Lawrence Berkeley National Laboratory
LBL Publications

Title
Measurements of Magnetization Multipoles in Four Centimeter Quadrupoles for the SSC

Permalink

bttgs:ééescholarshiQ.orgéucéitempidlc%j

Authors

Green, M A
Barale, P |
Benjegerdes, R W

Publication Date
1991-06-01

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at https://creativecommons.org/licenses/by/4.0/

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9jd1c9ns
https://escholarship.org/uc/item/9jd1c9ns#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

° A.“,.' .

LBL-30811

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Accelerator & Fusion
Research Division

Presented at the 1991 Cryogenics Engineering Conference,
Huntsville, AL, June 11-14, 1991, and to
be published in the Proceedings

Measurements of Magnetization Multipoles in
Four Centimeter Quadrupoles for the SSC

M.A. Green, P.J. Barale, R.W. Benjegerdes, W.S. Gilbert,
M.L Green, R.M. Scanlan, J. Sopher, and C.E. Taylor

June 1991

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098

‘BpTH 1S¥99A © J0F|
j

*AxBaqTl @S
Z 4&do)d

B5331BTNDXT
Ad0D NVOT

|
1

71890€E-"19"71




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-30811
SC-MAG-340

MEASUREMENTS OF MAGNETIZATION MULTIPOLES
IN FOUR CENTIMETER QUADRUPOLES FOR THE SSC*

M. A. Green, P. J. Barale, R. W. Benjegerdes, W. S. Gilbert,
M. 1. Green, R. M. Scanlan, J. Sopher, and C. E. Taylor

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

1991 Cryogenics Engineering Conference

Huntsville, Alabama

June 11-14, 1991

To be published in Advances in Cryogenic Engineering, Vol. 37, February 1992

*This work was supported by the Director, Office of Energy Research, Office of High
Energy and Nuclear Physics, High Energy Physics Division, U. S. Department of
Energy under Contract No. DE-AC03-76SF00098



MEASUREMENTS OF MAGNETIZATION MULTIPOLES
' IN FOUR CENTIMETER QUADRUPOLES FOR THE SSC*

M. A. Green, P. J. Barale, R. W. Benjegerdes, W. S. Gilbert,
M. 1. Green, R. M. Scanlan, J. Sopher, and C. E. Taylor

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

ABSTRACT

Higher multipoles due to magnetization of the superconductor in superconducting

" dipole and quadrupole magnets has been observed for over twenty years 1.2, This report
presents measurements of the 12 pole and 20 pole multipoles in a model one-meter long
four-centimeter bore SSC type quadrupole built at the Lawrence Berkeley Laboratory (LBL).
The measurements were compared with calculations of the field structure using

magnetization theory 3. Good agreement was observed between the measured multipoles
and the calculated multipoles. Under conditions equivalent to injection into the SSC at an
energy of 2 TeV, about 1.0 unit of 12 pole was observed and 0.05 units of 20 pole was
observed. (One unit of field error is a field error of one part in ten thousand.) Magnetization
multipole measurements were also done on the first full length (5 meter) SSC quadrupole
prototype. Measurements of flux creep decay were made on three one meter quadrupoles and
the first five meter long quadrupole.

INTRODUCTION

The LBL SCMAG®@4 computer code has been used to calculate the magnetization
multipoles in dipole magnets 4. The multipoles generated in dipole are the normal symmetric
ones; N = 1 (dipole), N = 3 (sextupole), N = 5 (decapole), and so on. (Note: the
terminology is different from the one used by the beam dynamics physicists. Normal N =1
is bg; normal N = 3 is b; normal N =5 is b4; and so on.) The multipoles generated within a
quadrupole will also be the normal symmetrical ones; normal N = 2 (bj or quadrupole,
normal N = 6 (bs or 12 pole), normal N = 10 (bg or 20 pole) and so on.

A cross-section of the 4 centimeter bore LBL quadrupole 5 is shown in Fig. 1. The
magnet is symmetrical about the four poles, located at 45 degrees from the x and y axes.
Each conductor shown in Fig. 1 is a 30 strand outer SSC cable which has a copper to
superconductor ratio of 1.8 in each of the 0.648 mm diameter strands. The SCMAG@4
program divides each conductor into six parts. The magnetization field is calculated at the
center of each of these parts.
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Fig. 1 A Cross-section Coils and Collars of the QCC-401 Four Centimeter Quadrupole

COMPARISON WITH MEASUREMENTS IN THE QSC-401 SHORT QUADRUPOLE

Measurements of the N = 6 (bs) and N = 10 (bg) made in the first QC cross-section
quadrupole shown in Fig. 1 showed that, at intermediate currents (about 3000 amperes),
the N = 6 offset was about -0.38 units. At the same current, the N = 10 offset was about
+0.10 units. Figures 2 and 3 compare the measured N = 6 (12 pole) and N = 10 (20 pole)
with the calculated N = 6 and N = 10 with the appropriate offsets subtracted from the
measured data. The data in Figs. 2 and 3 is plotted in terms of the multipole ratio versus
the magnetic induction at a 10 mm radius. The transfer function at a 10 mm radius is 0.332
tesla per 1000 A. The calculated magnetization multipoles assume that the critical current
density of the superconductor at 5.0 T and 4.2 K was 2750 A mm-2.

Figure 2 compares the measured N = 6 with the -0.38 unit offset (the inverted -

triangles) with the calculated N = 6 (the solid line). Figure 3 compares the measured N = 10
with the +0.10 unit offset (the inverted triangles) with the calculated N = 10 (the solid line).
In both figures, the filled inverted triangles indicate that the field is going up, and the open
inverted triangles indicate that the field is going down.

