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Abstract—Quench
observation using quench
antennas Is now being performed routinely on RHIC
dipoie and quadrupole magnets. Recently, a quench
antenna was used on a RHIC IR magnet which is

heavily Instrumented with voltage taps. It was
confirmed (hat the signals detected In the antenna
colls do not contradict the voltage tap signals. The
antenna also detects a sign of mechanical
disturbance which could be related to a training
quench. This paper summarizes signals detected In
the antenna and discusses possible causes of these
signals.
L INTRODUCTION
Tests of superconducting magnets for the Reladvistic
Heavy Ion Collider (RHIC) project are now being performed
at Brookhaven National Laboratory (BNL). Most of these
magnets are not instrumented with voltage taps which enable
us to localize a quench origin [1]. To localize quenches in
these production magnets, several quench antennas have been
developed jointly by KEK and BNL [2]. These antennas are
based on the antennas developed for SSC dipoie magnets [3]
which were evolved from the method developed at CERN [4].
The method developed at CERN, named quench localization
coils (QLC) [5], uses sets of pickup coils which detect field
fluctuations introduced by quenches. The quench antennas rely

EL SYSTEM CONFIGURATION
The antenna used for the tests introduced here consists of
two coil arrays which are lined up along the magnet length.

Each coil array contains four pickup coils; the first one is
sensitive to normal sextupole, the second to skew scxtupole,
the third to normal octupole, and the fourth to skew octupole
field. Fig. la presents a cross-sectional view of a coil array. A
three dimensional view of a single turn sextupole coil is
shown in Fig. lb. It was shown by Morgan [7] tiiat this kind
of winding is primarily sensitive to the sextupole field. The
octupole coil is similar to the sextupole except that the wire
crosses the coil form every it/4. The skew coils are rotated
from the normal coils by rc/6 for sextupole and xf% for
octupole coils.

+N8 m -i

8N+

on the same concept but use sets of pickup coils which are
only sensitive to higher order multipole fields. This
configuration eliminates the need to detect fluctuations of the
main multipole field which contains the noise of the power fig. la. Cross-sectional view of a coil amy. 6N, 6S, 8N, and 8S indicate
supply, but is still sensitive to fluctuations caused by normal sextupole, skew sextupole, normal octupole, and stew octupole,
quenches. Recently, the antenna for the Interaction Region respectively.
(IR) quadrupole magnets [6] has been used with magnets
which are heavily instrumented with voltage taps [2]. It was
confirmed that the signals detected in the antenna coils do not
contradict the voltage tap signals. The antenna also detects
indications of mechanical disturbances in training quenches.
This paper summarizes examples of the antenna signals and
discusses origins of these signals.
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mm from the center of the magnet toward the ends. The coil
array close to the lead end is named C-1 and the other is C-2.
The measurements were made on the magnet named
QRI999, which is a 1.3 m long, 13 cm aperture model IR
quadrupole magnet. Single layer, cos(28) coils produce a
nominal field gradient of 48.1 T/m at the operating current of

5.0 kA. The coils are wound from a Rutherford-type cable
which consists of 36 strands and has mid-thickness 1.156
mm, cable width 11.68 mm, and cable lay pitch 94 mm.
Detailed features of the magnet can be seen in [6].
The antenna signals and the voltage tap signals are taken
using the same data acquisition system with sampling rate 5
kHz. The system is triggered when the amplitude of the
balance signal, the voltage difference between coil 1-2 and 34, exceeds a threshold of 2 V.
EQ. MEASUREMENTS
Examples of measured signals presented here are taken
during the first testing cycle. Quench currents of this cycle are
summarized in Fig. 2. All the quenches are performed at a
ramp rate of 16 A/s. Up to the third quench, the current is
ramped in 500 A steps until a quench occurs. Between the
second and third quench, 10 current cycles to 7 kA and a 1
hour hold at 7 kA were performed. For the remaining
quenches, the current is ramped to quench without stopping.

