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Stability considerations of permanent magnet quadrupoles for CESR phase-III upgrade
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The Cornell electron storage ring (CESR) phase-III upgrade plan includes very strong permanent
magnet quadrupoles in front of the cryostat for the superconducting quadrupoles and physically as
close as possible to the interaction point. Together with the superconducting quadrupoles, they provide
tighter vertical focusing at the interaction point. The quadrupoles are built with neodymium iron boron
(NdFeB) material and operate inside the 15 kG solenoid field. Requirements on the field quality and
stability of these quadrupoles are discussed and test results are presented. [S1098-4402(98)00006-8]

PACS numbers: 75.50.Ww
-II
nt
Q

[1]
.7
m
ion
o
rs
he
ic
cit
t t
ch
il

rre
ng

a
or
e-I
ibl

re
all
ole
EO
ol

7
t in
Th
wa
an
t i
p-
en

on
m-

ial.
.
axis
n
net

ive
eld
e
wn

ction
I. INTRODUCTION

The Cornell electron storage ring (CESR) phase
luminosity upgrade plan includes very high gradie
27.6 cm long, permanent magnet quadrupoles (PM
followed by a pair of superconducting quadrupoles
These permanent magnet quadrupoles are located 33
away from the interaction point. This quadrupole sche
of the interaction region permits reduction of beta funct
at the interaction pointbp

y to 1 cm or less and als
helps to reduce the vertical beta function at the fi
parasitic interaction point, which occurs 2.1 m from t
interaction point, as well as the peak vertical beta, wh
reduces aperture requirements and vertical chromati
By reducing the effects of parasitic crossings adjacen
the interaction point, it allows the operation with bun
spacing of 14 ns. The luminosity after the upgrade w
be increased dramatically due to the extra beam cu
implied by 9 3 5 bunches made possible by reduci
the bunch spacing and the tighter vertical focusing
the interaction point [2]. Although it is designed f
flat-beam crossing angle collision operation, the phas
interaction region (IR) quadrupole scheme is compat
with the possible round beam configuration [3].

II. PERMANENT MAGNET QUADRUPOLE
CONSTRUCTION

The permanent magnet quadrupole is made of th
9.2 cm long sections which are assembled individu
then bolted together for the full quadrupole. The wh
assembly is mounted to the drift chamber of the CL
detector. The cross section view of the quadrup
assembly is shown in Fig. 1.

The permanent magnet quadrupoles extend from 33
616 mm from the interaction point and have a constan
ner radius of 3.35 cm and a two-step outer radius.
dimensions of the quadrupole are chosen in such a
that the strength of the PMQ is as strong as possible
as physically close as possible to the interaction poin
the limited space available for the PMQs. They will o
erate inside the 15 kG solenoid field of the experim
1098-4402y98y1(2)y022401(4)$15.00
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tal detector. They are built with neodymium iron bor
(NdFeB) material because of its lower price, higher co
mercially available remnant fieldBr , and intrinsic coerciv-
ity Hci compared with samarium cobalt (SmCo) mater
The quadrupoles are built with 16 azimuthal segments

Magnet pole pieces were ordered with three easy-
orientations (0±, 45±, and 90±) and magnetized as show
in Fig. 1. The focusing strength of a permanent mag
quad is influenced by remnant field (Br), inner “pole-tip”
radius (ri), and the ratio of outer to inner radius (royri).
This last parameter,royri, must be limited to avoid
subjecting parts of the magnetic material to excess
demagnetizing fields, which could seriously degrade fi
quality. According to the numerical analysis with th
Pandira code [4] and reverse magnetic field knock-do
test with the magnet material, we find that theroyri of 2.1
is appropriate to the magnet material withHci of 21 kOe
andBr of 12 kG.

FIG. 1. Phase-III permanent magnet quadrupole cross se
view.
© 1998 The American Physical Society 022401-1
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The magnet pole pieces were supplied by Magnet S
and Manufacturing, Inc. The material is Shin-Etsu 36
neodymium iron boron. The typical magnetic and mech
ical characteristics of this material are listed in Table I

The mechanical assembly of the quadrupole is sim
to the existing rare-earth PMQs operating in the stor
ring [5–8]. The permanent magnet pole pieces
affixed to a stainless backing plate using high tempera
adhesive and covered by a stainless steel skin spot we
to the backing plate for extra protection. The back
plate with magnet was then screwed fast to the sup
shell. The weight of each quadrupole assembly is ab
45 kg. The measured quadrupole strength at 5.289
is listed in Table II.

III. FIELD QUALITY AND STABILITY

Both the quality and magnitude of the interaction reg
quadrupole magnetic field are critical to storage ring
eration. The field quality determines nonlinear proper
such as dynamic aperture and the field magnitude m
be stable to avoid uncontrolled change in the beta
tune and optics functions of the storage ring. Many f
tors can affect the magnet and tend to alter the magn
flux, which would change the field quality and quadrup
strength in our application. We have studied these in
ences and made predications for the resulting chang
magnetic flux. Many of these changes are one-time a
effects and can be minimized by first exposing the mag
to these influences and then retuning the magnet be
placing it in service.

A. Resistance to the irreversible demagnetization

The permanent magnet maintains its magnetic
because there are many small magnetic domains ali
by crystal anisotropy. A very high external magne
field tends to disturb the domain alignment. When
magnet pole pieces are assembled into the quadru
some regions of the magnet material operate in a
strong antiparallel magnet field. For the case of
design, we find that this antiparallel magnet field co
be as high as 13 kG according to the Pandira simula
Several different magnet samples were tested to deter
022401-2
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the knock-down ratio of the remnant fieldBr with applied
reverse external field. The knock-down ratio is defin
as the magnetization change before and after the expo
of the external field divided by its original magnetizatio
The intrinsic coercivity of 21 kOe was sufficient to lim
the amount of demagnetization to a few percent w
13 kG reverse external field. Figure 2 shows the amo
of demagnetization vs the reverse external field for
NdFeB 36SH material we used. The material we
using could sustain 15 kG reverse external field.

