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Abstract

We have observed that some of our model SST° dipoles have
long time constant decays of the magnetic field harmanics with
amplitudes Jarge enough 1o result i significant beam loss, if they are
not corrected. The magnets were run al constant current at the SS¢C
injection field feve! of (.3 tesla for one 10 thive hours and changes in
the magactic field were ohserved. One explanation for the obsersed
ticld decay is nume dependent superconductor magnehzation
Another explanation involves flux creep or flux flow  Data are
presented on how the decay changes with previous flux history
Simular magnets with different Nb-Ti filament spacings and matiix
materials have different long time ficld decay. A thearencal mod-l
using proxinnty coupling and Aux creep for the ohserved field decay
& discussed.

Introduction

The quahty of the magneuc ficld in the model SSC dipoles has
been a nuyor concern in that circulating beam can be lostf field
imperfections exceed approxmmately 104 of the dipole ficld,
especially at the mjection field of 0.33 tesla or | 'TeV Incorporated
in the magnet test program hac b an extensive magnene ficld
measurements program al all ficld levels. Because of magnetizalion
currents Nowing in the superconducting filaments, the exact field
distribuion depends on the path taken to reach a given field. We
have been careful 1o follow a standard excitation path. An exampie
is shown in Fig. 1, with tbe complete excitation and measurcment
cycle being from zero field 10 6.6 tesla and then decreasing to zero.
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“This work was supported Ey the Director, Office of Energy Research, Office of High “inergy and Nuclear Phys

Generally, it was found that the magnenc field non-
uniformties repeated quite well, but sometimes there were
differences that were unexpected  These ditferences were traced
different delay tmes between the magnet excitation and magneuc
Gield measurement, since no decay was expected. there w e
standard delay nme. When we looked for field decay with time, we
found it Several magnets with different superconductor desipns
were fested tor magnetic field decay and some of that data s
presented here The largest effect 1s seen i the normal sextupole
component, although it also appears i the other multipoles allowed
nadipole o thes paper, we will focus on the sextupole

Prgure 2 shows the effect of diflerent excitanon times  In the

cavle case, the magnet s ramped w0 6600 A a1 16 A/S, back 10 S0 A,
and upoto 3200 A anthe same e for a total of about 15 minutes
betore the decay measurements begin, - When this cycle is
mtertupted to make magnctic measurerments on the npramp and
downramp, the time is tncreased to about 120 minutes. We call this
a"sweep” The decay after the fifieen minute cycle is roughly linear
on a senu log scale, the first three measurements which 1ake six
minutes not Iving on the straight line. For the two hour sweep, the
(irst fen measurement, which ke about tweanty minuies. do not tie
on the siraight hne which applies for the next hour of decay. The
straight line slopes for the cycle and sweep maodes are 1the same.
The stenificance of this linear semi-log behavior is discussed below
in the Explanation section
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Figure 3 shows that the decapole also changes with time. Figures 4 and § show the mrection sextupole held decass for tour datterent
magnets at 4.3 K. The magnets are almost identical except for their superconductors, which are histed in Table 1

