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Abstract 

We have observed that some of our model SSC dipoles base 
long lime constant decays of the magnetic field harmonics wnh 
amplitudes large enough 10 result in significant beam loss, if dies are 
not corrected. The magnets were run at constant current at the SSC 
injection field level of 0.3 tesla for one to tbiee hours and change-; m 
the magnetic field were observed. One explanation lor the observed 
iicld decav is time dependent superconductor magnetization 
Another explanation involves flux creep or flux flow Data are 
presented on how the decay changes with previous flux history 
.Smiliar magnets with different Nb-Ti filament spacing*; and iiwnx 
materials have different long time field deca>. A theoretical iinx'-l 
using pioximitv coupling and flux creep for the observed field decay 
is discussed. 

Introduction 

The quality of the magnetic field in the model SSC dipoles has 
been a major concern in that circulating beam can be lost if field 
impcrfec':ons exceed approximately HI 4 of the dipole field, 
especially at the injection field of (1.33 tesla or I TeV Incorporated 
in the magnet test proemm has been an extensive magnetic field 
measurements program at all field levels. Because of magnetization 
currents flowing in the superconducting filaments, the exact field 
distribution depends on the path taken to reach a given field. We 
have been careful to follow a standard excitation path An example 
is shown in Fig. 1. with the complete excitation and measurement 
cycle being from zero field to n o tesla and then decreasing to zero 

Generally, it was found that the magnetic field non-
uniformities repeated quite well, but sometimes there were 
differences that were unexpected These differences were traced to 
different delay times between the magnet excitation and magnetic 
field measurement, since no decay was expected, there was no 
standard del.ty time When wr looked for field deca> with time, we 
found it Several magnets with different superconductor designs 
were tested foi magnetic field deca\ and SOUK of that data is 
presented here The largest effect is seen in the normal sexlupolc 
component, although it also appears in the other multipolcs allowed 
in a dipole In this paper, we will focus on the sextupole 

I igure 2 sinus s ilic effect of dillerent excitation times In the 
<.u lr ». jsc. ilie magnet is ramped to 66(X) A at lo A/S. back to 5(1 A. 
and up to O l A at the same rate for a total of about 15 minutes 
before the decay measurements begin. When this cycle is 
internipted to make magnetic measurements on the upramp and 
downramp. the time is increased to about 120 minutes. We call this 
a "sweep The decay after the Of teen minute cycle is roughly linear 
on a semi log scale, the first three measurements which take six 
minutes not lying on the straight line. For the two hour sweep, the 
first ten measurement, which t.ike about twenty minutes, do not lie 
on the straight hue winch applies for the next hour of decay. The 
straight tine slopes for the cycle and sweep modes are the same. 
The significance of this linear semi-log behavior is discussed below 
in the Explanation section 
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Fig. 1 Normal Sexlupole Term 

lip 2 12(1 A Sextupoie Decay; Magnet D I 5 A ft 
Cycle • is min "A --» 320 A decay 
Sweep - 120 mm. "A -» ?2<) A decay 
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Hgure ^ shows that the decapole also changes wi th t ime. Figures 4 and 5 shm\ the mtcction scxhipnlc l ick! deiav*. l»»r huu i f i t te i rm 
magnets at 4.3 K. The magnets arc almost idcniical except for iheir superconductors, which are listed in Tabic 1 

Pip ^ Dccapolc Decay l o u r Magnets 

T a b l e 1. A C o m p a r i s o n of the S u p e r c o n d u c t o r in Four L B l . Dipoles i tt W h i c h L o n g l i m e Constant H e l d 
Decay was Measured. 

Magnet • > D- I5A -4F D-15A-5R2 D- I5A 6 D 151! 1 

Inner Layer 
Number of Strands in Cable 23 2.1 21 ; l 
Strand Diameter (mm) 0.808 0 808 (181)8 (1 -SOX 
Nonnal Metal to S/C Ratio 1 2 6 1.3 - H 5 1 52 
Filament Diameter Oim) 4.7 6 0 5 1 s 0 
Filament Spacing (pin) 0 .4* 1 5 I) 51 i : 
Material Between Filaments C u * Cu Cu M i l " Cu 
Jf at 5 T and 4 2 K (A mm 2 ) 2600 - 270(1 -27(H) 2650 
Strand Twis t Pilcl l (twists per in-) 2 .0 2.0 2 7 0 
Cable Twist Fitch (twists per in.) 2.0 1 6 2 T 1 h 