The quadrupole magnet will operate immersed in
15 kG axial solenoid field (perpendicular to the NdF
permanent magnet easy axes) of the experimental d
tor. Several magnet pole pieces were exposed to an
ternal 20 kG perpendicular field. No demagnetization w
found after the exposure.

B. Temperature stability

The properties of the magnet material change w
temperature and time. The magnet can be stabil
by heating it to a temperature well above the opera
temperature. This process speeds up the initial aging
slows down the rate of change thereafter.

All magnet pole pieces were thermally stabilized for 3
at 100±C, the maximum temperature without irreversib
loss of coercive force. The losses of magnetization du
this procedure were measured to be less than 1% o
original magnetic moment. Several thermally stabiliz
magnet sample pieces were remeasured after being s
on the shelf for eight months and no magnetizat
changes were found.

It is also important that heat stabilization be perform
when the magnets are in a field similar to that which th
will see during operation. We performed the temperat
stabilization process for the assembled quadrupole. S
the quadrupole is operated at room temperature, i
reasonable to do the temperature stabilization pro
for the quadrupole assembly at 70±C for two hours.
The quadrupole strength is decreased very slightly (
than 0.5%) since the magnet material has very h
intrinsic coercivity and all the magnet pieces have b
individually heat stabilized to 100±C.
TABLE I. Typical characteristics of NdFeB 36 SH.

cgs unit SI unit

Remnant fieldBr 12.2 kG 1.22 T
Coercive forceHc 11.7 kOe 0.93 3 106 A-turnym
Intrinsic coercive forceHci 23 kOe 1.83 3 106 A-turnym
Maximum energy 36 MGOe 286 kJym3

Recoil permeability 1.05 1.05
Density 7.5 gycm3 7.5 3 103 kgym3

Electric resistivity 2.0 3 1024 V ? cm 2.0 3 1026 V ? m
Temperature coefficient ofBr 20.1%y±C 20.1%y±C
Curie temperature 310 ±C 310 ±C
022401-2
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TABLE II. Measured quadrupole magnetic strength (each section is 9.2 cm long).

ri ro Pole field atri Integrated strength k

cm cm kG kG-cmycm m22

Front section 3.35 6.40 9.2 25.3 1.5
Outer sections 3.35 7.04 10.0 27.5 1.
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Since the Curie temperature of the NdFeB materia
much lower than for the SmCo material used in the CES
present IR quadrupoles, the temperature coefficient oBr

was measured to be almost 3 times higher. This me
that the quadrupole strength is also almost 3 times m
sensitive to the temperature. Fortunately, the phas
quadrupole’s focal length is longer (weaker focusing)
to its shorter physical length, and the beta functions
lower, making the machine optics much less sensitiv
changes in quadrupole strength. The quadrupole temp
ture should be controlled to within 0.2±C to limit the
storage ring vertical tune shift within 0.0005 integ
The temperature of the quadrupole will be controlled
running coolant through a1y4 in. tubing on the outer she
to remove heat from the silicon detector electronics,
most important heat source affecting the PMQs.

C. Corrosion and surface oxidation

NdFeB material is more subject to oxidation a
corrosion than the SmCo material. All surfaces of
magnet piece were coated with cadmium chromate
corrosion and oxidation resistance.

D. Radiation damage

There are several reported studies about the ra
tion damage due to the neutrons and photons (g and
x rays) [9–12]. The data suggested that the integr
neutron fluences of5 3 1014 nycm2 and 50 MR of
bremsstrahlung radiation is needed to show sizable d
age to the NdFeB material. The radiation level in

FIG. 2. Knock-down ratio vs the applied external rever
field for several magnet pieces.
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electronypositron storage rings is due mainly to t
gamma bremsstrahlung and the synchrotron radiation.
CESR, it is estimated that the integrated dose of pho
in the interaction region where the PMQs are located
few MR for five years of operation. The present CES
neutron level is measured at about2 3 109 nycm2 per
year. Both neutron and photon radiation levels for
five years of CESR phase-III operation are estimated
be much lower than the threshold level to show signific
radiation damage. Several magnet sample pieces wer
posed to a dose of 6 MR of gamma radiation in a cob
60 chamber and no magnetization change was found
the exposure.

E. Field quality

The effect of nonlinearities in the permanent ma
net quadrupoles is evaluated by a tracking study.
dynamic aperture is computed for trajectories with i
tial energy offset 0, 5, and10 sEyE for both the error
free machine and a machine with errors. We find tha
field error of less than1 3 1023 deviation from a pure
quadrupole field at a radius of 2.8 cm is required.

The multipole field could be caused by magnet pie
to-piece variations in magnetization, errors in position
the magnet, and the antiparallel demagnetization by
local field observed by some of the magnet pieces w
the magnets are assembled into the quadrupole.

The variation ofBr and magnetization angle error
all of the magnet pieces were measured. We found
the Br variation is less than62% and the angle erro
of the easy axis is within 2±. The field error is reduced
by matching magnets with similar properties and a tun
procedure to adjust a small amount of radial motion
each magnet piece to cancel the measured multipole fi
A rotating coil measurement system was built to meas
the multipole field to the accuracy of 1 part in104 of
quadrupole field at radius of 2.8 cm. Measured res
show that a quadrupole field with multipole field errors
1 3 1023 at 2.8 cm radius was achieved.
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