disturbance [8]. The signals of the antenna coils show a spike
associated with oscillation of the signal which can be related
to this mechanical disturbance [9]. The oscillation is larger in
the signals of the octupole coils than that of sextupole coils
indicating that the main component of this field fluctuation is
octupole field. The octupole field fluctuation can be

introduced by a mechanical vibration which produces an
elliptical deformation of the coil cross-section. A distortion
where the axes of the ellipse are at the midplancs of coils
introduces normal octupole while the other, i.e. the axes of
the ellipse at the poles, causes skew octupole field. The
amplitude of the oscillation seen in the signals is about 20
p.V and the frequency is about 1 kHz. This corresponds to a
mechanical vibration whose maximum distortion in the inner
diameter of the magnet coil is about 0.2 p.m. This kind of
oscillation can be seen in the first two quenches of the first
thermal cycle. As described later, the oscillation has not been
observed in the other quenches of this magnet.
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Fig. 3. Antenna coil signals taken during thefirstquench of the first testing
cycle.
16

Fig. 2. Quench summary of the first testing cycle of magnet QRI999.
Different plot symbols indicate different quench start locations. The
locations are derived from the voltage tap signals. Numbers of the coils
count clockwise starting from the upper left coil as viewed from the magnet
lead end.

A. Quench with Mechanical Disturbance
Fig. 3 presents signals of the antenna coils in array C-1
and the balance signal taken during the first spontaneous
quench. The quench current is 6348 A, and the voltage tap
signals indicate that the quench origin is at the ramp splice
section in coil 2 of the magnet. The balance signal shows a
voltage spike which suggests the existence of a mechanical

B. Quenches at Various Quench Currents
After two training quenches, the third quench reached
7505 A, the highest quench current in this testing cycle. After
this quench, the quench current fluctuated between 6589 A and
7276 A for the next 9 quenches, though the origins of these
quenches were all in the same location. Fig. 4 presents
signals of the antenna coils in array C-1 and the balance

signal taken during the sixth quench. The quench current is
7140 A and the quench start location is at the straight section
of the left pole turn in coil 1. All the signals of the antenna
coils of array C-l and the balance signal begin almost
simultaneously indicating that the axial location of the
quench origin is within the axial region covered by coil array
C-1. This agrees with the quench localization based on the
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vdltagc tap signals. Unlike the case of the training quenches the amplitude of the signals increases as the quench current
these signals do not show oscillations similar to those seen increases. The shapes of the signals, however, are roughly
in Fig. 3. This is true for the other eight quenches in this similar to each other. These observations can be made for all
group. Fig. 5 presents signals of the normal octupole coil in the antenna coils. Similar signal shapes indicate that the
array C-l for the quenches at 6589, 6832, 7071, 7140, and current redistribution, which causes the field fluctuation,
7325 A. None of these signals shows oscillations similar to proceeds in a similar way in these quenches. Although the
that seen in the training quenches. Although mechanical causes of the amplitude increase are not clear, it is useful to
disturbances can not be totally eliminated as a cause of the consider tworeasons:1) larger field gradient on the cable, and
erratic fluctuation of the quench currents, the antenna signals 2) faster quench velocity.
do not show an indication of a mechanical disturbance.
A field fluctuation which produces antenna signals is
Another observation which can be clearly made is that considered to be caused by current redistribution at the quench
front. The current redistribution may be introduced by a field
gradient
across the cable cross-section. The quenchfrontmay
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proceed faster at points where the field is higher. At the
quench front, therefore, current may redistribute from the high
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field region, where the conductor transits to the normal
conducting state, to the low field region of the cable, where
Skew Octupole
•.
the conductor remains superconducting. Another mechanism
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Homol Octupole
v,
region because of the magneto-resistance. This may result in
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the superconducting state, however, the average current
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over one twist pitch lengdi should be constant across
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the cable cross-section. The difference in the current density,
therefore, should cause a current redistribution in the super-toHormsl gextupole
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normal transition. Bom mechanisms may be enhanced if the
field gradient is larger. Since the field distribution in the
magnet cross-section is approximately proportional to the
-1.26
-0.30
-0.10
-0.08
-0.06
-0.04
-0.02
-0.00
magnet current, when the magnet current is higher the field
Time («ec)
gradient across a cable cross-section will be larger. These
Fig. 4. Antenna coil signals taken during the sixth quench of the first testing assumptions are reinforced by the fact mat bom quench signal
amplitude and the field gradient are higher at the midplane
cycle.
than at the pole.
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The above mechanisms define the amount of current
redistribution during the super-to-normal transition. The
amplitude of the signal, however, can be influenced by the
other factor which is speed of the current redistribution.
Quench velocity may be a dominant factor which decides the
speed of the redistribution. In the case of the low current
quenches, the quench velocities are slower than those of the
higher current quenches. This results in a larger amplitude of
me signals for the higher current quenches. The fact that the
signals for the lower current quenches seem to be stretched
over a longer time interval also indicates a slower transition.
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Following the analysis performed in [2], we assume that
the field distortion is produced by a moving current line. Let
us define a Cartesian coordinate system such that the z-axis is
parallel to the coil array and the origin is at the center of the
coil array. The current I parallel to the z-axis positioned at
(x,y)=r e"\ moving with velocity (v ,v )=v e'P, induces
voltages approximated as,
s