Outer Layer 
Number of Strands in Cable 10 in 1(1 K) 
Strand Diameter (mm) 0.618 0.6-18 116-18 (1 (.-IS 
Nonnal Metal to StC Ratio 1.76 1 8 - 1 15 1 61 
Filament Diameter ( j im) 4.7 6 0 4 1 5 (1 
Filament Spacing (u.m) 0 . " 1.5 0 41 1 II 
Material Rctween Filaments C u * Cu ("u M i l * " Cu 
J ( at S T and 4 2 K (A mm ! ) 2618 - 2700 -27IHI 2MMI 
Strand Twist Pitch (twists per in.) 2.0 2 0 5 4 2 0 
Cable Twist Pitch (twists per in.) 2.0 1 6 -1 i) 1 6 

* ' I l i i s superconductor is quite complex. The conductor consists of 52 ( im diameter bundles of supcrainducior wi th 0 I n spiuing U - i ^ c t n 
filaments within the bundle. The filaments are not round. The spacing between the filament bundles is about * 5 urn 

* *The filaments are nearly round and uniformly d is i r ibr ! *d in the conductor with manganese doped copper I Jtwecn filament*. 
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Fig S Scxtupolc Decay T w o Magnets. I lux Creep Plus 
Proximity Coupl ing 

Fxplanation for the observed 1 :'':'d Decay 

l-ong time constant decays o f the sextupolc component of Held 
.tie observed in al l o f the dipole magnets tested, when a quiet power 
MippK was used A l l decays wh ich were observed occurred in a 
direction which is consistent w i th a reduction of magnetization. In 
magnets D I^A-5R2 and D - I 5 B - 1 . the decays exhibited a log t t ime 
dependence (sec ! : i gu re -1) wh ich is s imi lar lo the decay t ime 
dependence observed h> I c n i n l a h ' - in the Te\a i ro i i magnets 

Hie log t dependence indicates thai the c i rculat ing current in 
the superconductor decreases w i th a lug t dependence as long as 
iheie is IUI exci tat ion of these currents hy a f lux change The log t 
depcruiciiLC o f the circulat ing current decay suggests that the decay 
is due to f lux vorlex motion (oi f lux creep) Flux creep, studied in 
I<>/«2 bv Anderson 1 , is explained as the thermal ly activated motion 
ol f lux quanta through the conductor p inning sites Reaslcy et a l " ' 
ha\e shown a number of important effects The effect is a bulk 
pinning effect which is proportional to the volume of the conductor. 
I he rate of decay also appears to be proportional to temperature and 

the magnitude o f the cr i t ical current. As the c i rcu lat ing currents 
detay away f rom the J c . H. B cr i t ical surface, the rate o f decay is 
ledneed 

Accord ing to E. W . r o l l i n g s 6 , one can argue for a faster rale 
o f decay in the p rox im i t y coupl ing currents because the region 
between f i laments behaves l ike a weakly pinned superconductor 
wi th a l o w e r T c than the superconductor w i th in the filaments. The 
magnitude o f ihe prox imi ty coupl ing currents is related to f i lament 
spacing, the filament bundle size, and materia! between the filament. 

To test the hypothesis o f p rox imi ty coupl ing as one source of 
magnetization (which then decays away), the S C M A G 0 4 computer 
c o d e 7 was used to est imate the ef fect o f superconductor 
magnetization ( inc luding prox imi ty coupl ing) on the sextupole at a 
control induct ion o f 0.33 T (when the magnet has been charged to 
h igh field, brought d o w n to 0.05 T , then brought back up to 
0.33 T) . I f one includes the extra magnetization due to p rox imi ty 
coup l ing measured by Brookhaven Nat ional Laboratory for the 
Furakawa cable used in magnet D-15A-4F** one gets an extra 
negative sextupolc o f 3.to 4 units at a central induction o f 0.33 T If 
one dopes the mat r ix ma te r ia l , one should also reduce the 
magnet iza t ion due to p r o x i m i t y c o u p l i n g 9 . The addi t ion o f 
manganese to ihe copper in the superconductor o f magnet D-15A-6 
does reduce coherence o f the copper, and it appears lo reduce the 
p rox imi ty coup l ing between the f i laments. The extra sextupolc 
component at 0.33 Tobserved in dipole I ) 15A 6 is also reduced. 

