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Abstract: The HERA proton ring is equipped
with superconducting dipole and quadrupole magnets.
The adjustment of the working point and the chromati-
city correction are provided by quadrupole and sextu-
pole correction coils which are mounted on the cold
beam pipe inside the main dipole magnets. The coils
are fixed on the pipe by epoxy and a strong glass
fiber wrapping.

The orbit correction in the proton ring is
made by means of superferric correction dipoles which
are mounted in common cryostats with the main quadru-
poles and beam position monitors.

The layout of both types of correction magnets
will be described and experimental results on quench
behaviour and field quality will be presented.

Introduction

A regular cell of the HERA proton storage ring
has the usual FODO structure with a focusing (Q.) and
a defocusing quadrupole (Q,), both 1.9 m long, and
four 9 m long dipole magnegs (see Fig. 1). The main
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Fig. 1 A regular cell of the HERA proton ring lat-
tice. D main dipole; Q_ horizontally focus-
ing main quadrupole, Q. horizontally defo-
cusing main quadrupolej d_, Qp» correc-
tion dipoles, quadrupoles” and sexgupoles for
corrections in the horizontal plane; d_, ap»
s, correction coils for corrections in the
vertical plane

quadrupoles are excited by the same current, so
quadrupole correction coils (q., q,) are needed to
adjust the horizontal and vertical betatron tunes
independently. Their focusing strengths have been
chosen such that Q and Q_ can be varied by # 2 units,
allowing to changexthe machine optics from injection
to colliding beam operation.

The chromaticity of the lattice and the per-
sistent current sextupole fields in the main dipoles
are compensated by two families of sextupole lenses
(SF' sD).

Finally, each cell contains a pair of correc-
tion dipoles (d., d.) to correct horizontal and verti-
cal closed orbit distortions.

The maximum field integrals of the correction
elements, referred to the nominal proton energy of
820 GeV and a reference radius Ty = 25 mm, are as

follows'
quadrupoles fBzds = 0.47 Tm (both Q> qD)
sextupoles fB3ds = 0.35 Tm (SF, sD)
dipoles (Byds = 0.68 Tm (dp, dp).

The quadrupole and sextupole coils are mounted
on the cold beam pipe inside the main dipole magnets.

Two 5.9 m long coil sets belong to each main quadru-
pole (Q. or Q ) and are positioned as close as possi-
ble to {hls magnet (see Fig. 1). The correction dipole
is a superferric window frame magnet. It is mounted
in a common cryostat with the main quadrupole and a
beam position monitor.

A total of 440 quadrupole/sextupole coils and
250 correction dipoles are being built by Dutch indus-
try. They constitute the Dutch contribution to the
HERA project. At present, about 30%Z of the magnets
have been completed and tested.

Quadrupole/Sextupole Correction Coils

The layout of the correction coils ’ follows the "beam
pipe coil" concept developed at Brookhaven National
Laboratory. The coil package consists of an inner sex-
tupole layer of 5900 mm length and an outer quadrupole
layer of 5830 mm length. The coils are glued on the
9582 mm long beam pipe of the main dipole magnet with
the current connections as close as possible to the
adjacent main quadrupole. A cross section is shown in
Fig. 2. The beam pipe (stainless steel DIN 1.4429,

compression wrapping

Fig. 2 Cross section of the beam pipe with the correc-
tion coils. S SII’ SIII subcoils of the
sextupole; Q I’ QII subcoils of the quadrupole.

equivalent to 316 LN) has an inner (outer) diameter of

55.3 mm (60.3 mm) and is insulated by a double layer

of 0.15 mm thick glass-Kapton-glass tape.

The sextupole comprises three subcoils. Each
subcoil contains 21 turns and covers an azimuthal an-
gle of 100° with a central Gl1 core 20° wide. The
coils are glued on the insulated beam pipe between
precisely oriented Gll spacers of 20° width. The sex-
tupole coil is insulated by a glass epoxy layer and
then the quadrupole coil is mounted. It consists of
two subcoils each containing 33 turns and covering an
angle of 150° . The Gll cores and spacers are 30°
wide. Both correction coils are mounted on the beam
pipe with an angular accuracy of + 0.2° over the whole
length. The subcoils are made from a Kapton and glass
insulated superconductor using a cylindrical winding
mandrel and a precise baking mould. The insulation
layers and coils are glued on the beam pipe with an



epoxy (Epikote 215 and Versamid 140 in a ratio of 1:1,
baking temperature 150°C) which is suitable for cryo-
genic temperatures and radiation resistant. The main
mechanical strength, however, is provided by a glass
fiber compression wrapping. The sextupole is covered
by a single layer and the quadrupole by a double layer
wound from a very strong glass fiber (0.31 mm® VETRO-
TEX R glass, tensile strength 3600 N/mm?) with a ten-
sion of 800 N/mm“ and a pitch of 2.5 mm. The compres-
sion wrapping provides a high radial pressure on the
windings (about 6 N/mm® at T = 4 K) which together
with the glue joints inhibits conductor motion under
the influence of Lorentz forces.