Fig. 5. Normal octupole coil signals taken during the quenches of the first
testing cycle. Indicated are the quench numbers and the quench currents .
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transition can be estimated from the properties of the
conductor by assuming that the main cause is the magnetoresistance of the matrix copper in the cable. Assuming a
residual resistivity ratio of 100 for the matrix copper, the
current redistribution in the pole turn along the cable
thickness is estimated to be about 700 A. This estimation
shows that the current redistribution of 300 A, which is
derived from the antenna signals, is a reasonable value.
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where the subscripts 6n, 6s, 8n, and 8s used for the voltage
V, the number of turns N, the length L and the radius R, refer
to the normal sextupole, skew sextupole, normal octupole,
and skew octupole coil, respectively. The system of
equations allows us to obtain four unknowns, r , a, IJVJ, and
p, analytically. Fig. 6 summarizes these four values derived
for the time range indicated by the pair of dotted vertical lines
in Fig. 4. The beginning of the range is the time when the
signals start torise.The end of the range is the time when the
normal -zone appears to occupy the axial region covered by
coil array C-l. The diamonds present the position given by r
and a and the length and direction of the lines indicate I v
and p, respectively. One diamond represents each sampling
step where the sampling rate is 5 kHz. A unit length of the
line, i.e. 1 m, corresponds to a current movement of 2000
A»m/sec. The diamonds are mostly located around the right
pole turn of coil 1. The voltage tap signals show that the
quench starts in the straight section of the right pole turn in
coil 1. Although the radial localizations from the antenna
signals are slightly off from the cable, the azimuthal
localizations are in good agreement with thatfromthe voltage
taps. The maximum amplitude of the current movement is
about 100 A*m/sec, and its direction is roughly perpendicular
to a flux line which crosses the pole rum. This indicates that
the current movesfromthe high field region to the low field
region in the cable cross-section. The integrated amplitude
over the range is about 0.2 A»m. This corresponds to a
current redistribution of about 300 A, assuming that the
current moves along the cable thickness.
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Fig. 6 Azimuthal quench localization, as viewed from the lead end.

IV. CONCLUSION
Quench analyses using the quench antenna have been
performed on a RHIC IR quadrupole magnet. The analyses
indicate the existence of mechanical disturbances during the
first two quenches. It was confirmed that the antenna detect
thefieldfluctuation produced at a quench front The analysis
of the signals based on the crude two dimensional model
appears to give good azimuthal localization of the quench
front. It is, nevertheless, desirable to develop more
sophisticated models in order to understand the exact nature of
the antenna signals.
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