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Abstract: The time dependence of the persistent-current 
sextupole and dipole components has been measured in 
more than 250 HERA dipoles. The drift of these two 
multipole components is correlated and almost 

logarithmic in time. The initial current cycle of the 
magnet has a surprisingly strong influence on the decay 
rates. By introducing a break in this cycle the time 
drift at the HERA injection energy can be greatly 
reduced, thereby relieving the requirements on time- 

dependent sextupole corrections considerably. Reference 
dipoles with diagnostic equipment will be used to 
determine and correct the time and fieid dependent 
dipole and sexlupole errors in the HERA proton ring. 

Introduction 

A well-known feature of superconducting accelerator 
magnets are the field distortions at low excitation 
which are caused by persistent magnetization currents 
in the superconduczor filarrents. A detailed description 
of the resulting multipole fields and a comparison with 
model calculations have been prf,ser.tcd clsewherv [l]. 
Also measurnme.~ts of thr t inr? dependence of the sers- 
stc:1t C"!-relli errect 5 in the HZR\ magne1.s have already 
been publIshed [Z]. In this paper we want i.o present 
dat.a from R much larger sample of dipole magnets and 
study in particular the influence of various 
parameters or. the decay rates. llost of the data have 
been collected at a magnet current of 250 A on the 
"up-ramp" branr:h of the hyst.eres is CUTVE, correspond1r.g 
to the 40 GF.'J injection energy of lhp HIIKA proton 
storage ring. 

Measurements and Discussion 

The sextupolc and dipole components as a fJncti3n of 
time are routinely measured at a magnet current ot 

250 A. To establish well-defined initial conditiors thi, 
majority of the magnets measured so far have bet'ri 
subjected to the Fcllowir:g initialization procc<ure: 
a) A quench 1s trIggered by hea:ers :;I rrip 

b) The coil ,current is cycled: 
0 A - 600SZI A (at 20 A/s) 
6000 A - 50 A (10 A/s) ( 1 i' 
50 A - 253 A (1 A/s) 

A minimum current of 50 A has been zhzsen to ensure a 
proper power :;upply regulation which is essentzal to 
obtain reprc&cible results. The injection currert of 
250 A is approached with a small ramp s_ceed to minimize 

current overshsots. 
The SeXtUFOl e compor:ent is determined with a 

rotating pickup-coil, the dipole component with an NMR 
probe. Of great interest for the operation of HEMI is 
the change of the persistent current fields during t.he 
30 minute 1or.g accumulation time of proton bunches 
which starts a few minutes after the magnet curreni has 
been stabilized. In the time interval from 200 :i to 
2000 s the drift of the field componenrs is WC11 

represented by the form A-R log(t) (see Fig. l), so 
this change is identical with the logarithmic decay 
rate K. 

The persistent-current contrib.xtioc ij1 t.o the dipole 
field itself (about IO Gauss at 250 A) shows a rather 
similar time dependence (Fig. 2). The decay rates of 
the sextupole and the dipole components are in fact 
strongly correlated (Fig.3), sugge.st 1Vf of a c0mm0n 
origin for both decays. 

It is tempting to attribute the decrease of the 
multipole fields to flux creep in the superconductor, 
which is known [3] to lead to a logarithmic time 
decrease of the critical current density. There are, 

however, a number of observations wllicii indicate that 
the drift phenomena in superconducting magnets are of a 

more complicated nature than those in small supercon- 

ductor samples. The first observation is that the decay 
rates vary considerably from magnet to magnet (see 

Fig. 3) and arc significar:t.ly different for magnets 
made from different. supercor:ducting ciibles, as s:hown in 
Table 1. 
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Fig. 1: '?ime dependence of the absolute value: oj :htx 
sextupole coefficient at a dipole cul-rent of 
2'0 A. 
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Fiq. 2: TrrfluF~nct~ :>I t.htx maximi;m c13.rrcn in i he 
initial cycle on the decay of tl7.e 
?ersistc,nt-curror.t dipole field a 

+ 
in a coil 

without iron yoke (IGC superconducor) 
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Table 1: Change of dipole and sextupole components in 
106 dipoles with ABB conductor and 122 
dipoles with LMI conductor. Initialization 
procedure (1) with a single cycle and Imax = 
6000 A was used 

