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Abstract

The superconducting heavy ion synchrotron Nuclotron is
under operation since March 1993. The Nuclotron ring
includes 96 dipoles and 64 quadrupoles. The dipole and
guadrupole magnets have iron yokes and coils made of a
hollow superconductor and cooled with atwo-phase helium
flow.

This paper describesthe apparatusfor "warm” and” cold”
magneti c field measurements, resultsof these measurements
and criteria of the field quality control. The adjustment of
the midplanein the magnet gaps and the magnetic field cor-
rection in the Nuclotron ring are a so discussed.

1 INTRODUCTION

The Nuclotron concept, choise of itslattice, the magnet pa-
rameters as well as thefirst results of the operation are pre-
sented in [1]-{4]. The exigting linac is used to inject asin-
gleturnof 20MeV protonsor 5 MeV/uionswiththe charge
to mass ratio over arange of 0.33 < ¢/A < 0.5. A slow
extraction will be performed at energy range from 0.2 to 6
GeV/u.

The chosen lattice contains 8 superperiods. Each super-
period consists of 3 regular FODO cells with dipole mag-
netsand one cell withoutthem. Oneregular cell includesfo-
cusing and defocusing quadrupol elenses, 4 dipole magnets
and two small drift spacesused toinstall correcting magnets,
beam monitorsand so on.

The magnetic system is based on the pul sed magnet with
a”cold” iron yoke in the magnetic gap of which a saddle-
shaped hollow superconductor winding is placed. A high
electrical strength, alow inductance and good conditions of
their cooling makeit possibleto provideahigh (upto 1 Hz)
repetition of accel erating cycles with amaximum magnetic
field of about 2 T. The dipole and quadrupole main param-
eters are presented in the Table 1.

2 MEASUREMENT PROCEDURE

The magnetic measurements of the main harmonics, ef-
fective lengths and field imperfections were carried out by
threerotating harmonic coil smeasuring the central and edge
fields using the standard devices including an integrator, an
amplifier, an AD convertor and acomputer. The lengths of
the each are 458 mm for the dipoles and 248 mm for the
quadrupoles, theradius19.8 mm. The coilswereinstallated
rel ativeto base pointsontheyokewithahigh accuracy . The

Table 1: The parameters of the lattice dipole and
quadrupol e magnets
Parameter Dipole Quad.
Yoke length (mm) 1370 430
Number of winding turns 16 5
Aperture (mmx mm) 110x55 || 120x63
Critical current (A) 6600 6600
Induction(T), gradient(T/m)
at injection 0.0294 05
maximum 2.08 35.1

coilswere rotated by means of astep motor with computer
control. For serial tests, the step was 9 degrees.

The results of the measurements were recorded on com-
puter memory, and after one turn of coil rotation, the field
harmonics were calculated including a dipole component
as afunction of displacement between the coil and magnet
axes.

The field measurements at the room temperature were
made after their assembling. The purpose of this procedure
at acurrent of 50 A was to check the quality of the work
and to obtain data near the injection point (I = 80 A). At
this stage, it was needed to correct the median planes of a
few dipoles only. The thin textolite layers were put under
or above magnet coils.

The cold measurements were carried out a an iron yoke
temperature of T=(6-9) K. The range of coil current was
I=(640-6400) A with a speed di/dt of 6400 A/s. All 96
dipoleswere subjected by thisprocedure. The good correla-
tion of thewarm and cold testsallowed ustolimit ourselves
to cold measurements of 16 quadrupolesonly and to spread
theseresultsover al thelatticelenses. Theresolutionof the
measurements was no more than 5 x 10~° relative to the
main amplitude.

3 RESULTS

The field components of the magnetic elementsin the rect-
angular (x,y) and polar (r,8) coordinate systems are con-
nected by the formula

(o] . P n
By +iBy = By, Y (by +iay)e™ <—>
)= B Yol tian)e (
where B, isthe guide magnetic field in dipoles, rq isref-
erence radius at which distortions are compared (ro =



40mm), b, and a, are the amplitudes of the normal and
skew n—th order harmonics.
The effective length of the dipole or quadrupol e magnet

isdefined as
1 + oo
L= E/ h(s)ds,

where h = Bg, G —the field or gradient in the center of
dipoleor quadrupole. The measured effective lengthsof the
latticemagnetsare shownin Figure 1. The measured dipole
and quadrupolefield imperfections are shown in Figs. 2, 3
(regular) and in the Table 2 (random).
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Figure 1: The effective length of dipoles and quadrupoles
as afunction of drive current
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Figure 2: Theregular dipoleerrors at the radius4 cm (N —
order of field derivative)

These data show, that the regular components (odd har-
monics for the dipoles and 6-th, 10-th and so on for the
guadrupoles) make a the main contribution to the field er-
rors. These values increase when moving to the saturation
State.