Between the correction coil package and the
main dipole coil remains a 4 mm wide annular slit for
forced-flow cooling by single phase helium of 4.35 to
4.60 K. The correction coil is centered in the dipole
with an accuracy of *0.3 mm by sets of Gll spacers
glued on the beam pipe every 1.1 m.

For the nominal proton energy of 820 GeV the
main dipole field is 4.69 T and the maximum currents
in the correction coils are 85 A in the quadrupole and
65 A in the sextupole.

The superconductor has a significantly higher
current capacity in order to increase the quench safe-
ty in the case of beam-induced heating of the coils
(image currents or proton beam losses). The specified
critical current is 250 A at 4.60 K and 5.5 T.

The superconductor is a single strand wire of
0.70 mm diameter, a copper to NbTi ratio of 1.8:1 and
a filament diameter of about 15 um. Conductors from
various manufacturers (BBC, SLE, VAC) have been used.
The wire is insulated by 25 pym Kapton tape with 507
overlap and two glass fiber layers with a B-stage e-
poxy coating.

The quadrupole or sextupole fields at the re-
ference radius r = 25 mm are more than two orders of
magnitude smalle? than the main dipole field. There-
fore it is possible to choose a single current shell
arrangement for these coils without internal spacers
which greatly simplifies the production. Of course,
higher normal multipoles are present because of the
simple design (see Fig. 2): in the quadrupole
blO/b7 = - 0.0241, b,,/b, = 0.0063; in the sextupole
b 5/ba = - 0.0148. In comparison with the large field
o% thé main dipole these higher multipole components
can be neglected. The specified limits for all other
normal (b_) and skew (a_) multipole coefficients are
t0.010. The field measurement is done at room tempera-
ture. The quadrupole or sextupole coil is excited with
an alternating current of 0.7 A and 11 Hz and the sig-
nal induced in a 2.05 m long pickup coil is registered
by a lock-in amplifier and digitized. A full rotation
of the pickup coil is divided into 100 steps. A micro-
computer controls the measurements and performs a
Fourier transformation to compute the multipole coef-
ficients. The procedure is repeated for both coil lay-
ers in three longitudinal positions of the pickup coil
to cover the entire length of 5.9 m. Field measurement
data are available for 134 quadrupole sextupole coils.
Averaged over all coils and all positions, the results
for the expected multipole coefficients are:

quadrupole: by /b, = (-2.35 0.08)-102
- w102
by, /b, = (0.61 + 0.05)-10
sextupole : blS/b3 = (-1.37 + 0.08)-10 2.

These values agree very well with the computed num-
bers. In Fig. 3 we plot the difference between the
measured and expected normal multipole coefficients.
The values are compatible with zero; the statistical
errors are much below the qualification limit of 0.01.
For the skew multipole coefficients a_a similar dis-
tribution is obtained. "

Ab N R A R R R NSRS RE R EE R
n

F quadrupole t sextupole
0.01 :_ﬁ_. ........................... .5 N
= ] 1
s : 1o
N 3 g)
o ]
0 '.-r§£ré§§*!.§x‘§ ‘}“ {{ rT*% I“%r' 8
F 4 ! t f R R
C 1=
C 120
" I ]G
-0.01 ;_ Fooe ._: i
:Llljlllljlllllll.LJ_LJlJJ_lL‘llll b
0 5 0 150 5 10 15

harmonic number n

Fig. 3 The averaged normal multipole coefficients
for 134 quadrupole/sextupole coils having
passed the cryogenic test. The main coeffi-
cient (b, in the quadrupole, b, in the sex-
tupole) Is normalized to 1. Fotr b, and b
in the quadrupole and b in the Sextupole
the computed values have been subtracted
from the measured values (see text).
Specified limits: * 0.01.

The field measurement allows also to deter-
mine the misalignment angle between the quadrupole and
sextupole coil. The average value is 1.42 + 2.59 mrad,
which again is well below the specified tolerance of
2:0.2° = 7 mrad.
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Fig. 4 Distribution of quench currents for 148
quadrupole/sextupole coils. Plotted is the
minimum of the quench currents achieved in
either the quadrupole or the sextupole in an
external field of 5.08 T.