The width of the N = 6 measured magnetization curve compare favorably with
calculation, but there is additional offset in the negative direction at lower fields. It is almost
as if there is a small amount of ferromagnetic material present in the magnet. (We have
noticed a similar slope in some of the dipoles.) The width of the N = 10 measured
magnetization curve is quite consistent with the calculated value. The apparent slope found in
the N = 6 measured curve is not present in the N = 10 measured curve.

The agreement between the measured and calculated N = 6 and N = 10 is quite good. .
The cycle to cycle variation of the N = 6 term can be as much as 0.3 units at an injection-

energy of 2 TeV depending on the previous flux history of the magnet. The cycle to cycle
variation of the N = 10 is between 0.01 and 0.02 units depending on the history of the
magnet. The minimum current for the two cycles varied by a couple of amperes (about 5%).
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Fig. 2 A Comparison of Measured and Theoretical Magnetization 12 Pole in the QSC-401
Quadrupole versus Quadrupole Induction at R = 1 cm (-0.38 Unit Offset Removed)
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Fig. 3 A Comparison of Measured and Theoretical Magnetization 20 Pole in the QSC-401
Quadrupole versus Quadrupole Induction at R = 1 cm (+0.10 Unit Offset Removed)
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COMPARISON WITH MEASUREMENTS IN THE LONG QCC-401 QUADRUPOLE

The QCC-401 quadrupole and its cycle is somewhat different from the QSC-401
quadrupole. The QSC-401 quadrupole measurements were compared to the standard
(2750 A mm-2 at 5.0 T and 4.2K) SSC conductor. The conductor in the QSC-401 magnet
was quite close to the SSC standard cable. The cable in the QCC-401 quadrupole is
different. The inner layer has a critical current density of 2750 A mm-2; the outer layer
critical current density was 2620 A mm-2. The minimum current for the QSC-401 test was
97A. The minimum current in the QCC-401 test was 59 A.

In the QCC-401 quadrupole, the measured offset for the N = 6 at 3000 A was about
-3.62 units. The N = 10 offset was about +0.19 units. Figure 4 compares the corrected
measured N = 6 with the calculated N = 6; Figure 5 compares the measured N = 10 with
offset with the calculated N = 10. In both figures, the filled inverted triangles apply to
measurements with the field going up, and the unfilled inverted triangles apply to
measurements with the field going down.

Width of the measured N = 6 and N = 10 magnetization curves compares very
favorably with the previous case, the lower field part of the measured magnetization curve
is offset about a half a unit as compared to the calculated value. There is a particular jump
toward positive 12 pole at an induction of 0.66 T at a radius of 10 mm. This hump occurs
both when the field is rising and when it is falling.The origin of the hump is being
investigated, but appear that the hump is unrelated to the superconductor magnetization.
Despite the hump, the agreement between measurement and calculation is not too bad.
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Fig. 4 A Comparison of Measured and Theoretical Magnetization 12 Pole in the QCC-401
Quadrupole versus Quadrupole Induction at R = 1 cm (-3.62 Unit Offset Removed)
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MEASURED 12 POLE AND 20 POLE DECAY IN THE QSC-401, QSC-402, QSC-403,
AND QCC-401 QUADRUPOLE MAGNETS

The flux creep decay of the magnetization 12 pole and 20 pole was measured in the
QSC-401, QSC-402, QSC-403, and QCC-401 magnets. In QSC-401, about 0.1 units of 12
pole decay was observed per decade of time (see Fig. 6), just over 10% of the observed 12
pole decayed per decade. The 20 pole decay rate was about 0.06 units per decade (see Fig.
7). The QCC-401 decay was almost identical to the QSC-401 decay (0.095 units of 12 pole
decay and -0.008 units of 20 pole decay) in both the QSC-401 magnet and the QCC-401
magnet. The decay acted in a direction which reduced the amount of the magnetization
multipole. QSC-402 had observed 12 pole and 20 pole decay rates which were similar to

those observed in the QSC-401 magnet 6. The 12 pole decay was about 0.15 units per
decade; the 20 pole decay rate was about -0.006 units per decade.

Figure 8 shows the 12 pole decay measured by the improved LBL magnetic
measurement system. The apparent jump in the decay rate at 4000 seconds is real. The
new measurement system can take a complete set of multipole data in about 2.5 seconds.
The apparent jump in the 12 pole takes place in about 10 seconds. The same jump is also
seen in the 20 pole decay data. The cause for the sudden increase in the rate of decay is
under investigation. This type of jump in the measured magnetization multipole has been

observed in earlier dipole magnetization decay measurements 6.7.

The QSC-403 measurement of flux creep decay is quite different from the decays
measured for the QSC-401, QSC-402, and the QCC-401 magnets. The 12 pole started
decaying in the normal way (in the direction where the magnetization 12 pole is decreased).
Later, the 12 pole decay changed sign. This decay pattern is similar to that observed in
dipole magnets in which the magnet operating temperature was lowered © (see Fig. 9). The
20 pole decay appeared to be normal except that the decay rate was faster (about -0.025 -
units per decade) than was observed in the QSC-401, QSC-402, and QCC-401 magnets.
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Fig. 7 A One Hour Decay of 20 Pole at 640 Amperes in the QSC-401 Quadrupole
After Three 6600 Ampere Setup Cycles
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SUMMARY

The magnetization multipoles measured in the LBL SSC quadrupole models QSC-

401 and QCC-401 agree with calculated values reasonably well. The measured decay rates
for QSC-401, QSC-402, and QCC-401 12 pole and 20 pole appear to be about 10 to 15%
of the measured magnetization per decade of time. This rate of decay is similar to that
observed in the LBL one meter long dipole magnets.
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