaller cross 
section of Cu raises the local resistance that, in tum, raises the magnet voltage to 
ground. This is bad! So there is a design problem in which the adiabatic approx
imation to the heat diffusion equation is solved by allowing 12 R losses to raise the 
coil temperature during a quench to some final value T max : 

A2 JTmax µC dT = r J2dt . 
Tc p Jo 

Here the right-hand side of the equation, measured in I 06 A2 sec (Miits), is 
dependent on the magnet's current waveform while the left-hand side depends on 
density µ, specific heat C, cable area A, and resistivity p of the material in the 
cable. Several computer programs exist that can be used to make the T max and 
voltage to ground calculations. 

There are a few problems that may need attention. In the interconnection 
region between magnets, quench growth can be very slow and hard to detect. Here 
cables need to be completely stabilized with copper. In the new SSC-type 
magnets, where Cu wedges are used to reduce high-order multipoles, the delay of 
the quench propagation across the wedges needs to be understood. Early measure
ments do not indicate this to be a serious problem. The voltage to ground needs to 
be measured under various conditions and carefully evaluated relative to the coil 
insulation scheme. 

Cryostats 

The heat leak into the 4.5K helium system of a magnet becomes a serious 
economic problem for long strings of magnets. Because the heat leak in a cryostat 
is dominated by supports and superinsulation, there is a need to make the path 
length through which the heat must travel reasonably long and small in cross 
section. This is one of the main reasons the cold iron designs have been devel
oped. All of the four superconducting machines mentioned here have cold iron. 
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The UNK/HERA design has an SOK LN2/60K He gas-cooled radiation shield to 
decrease the cryogenic load at 4.5K, while the SSC and RHIC design has an 
additional radiation shield at an intermediate temperature (~20K). 

There are two basic suspension systems: The HERA and UNK type, and the 
SSC and RHIC style. Both support systems have the single-phase assembly and 
radiation shields inside a vacuum vessel. In the HERA design the single phase 
assembly is suspended with tension elements. The UNK model has titanium alloy 
suspension rods. The SSC and RHIC single phase assembly support is done with a 
folded post as shown in Fig. S. The post, made principally of G-11 CR, has thermal 
intercepts at room temperature, SOK, 20K, and 4.5K. It is presently built to with
stand static vertical and lateral forces of 1.Sg and O.Sg respectively. In addition, it 
will withstand seismic excitations corresponding to the vertical and horizontal shock 
response spectra defined in NRC Regulatory Guide 1.61, scaled to 0 .3 g. 

13 

1. Superinsulation 
2. Beam Vacuum 
3. 20K Heat Intercept 
4. Liquid He Return 
5. Insulating Vacuum 
6. Mounting Base 
7. Magnet Support Post 
8. 80K Heat Intercept 
9. Outer Vacuum Vessel 
Assembly (Fe) 

10. Superconducting Coil 
11. Stainless Steel Collar 
12. Magnet Steel 
13. Beam Tube 

Figure 8. Cross section of the support system for the 4 cm SSC magnet. 

Heat Leak 

The design heat leak budget for the 17-meter SSC magnet is 25 watts, 2.5 watts, 
and 0.3 watts to the SOK, 20K, and 4.5K systems, respectively. Tests of individual 
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posts in a dewar show that these values can be met. For example, the heat leak to 
4.SK per post is measured to be "'25mW. A 17 m-long heat leak model with a 
dummy thick-walled pipe to resemble a magnet coil is presently under test at 
Fermilab. Preliminary data indicate the 4.SK heat leak is about as expected. Data 
taking and analysis are still under way relative to the 20K and 80K systems. 

The HERA and UNK test results are just beginning to come in. In preliminary 
tests the most recent 9 m-long HERA dipole has static heat loads to 4.6K and the 
60K shield of 11 ± 1 W and 40 ±SW, respectively. The warm Fe UNK dipole static 
heat leak has been measured at 2.5 ± 0.8W/m with the calculated expectation of 
2.0W/m. The cold Fe dipole is expected to have a static heat leak of 2W compared 
to the calculated value of 12 watts for the warm iron magnet. 