The dipoles, focusing and defocusing quadrupoles have
independent power supplies. To keep the position of the op-
erating point near @, = 6.8, Q, = 6.85, theratios of cur-
rentsin these elements Ir 4 / Iaip Must change so that thera-
tios (G L)s,a/(BL)aip should be constant during al the ac-
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Figure 3: The regular quadrupoleerrors at the radius 4 cm
as afunction of drive current (N —order of field derivative)

Table 2: Dipole and quadrupole rms harmonics (x 105)

Current Dipoles/Quadrupoles
[(kA) b2 a2 b3 a3 b4 A
0.64 68 172 170 103 79 152
160 139 41 15
1.28 66 174 240 98 78 156
152 152 44 118
192 62 177 280 101 81 153
142 145 41 121
2.56 61 171 280 103 81 150
145 149 40 125
3.20 58 175 85 100 80 150
146 150 40 129
3.84 54 170 160 98 83 148
153 158 39 135
4.48 52 157 200 98 88 145
154 170 39 138
5.12 59 162 120 103 100 129
162 182 37 144
5.76 105 337 252 134 115 144
179 211 36 144
6.40 257 531 381 253 16,6 239
175 222 35 137

celeration time. The ratios It 4 / Iaip are presented in Fig.
4. Decreasing thevalues of I q / Iip, @t large currentsis ex-
plained by the defference of saturation in the dipoles and
quadrupoles. These dependences are used as base guide
functionsfor computer control programs.

4 FIELD CORRECTION

The chosen operating point (Qx,z = 6.75) isplaced far from
the lattice betatron resonances. That’s why we considered
regular distortions of thefield only as a source of the tune
shift and tune spread and random errors as the cause of the
closed orbit distortionsand the excitation of nonlinear beta-
tron resonanses. The bandwidths of the sum and difference
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Figure 4: Theratios of lense and dipole current during ac-
celeration

resonances are shownin Fig. 5
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Figure 5: The rms of the sum and difference resonances
bandwidths as a function of drive current

To decrease the closed orbit distortion, the neighbouring
dipolesin the each cell were combined to pairs ("long” +
"short”) from 5-6 magnets that had been prepared to bein-
stalled in the accelerator tunnel. After this procedure, the
closed orbit distortionsare mainly determined by the mag-
net misalignments.

The main problem introduces the third regular harmonic
(sextupole component) into dipol es causing the momentum
tune spread in afirst approximation and the amplitude tune
shift in a second one. The numerical evaluation [5] shows
that tune spread issmaller than 0.01 and it is possibleto cor-
rect these both effects by means of the present correcting
system.

The correcting system is composed of 32 superconduct-
ing multipolemagnets. It performsthe correctionsof closed
orbit distortion, chromaticity, octupol e tune spread and the
most important resonances up to the 4-th order, inclusive.
Each correcting magnet contains the windings, forming in-
dependently normal and skew dipoles, and 2 different types
of magnetic fields out of 6 available ones. normal or skew

quadrupol e, sextupole and octupole.

All the windings are placed on a cylindrica framework
wrapped with ahollow tube [6]. Theliquid helium flow in-
sidethetube cool sthewindingdueto athermal contact. The
iron cylindrical screen around the windings alows one to
increase the maximum field in the corrector by afactor of
1.7-1.8. The screen and windingsare placed in the cryostat
cooled with liquid nitrogen.

5 CONCLUSION

There were ninerunsof the Nucl otron operation of total du-
ration about 2200 hours. The data on beam dynamics con-
firmed that the parameters of the magnets correspond to the
design one. Theimperfectionscan beimproved by the mul-
tipole correctors. The stable circulation of the accelerated
beam during 10 sto be carried out in the last run makes us
believe a high efficiency slow extraction will be redlized.
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