ba [units) ©2 {unita}
as 1
. o
’
2 /.
° -
18 - . - ..A'.
-
v N o
.
LI . . -
: »
T ‘ © 184 SR2
as - -
e e T J b 158 1
o N
JE-03 1E-02 JE 02 1€ 01 01 1€-00 JE-00 VE+01 it-a2 1E-02 JE-02 1€ 0t 3E 0 ‘E-02 3€-00 1€-01
Time [Hours| Thme [Howru)
Fig. 3 Decapole Decay - Four Magnets
Fig 4 Seatepole Decay Two Magnets, Flus Creep Only
Table 1. A Comparison of the Superconductor in Four LBL Dipoles in Which Long Time Constant Fietd
Decay was Measured.
Magnet ---> ] D-15A-4F D-15A-5R2 D-15A-6 D 15K ]
Inner Layer
Number of Strands 1n Cable 23 23 23 21
Strand Diameter (mumn} 0.808 (808 080K {) ROK
Normal Metal to 5/C Ratio 1.26 1.3 ~1.18 152 _——
Eilament Diameter (rm) 47 60 S S0
Filament Spacing (jun) 0.4% 15 053 12
Material Between Filaments Cu* Cu Cu Mne* Cu
JeatSTandd 2K (Amm?2) 2600 ~ 270 =270 650
Swand Twist Pitci (twists per in.) 2.0 2.0 27 0
Cable Twist Puch (twists per in.) 2.0 16 22 1 6
Quter Layer
Number of Strands in Cable 30 10 30 L
Strand Diameter (mm) 0.648 0.648 (LR EY 0618
Normal Meial to S/C Ratio 1.76 18 ~1 15 1 &1
Filament Diameter (pn) LN 60 43 50
Filament Spacing (m) . 1.5 043 1o
Materiat Between Filamenis Cu* Cu Cu Mn*» Cu
JoatSTand 42K (Amm?) 2618 ~ 2700 =270 2600
Strand Twist Pitch (twists per in.) 2.0 10 54 20
Cable Twist Pitch (twists per in.) 2.0 16 49 16

*This superconductor is quite complex. The conductor consists of 52 pum dameter bundles of superconduczor with 004 pspacing between
filamenis within the bundle. The filaments are not round. The spacing belween the filament bundies 1s about 3 5 pm

**The filaments are nearty round and uniformly distribet+d in the conductor with manganese doped copper Fstween filaments
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Fig 5 Sextupole Decay  Twao Magnets, Flux Creep Plus

Proximity Coupling

Explanation for the observed ield Decay

Long nme constant decays of the sextupole component of field
are ohserved in all of the dipole magnets tested, when a quiei power
supply was used  All decays which were ohserved occurred in a
direction which is consistent with a reduction of magnetization. In
magnets 12-15A-5R2 and D-15B- 1, the decays exhibited a log t hme
dependence (see Figure 4) which 1s stmilar 1o the decay time
dependence obsenved by Fermilab?2 in the Tevatron magnets

The log tdependence indicates that the circulating current
the superconductor decreases with a Jog t dependenee as long as
there is na excitanon of these currents by a flux change  The log t
dependence of the circulaing current decay suggesls that the decay
1s due to flux voriex motion (o1 flux creep)  Flux creep, studied in
10962 by Anderson, is explained as the thermally activated motion
of flux quanta through the conductor puming sites Beasley et al 4
have shown a numher of important effects The effect s a bulk
pinmng effect which 15 proportional o the volume of the conductor
‘I he rate of decay also appears o be proportional to temperature and
the magmitude of the crtical current.  As the circulating currents
decay away from the Je. H. B critical surface. the rate of decay is
reduced

Table 1 compares the superconductor in the four nearly
wientical, ene meter long dipole magnets. The superconductor in the
mner couls of the magnet has a normal metal-tn-conductor rano of
1 26 1 1.35 wuth filament diameters of 37 gm to 6.0 pm and a
cnucal current density a1 S T and 4.2 K of about 2650 A nun 2 The
outer layer superconductor has a wider variation of nonnal metal-to-
superconductor ratio (1.35 10 1.8) and filamest diameters (4.3 10
6 . The critical current density of 5.0 T and 4.2 K is the
same as the inner layer superconducior  The factor which differs
among the four magnets is the spacing between the filaments
Digole 1-15A 5R2 and D-15B-1 which exhibits the Jowest decay
have filament spacings of 1 0 15 pm. Dipoles D-15A-4F
and D-1SA-6 which exhibit higher rates of decay despite smaller
fiament diameters have filament spacings of 0310 053 um The
sl filament spacings suggest that sextupole decay may also be
related 1o proximity coupling.5 The decay in proximity coupling
between filament would also result in a decrease in superconductor
magnetization.