7 

Average change <a,> &b3. lo4 
200 s -> 2000 s ( Gacss) 

ABB cable 0.58 i 0.18 1.77 + C.48 
LMI cable 1.15 -t 0.23 3.22 i 0.58 
____ 

Secondiy, measurements with a different maximum current 
13 !.he iriit ial cycle reveal ti drastically different 
decay rate. 0irve (b) in Fig. 1 differs from curve (a) 
only in the? valve of the maximum current in the initial 
cycle ( Irnax 3000 A instead of Tmax = 6COC A) but the 
decay of the sextupole at 250 A is reduced by almost a 
factor of 2.5. The strong infiuence of Trrax on the 
decay is a surprising and unex~ccied phenomenon because 
the sextupole lqsteresis curve at low currents is 
hard1 y j nf lu~?~~ccd by Inax. Thi :j phenomenon is observed 
bet h irh the magnets with AUB and with LMT 
sbrpercor~dr:rlo~- and in coils ~lthout iron yoke. 

~lq. 1) :;i~ows that the decay of the? persistent- 
currtJr1' ocntribction B 

f 
to l~t:r, dipole field is alx 

ntr~~r:qly inf luenced by -max. 
11, I':g. ,4 we p1or the time depcrdence of tnc 

::i,xt up01 t? f':r increasing minx i rr~m currents in thi! 
Init ial cycle. A1 lmnx 7 50 I\ , a very flat behaviuur 
with li+rle decay 1s fx~r:d bi;t with increasing Imax the 
c,,I'vrs kcor~l~ progressively steeper. The first t:,c 
CUI'VC'S (Inax 750 A resp. 1500 A, corresponding to 
dipole f:elds o: 0.7 T resp. 1.4 T) can be direztly 
compared t,; measurements 01: the time dependence of the 
magnetizatio-i in superconducting c&Lc samples [4]. Ii! 
:hesc experirnf?r.t s, the samples are subjected to initial 
field cycles with maximum fiaids of up to 1.6 T. 'The 
decclq rat P I !mr!,si;r-ed with a SQUID mag7t~tornoter, amounts 
to I - 2 %. per decade of time and is thus about the 
.3am< a:; ir. ttie 758 A and 1500 A curves of Fig. 4. At 
nresont 1t is not known whether cables samples would 
also shuw a sttr-on gcI- magnetizat ion decay if they wc~rc 
sub]ncted lo a larger initical field sweep. 

I\ proper- choice of the maximun current i II t hi: 
lnlt.ial cycle appears to be the right way to reduce thr 
undesirable time variations in the multipole component.:; 
of the magnets. F1-0m a practical point of view, 
however, the met.hods used fcr a single magnet on a test. 

stand 21-e net always applicable at an accelerator with 
more than 600 superconducting magnet R An initial 
quench is obvlolisly excluded. Moreover, when a new 
injection is needed, the magnets have been excited to 
t!Igh fields from the previously stored beam at DO0 GcV. 
So another way has to be four:d to reduce the decay 
rates. One obvious <dea would b'e to ramp the magnets 
&uri from the high field and then perform a current 
cycle with a small maximum current before approaching 
the in]ect;cn field. To simulate this procedure on the 
test stand, we ha~ie st.udied the response of a magnet ta 
an initialization with two curl-ent cycles 

a) qUerlch 
b) first cycle 0 A - 6000 A - 50 A 
c) second cycle 50 A - Imax - 50 A - 250 A 

(with Imax = 750 A, 2000 A, 3000 A, 4000 A) 
The result has been disappointing since ail curves 

show almost the same steep decay irrespective of the 
value of lmax in :he second cycle. Aaparentiy the coil 
has a long-term memory for the highest field or current 
applied to it. 
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Fig. 3: Correlation berwecn the logarithmic decay 
rates of the sextupole and dipole components 
in the EERA dipole magnets (one initial cycle 
with Imax = 6000 A) 
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4: F’ig. SextJpcle decay for increasing values of Tmax 
in the initial cycle 

The next attempt has been to introduce a break in the 
down-ramp part of the second cycle. While a break at 
high currents had no effect, a 30 minute long waiting 
period at low currents (250 A or 50 A) turned out to be 
quite effective in reducing the sextupole decay rate 
(Fig. 5). For this reason the initialization procedure 
for the routine measurements has recently been modified 
and is now as follows: 

a) first cycle 50 A - 5500 A - 50 A 
b! second cycle 50 A - 2000 A - 250 A (2) 
c) 39 minute break at 250 A 
d) 250 A - 50 A - 250 A 

The initial quench has beer, omitted since it cannot be 
used in the accelerator either. 