A cryogenic test of the correction coils is
performed in a vertical bath cryostat containing a di-
pole magnet with.a maximum field of 5.08 T. The test
results of the first part of the series production
were excellent: among 61 coils only one was below the
qualification level of 230 A (at 5.08 T and a helium
temperature of 4.40 K) and the remaining 60 reached
the short sample current of the conductor. In the fol-
lowing production a larger failure rate occurred. For
all coils with low quench currents it could be demon-
strated that the failures were not caused by insuffi-
cient fixation of the windings but by weak spots in
the superconductor. For this purpose the quench cur-



rent was measured as a function of the helium tempera-
ture and the external field Eddy current tests were
performed with large lengths of uninsulated supercon-
ductor and in fact a few spots were found where fila-
ments had been damaged by small inclusions. A signifi-
cantly lower critical current was measured at these
locations. However, some damage of the conductor might
also have occurred during the insulation or coil pro-
duction process.

In Fig. 4 we plot the observed quench current
distribution of the correction coils produced so far.
The large majority reaches values close to the short
sample current, but about 107 are below the qualifica-
tion level of 230 A (which, however, is much higher
than the operating current). In the future production
only eddy-current tested superconductor will be used.

Correction Dipole

The correction dipole is a window frame magnet with an
iron yoke of 610 mm length and 75 mm gap and two su-
perconducting saddle coils. A cross section is shown
in Fig. 5.
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Fig. 5 Cross section of correction dipole, mounted
in the cryostat

Since every dipole has to be powered individu-
ally, a low operating current (35 A for the nominal
field of 1.17 T) and a correspondingly large number of
turns (1000 per coil) are essential.

The superconductor has a diameter of 0.56 mm,
a copper to NbTi ratio of 3.7:1 and contains 36 fila-
ments of 45 pm diameter. The specified critical cur-
rent is 250 A at 1.5 T. The wire is insulated by a
polyesterimid varnish. The coils are wound in a flat,
racetrack-like winding mould with the wire passing
through epoxy. When the winding is finished, the long
straight sections and the arcs of the coil are con-
strained by precise compression bars. The center of
the short straight section is clamped in a fiber glass
bracket. Then the long straight sections are folded
up, allowing a natural bending of the unconstrained
short sections into the saddle shape. After bending
the coil is baked in an oven at 150°C. This novel
technique of producing saddle-shaped coils with many
turns of thin conductor has proven to be quite re-
liable. The epoxy used for impregnation is a mixture
of Epikote 215 and Versamid 140 in a ratio of 1:1. In
the preseries and early series production the epoxy
was used without filling material. Since in a number
of magnets excessive training was observed, it was de-

cided to add Al,0, powvder (407 by volume) to the

epoxy, thereby reducing the differential shrinkage
between the superconductor and the impregnation during
cooldown. The magnets with Al1,0, filled epoxy show in
fact a considerable reduction”in training steps.

The iron yoke is split into two halves which
are assembled from 5 mm thick precision-stamped lami-
nations. The coils are insulated with 125 um Kapton
and fixed in the half yokes by means of bronze angles.
Then the half yokes are put together and joined by two
weld joints in the horizontal plane. The welding mate-
rial is stainless steel which has almost the same
thermal contraction as the coils.

The cryogenic test of the correction dipoles
comprises measurements of the quench current and the
central field, using a Hall probe. A multipole meas-
urement with a rotating pickup coil is performed only
for sample magnets since the field quality is largely
determined by the accurate iron yoke and very repro-
ducible from magnet to magnet.

The observed distribution of quench currents
is shown in Fig. 6. The specified qualification level
is 75 A. (At this current, the Lorentz forces acting
on the windings are a factor of 4 larger than at the
nominal current of 35 A). The majority of the magnets
achieves quench currents above 100 A but some have
failed the qualification level. These magnets will be
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Fig. 6 Distribution of quench currents for 95 cor-
rection dipoles
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Fig. 7a Central field as a function of the current



recuperated by replacing one coil. In normal accelera-
tor operation the magnets have a large safety margin
because the operating current at 1.5 T is less than
207 of the critical current.

In Fig. 7a and 7b we summarize the field meas-
urements done on a recent series magnet. The field in-
creases almost linearly with the current up to 2 T.
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Fig. 7b Sextupole coefficient b3 as a function of
the current

The only significant higher multipole is the normal
sextupole. The coefficient b, is slightly negative for
small currents, but rises stéeply for currents above
50 A, where the iron yoke starts to saturate. The re-
manent field in the iron has been measured to be

5 Gauss.
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