According to E. W. Collings®. one can argue for a faster rawe
of decay in the proximity coupling currents because the region
between filaments behaves fike a weakly pinned superconductor
with a lower T than the supercanductor within the filiments. The
magnitude of the proximity coupling currents is related 1o filment
spacing. the filament bundle size, and material hetween the filament.

To test the hypothesis of proxinuty coupling as one source of
magnetization (which then decays away), the SCMAGO computer
code? was uscd 10 estimate the cffect of suprreonductor
magnetizaton (including proximity coupling) on the sextupole at a
control induction of 0.33 T (when the magnet has been charged 10
high ficld, brougbt down to 0.05 T, then brought back wp to
0.33°1). If one includces the extra magnetization duc to proximity
coupling measured by Brookhaven National Laboratory for the
Furakawa cahle vsed in magnet D-15A-4F8 one gets an extra
negative sextupole of 3.to 4 units at a central induction of 0.33 T If
one dopes the matrix material, onc should also reduce the
magnetization due to proximity coupling®. The addinon of
mangancse 10 the copper in the superconducior of mapnet D-15A-6
does reduce cohcrence of the copper, and it appears 1o reduce the
proximity coupling between the filamems. The exira sextupole
component a1 0.33 T observed in dipole ID-15A-6 is also reduced.

Unforunasely it is difficolt to make o direct comparison
hetween magnet D-15A-4F and D- I5A-6 beeause the conductors in
the two magnets are quite different in their stmciure. The conductor
in magnet D-15A-4F is complex consisting of many 52 pm diameter
bundles of 4.7 pm diameter hilaments spaced 0.4 pm apart with
copper between the filaments. The bundles of filaments are ahowt
3 5 pm apart, and there is probably no proximity coupling between
bundles. If the D-15A-4F magnel conductor had spacings hetween
the flaments of (.4 pm throughout the conductor (instead of in 52
pm bundles), the proximity coupling magnetization would be at least
an order of magnitude miore than that measured in the dipale D-15A-
4F conductor. The Supercon conductor used in dipole D-15A-6,
which has manganese doped copper between filaments, has a
uniform filament spacing throughout the conductor, yet ihe
measured proximity coupling magnetization is smaller than that
measured in the D-15A-4F superconductor.!®  Mapnet
measurcrents supgest that the manganese doping does really reduce
proximity coupling but not enough 10 completely eliminate it orthe
resultant field decay. Calculations nsing the SCMAGOM program
suggest that most of the proximity coupling occurs in the auter layer
of the magnet (where the flament spacing is smaller and he ficld is
lower), and that there is almost no proximity coupling in the inner
layer superconductor. The filament distribution in these two
magnets are displaced in Figures 6 and 7

In Table 2. we list the slopes of the finear portions of the
sextupole v log time curves for the four magnets shown in Figures
4and 5 The slopes are the sum of the flux creep and proximity
coupling component, if any

Table 2

Magnet Slope b2 (unitsydecade (nme)
D-15A 5R2 (RS
D I5R-1 (LKS
DISAG 122
1) 1SA-F 347

The power supply drifted some SA/hour during this decay
measurement. For the other three magneis, the current dnft
was less than 0.3A/Mour. The decay of magnet D 1§ 4F will
be remeasureed with the improved power supply.



Fig 6 Photo Furakawa

XBB 373-1910

Fig 7 Photo Supercon (Mn)

Conclusions

Slow magnenc field changes due to decay of magnetization
cuartent was observed in all of the magnets tested. The magnets with
conductor which have fitament spacings of 1.5 pm exhibited
sextupole component decay with i log t dependence. When the
filament spacing is reduced 10 0 53 pm or helow, the observed
magnetization sextupole was increased and the subscquent decay
was also increased. An explanation based on proximuty coupled
currents (for the cases with small filament spacings) and their decay
of these currents scems qualitatively correct but quantitative
predictions require more data on the candidate conductors. Doping
of the capper in the interlilamentary region with 1).5% manganese
does reduce the proximity cffect
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