Ic all dipole magnets measured since much smaller 
decay rates have been observed than those shown in 
Fig. 3. The results from these measurements are 
summarized in Table 2. 



Table 2: Change of dipole and sextupole components in 

33 dipoles with ABB conductor and 30 dipoles 
with LMI conductor. Initializaiion procedure 
(2) with a 30 minute break was used. 

verage change <6ii > 

(Ga?ss) 
bb3. 0* 

0.80 r 0.16 
1.27 ? 0.33 

A number of magnets have been studied with both the old 
and the new initalization procedure. In Fig. 6 we have 
plotted the respective sextupole decay rates against 
each other. A ~:lear correlation is observed showing 
that the waiting period is effective in reducing the 
decay rate bul. not :he relative spread between 
different rragnfts nor the difference between the 
magnets with ABE and LMI superconductor. 
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Fig. 5: Sextupole decay after single cycle a) ant 

after double cycle with 30 minutes :reak (b) 
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Fig. 6: Correlation between the sextupole decay rates 
observed after the two different 
initialization procedures (1) and (2) 
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Wher, the proton injection is finished, the ramping 
of the dipole field during acceleration induces 11ew 
eddy currents in the superconductor filaments. As a 
consequence, the sextupole reapproaches its original 
hysteresis curve. Fig. 7 demonstrates that the new 
initialization reduces not only the time drift during 
injection but has the additional advantage that. tie 

hysteresis curve is reached faster than with the old 
initialization (1). The overall correction requirements 
during injection and acceleration are therefore 
relieved. 

b, 10; 

-32 

-36 hysteresis curve 

I I I I I 

230 250 270 

dipole current (A) 

Fiq. 7: Time variation oi 1.11e sextupaie coefficient 
b, during rhe 30 minute long irjection period 
af 250 A and rc?-approach: of the hysteresis 
curve during ramping of th? dipclle current. 
Mcasuremenrs are shown fzr the two 
initializarion procedures (1) and (2) 

In HERR, the actual status of the d:polc field and 
its SextLpole component will. be derived from two 
refererlce dipoles (one with ABA, the other with I,MI 
conductor) which are equipped wit-h NMR pL-&eS, 
pickup-coils and sextupolo sensors and which are 
excited by the same current as the ring magnets. The 
measured field values will be used to cortro1 the 
correction coil current:;. 

CO”ClUSl3”S 

Neasurements on many HERA magnets have shown that a 
small maximup current in Ihe initial current CYC le 
leads to a much weaker tire depen&nce ot I. Ii F? 
persistent-current <ipole and sextupole components in 
dipole magnets and of the 12-pole comporents in 
quadrupoles. A 30 mintite long break in the cycle has a 
similar effect. The phys i.cal reasons for these 
phenomenona are net Yet known and additional 
investigations on cable samples and on complete magnets 
are needed. The observations, however, open a practical 
way to reduce the undesirable time draft during :he 
proton injection period considerably. 

References 

11 H. ArOck, R. Meinke, F. Miiller, I_. Schmiiser, 
Z. Fhys. C 44, 385 (1583) 

21 H. Briick, Z. Jiao, D. Gall, G. Knees, 
J. Krzywinski, H. Meinke, H. PreiRner and 
P. SchmCser, DESY report HERA 90-01 (1390) 

31 Y.B. Kim, C.F. Hempstead and A.R. Strnad, 
Phys. Rev. Letters 9 (1963), 306 

41 E.W. Callings, A.J. Markworth, K.R. Marker., M.D. 
Sumption and R.L. Scanlan, Contribution to the 
Topical Workshop on Magnetic Effects of Persistent 
Currents in Superconductors, Fermilab, March 5-7, 
1990, A.K. Ghosh, ibid. 