Unfor tunate ly it is d i f f i cu l t to make a direct compar ison 
between magnet D-15A-4F and D- 15A-6 because the conductors in 
the two magnets are quite different in their structure The conductor 
in magnet D- 15A-4F is complex consisting o f many 52 Mm diameter 
bundles o f 4.7 \im diameter hlaments spaced 0.4 ( im apart w i th 
copper between the filaments. The bundles o f f i laments are about 
3 5 ( im apart, and there is probably no prox imi ty coupl ing between 
bundles. I f ihc D-15A-4F magnet conductor had spacings between 
the filaments of 0.4 Mm throughout the conductor (instead o f in 52 
Mm bundles), the proximity coupl ing magnetization would be at least 
an order o f magnitude more than that measured in the dipole D 15A-
4F conductor. The Supercon conductor used in dipole D-15A-6 . 
wh ich has manganese doped copper between f i laments, has a 
u n i f o r m f i l amen t spac ing th roughout the conductor , yet the 
measured p rox im i t y coup l ing magnet izat ion is smaller than that 
measured in the D- I 5 A - 4 F superconduc to r . ' ' ' " Magnet 
measure me ins suggest that the manganese doping docs really reduce 
prox imi ty coupl ing but not enough to completely eliminate it or the 
rcsult.tnt f ie ld decay. Calculat ions using the SCMACiOJ program 
suggest that most o f the prox imi ty coupl ing occurs in the outer layer 
of the magnet (where the filament spacing is smaller and the field is 
lower), and that there is almost no p rox imi ty coupl ing in the inner 
layer superconductor. The f i l ament d is t r ibu t ion in these two 
magnets are displaced in Figures 6 and 7 

In Table 2. we l ist the slopes o f the l inear port ions o f ihe 
sexiupole vs log t ime curves for the four magnets shown in Figures 
4 and 5 The slopes are the sum of the flux creep and p rox im i t y 
coupl ing component, i f any 

fab le I compares the superconductor in the four nearly 
identical, one nJeter long dipole magnets. The superconductor in ihe 
inner coils of the magnet has a normal metal to conductor ratio o f 
1 2d to 135 w i th f i lament diameters o f 4 7 Mm to ft 0 M ' » and a 
crit ical current density at 5 T and 4.2 K of about 2650 A mm - Hie 
outer layer superconductor has a wider variation o f normal metal to-
si iperconducior rat io (1.35 to 1.8) and filament diameters (4.^ to 
n 0 M"i> The cr i t i ca l current density of 5 0 T and 4.2 K is ihc 
same as the inner layer superconductor The factor which dif fers 
among the four magnets is the spacing between the filaments 
Dit;i>!e D-15A 5R2 and D - I S I M which exhibits the lowest decay 
have filament spacings of 1 0 m 1 5 JJUI Dipoles D - I 5 A - 4 F 
and D I 5 A - 6 wh ich exhibi t higher rates o f decay despite smaller 
f i lament diameters have filament spacings of 0 4 to 0 53 M"> T" - ' 
small f i lament spacings suggest that sextupole decay may also he 
related to p rox im i t y coupling.*• The decay in prox imi ty coupl ing 
between f i lament wou ld also result in a decrease in superconductor 
magnetization. 

Mapnrt -Slope hi (unitstAlec.'ide (unit) 

I)-ISA SR2 (1 KS 
I) ISH I (IKS 
1) ISA r> 1 22 
1) ISA -ir* 3 .17 

The powei supply dr i f ted some 5A/hour dur ing this d c i a y 
measurement. For the other three magnets, the current dn f t 
was less than 0.3A/hour The decay o f magnet D 15 41- w i l l 
be remeastireed wi th the improved power supply. 
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Conclusions 

Slow magnetic field changes due to decay of magnetization 
curicm was observed in all of the magnets tested The magnets wtih 
cotuluclor which have filament spacings of 1.5 pm exhibited 
sextupole componeni decay w,;h a log t dependence. When the 
filament spacing is reduced IO U 5.4 |jni or below, the observed 
magnetization sextupole was increased and the subsequent decay 
was also increased. An explanation based on proximity coupled 
currents (for the cases with small filament spacings) and iheir decay 
of these currents seems qualitatively correct but quantitative 
predictions require more data on the candidate conductors. Doping 
of the copper in the intcrfilamcntary region with 0.5% manganese 
docs reduce the proximity effect 