The conclusion to be reached relative to cryostats is that new suspension sys
tems and superinsulation are being developed that will allow these large magnet 
systems to operate economically. 

Future Projects 

There are a number of projects on the schedule of things to come. Prototype 
high-gradient quadrupoles with a 4 cm aperture are to be built for the SSC R&D 
effort. The anticipated gradient is 2.3T/cm. There will be production of 1 m 
models at LBL with long 3.3 m quads being built at Fermilab. The long-term goals 
at the TEY A TRON call for high-gradient quads that will produce a ~ of l/2m at BO 
and DO. The goal is to make 7.5 cm-aperture magnets with a gradient between 2 
and 2.ST/cm. This can be done only with low temperature operation at l .8K, and it 
is anticipated that NbTiTa alloy will be used. The ternary alloy critical current 
density is expected to be as much as 20% greater than NbTi at l .8K. 

Operation of magnet systems at 1.8K is an interesting new venture that is 
already beginning to receive attention. 

The quest for higher field dipoles should go ahead. Reaching 1 OT and beyond 
will require engineering ingenuity and possibly new techniques for building mag
nets. It would be encouraging to find several different techniques that work. 

Finally, it will be a great triumph to see most of the magnets discussed actually 
built and put to work in the superconducting machines that are now in the design 
and construction stages. 
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Announcements 
Enrico Fermi Award Presented to Ernest Courant and M. Stanley Livingston ... 

Ernest Courant of Brookhaven National Laboratory and the late M. Stanley 
Livingston (1905 - 1986), a former associate director of Fermilab, were named 
co-recipients of the Department of Energy's Enrico Fermi Award for 1986. The 
proclamation, signed by President Reagan, cites Livingston posthumously "For his 
leadership contributions to the development of nuclear accelerators over a half
century, from his involvement in the designing of the first cyclotrons to his role in 
the discovery of strong (alternating gradient) focusing, now used throughout the 
world for the design of nuclear accelerators and particle beams of the highest 
energies." 

Reorganizations ... 
The Director's Office has announced the following changes in the management 

of the Accelerator Division: 
Following a five-year stint as Head of the Accelerator Division, during which 

time he was instrumental in the construction and success of the Energy Saver/ 
Doubler/TEVA TRON, J. Ritchie Orr has, at his own request, joined the Technical 
Support Section where he will be involved in the Laboratory's SSC activities. 

Helen Edwards, formerly Deputy Head of the Accelerator Division, is now 
Head of the Accelerator Division. She was recently presented with the E.O. 
Lawrence Award by the Department of Energy in recognition of her vital role in 
the construction of the TEVA TRON. 

John Peoples, prime mover as Head of the Pbar Source Department in the 
design and construction of the Pbar Source, replaces Helen Edwards as Deputy 
Head of the Accelerator Division. Gerald Dugan leaves his position as Head of 
Accelerator Systems for the Pbar Source to take on the responsibilities of Head of 
the Pbar Source. 

Charles Ankenbrandt becomes Head of the Accelerator Theory Department, 
while Lee Teng, former Head of Accelerator Theory, joins the medical accelerator 
project which is designing a prototype medical proton-therapy accelerator for 
Loma Linda University Medical Center. 

In addition, the following teams will rotate through the cycle of responsibility 
for TEVA TRON and Main Ring running (with specific emphasis on the indicated 
areas): Philip Martin and Stanley Pruss: recommissioning of the TEV ATRON 
and Main Ring, respectively; Michael Harrison and Frank Turkot: fixed target; 
and David Finley and Rod Gerig: Collider operations. 

Also, Ernest Malamud and Paul Mantsch will head a group to design a new 
low-~ for the DO detector. 



24 

("Announcements" cont'd.) 

Summer Housing Deadlines ... 
The deadline for receipt of reservations for summer on-site housing is Monday, 

March 3, 1987. Housing assignments will be made in April, and responses will be 
mailed April 10, 1987. The starting date for summer occupancy in June 1. For 
further information, please contact the Housing Office at (312) 840- (ext.) 3777. 

Change in Fermilab Report Publication Frequency ... 
Beginning with this issue, Fermi/ab Report will appear bi-monthly. 


