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‘Opposite-field Septum Magnet System for the
J-PARC Main Ring Injection

I. Sakai, K. Fan, Y. Arakaki, M. Tomizawa, Y. Mori, Y. Saitou, M. Uota, A. Nishikawa, R. Morigaki,

Abstract— The opposite-field septum magnet has been
developed to realize a large-aperture, thin-septum magnet. The
features of the system are a force-free structure, easy pulse
excitation and cancellation of the leakage flux. This new design
concept is being applied to the injection septum magnet for the
J-PARC Main Ring proton synchretron. The septum conductors
are set inside of a vacuum chamber to eliminate the thickness of
the vacuum-chamber walls and electric-insulation layers. The
magnet cores and return coils are set outside of the vacuum
chamber to reduce the out-gassing rate of the vacuum system.
Finally, a larger beam aperture than the full acceptance of the
ring can be obtained at the injection septum magnet for lower
beam-loss injection.. ;

Index Terms—Charged particle beams, magnet, septum

1. INTRODUCTION

he J-PARC main ring proton synchrotron (MR) is designed

to accelerate 8.3x10' protons (8 bunches) up to 50 GeV
every 3.64 sec The injection energy is 3 GeV. The
acceptance of the MR is designed to be 8§17 mm mrad in both
the horizontal and vertical planes. The incoming beam
emittance from the 3-GeV rapid cycling synchrotron (RCS) is
shaped to 54n mm mrad in both the horizontal and vertical

‘planes using a scraper and collimator 'systém. High-intensity

high-energy accelerators impose tight demands on the injection
/ extraction septum magnets because of Welarge aperture and
high magnetic field. Especially regarding the injection system,
their large-size injection beam and a circulating beam, before
adiabatic damping, must be separated in the limited length of
the straight section. A thin structure, large aperture and high
operating magnetic field septum magnet'aserequired. To cope
with these tight demands, a new design concept of the
opposite-field septum magnet system has been invented [1].

In this paper we describe the structure of the opposite-field
septum magnet system for the J-PARC MR injection and how
to solve technical problems of the pulse-excited opposite-field
septum magnet system. ’ ;

1. INJECTION SYSTEM FOR THE J-PARC MAIN RING

A. Concept of the Opposite-field Septum Magnet
The concept of the opposite-field septum magnet system is
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shown in Fig. 1. The samf opposite magnetic field is
produced both inside and oOutside of the septum. The

electromagnetic force on the septum conductors is cancelled
out by each other by opposite magnetic fields on both sides of
the septum. The two septurn conductors are arranged vertically
to form a single line of septum conductors to form a thin septum
coil.

The magnetic field of the circulating beam side is
compensated by two sub-bending magnets set up-stream and
down-stream of the opposite-field s septum magnet. These
three magnets are connected in series and excited by the same
power supply for simultaneous excitation. The thin septum
conductor will be available without any mechanical support,
and pulse excitation for power saving becomes easier than that
for the normal septum magnet. The leakage flux is cancelled
out by each other and the beam-separation angle per magnet
length is twice as large as that of the normal septum magnet

" with the same magnetic field. The two sub-bending magnets

also enhance the injection angle. The thin septum makes it
possible to obtain a sufficient aperture at the septum magnet
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B. Outline of the Injection System

mryz

An outline of the injection system is shown in Fig. 2.

The injection system is composed of a high-field (1.36T)
normal septum magnet, the opposite-field septum magnet
system (0.60T) and 3 kicker magnets (0.065T) , not shown in
Fig.2. The parameters of the magnets for injection are given in
Table 1. With the limited length of the straight section and the
restriction of the kicker magnets, the bending angle of the
septum magnet is required to be as large as possible to clear the
yoke of the upstream quadrupole magnet. The opposite-field
sepﬁi’m magnet has a thin structure (8 mm). The injection beam
is shaped to 54 © mm mrad by a collimator at the injection
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beam hne The full acceptance of the injection beam lme and
the Main ring are designed to'be more than 817 mm mrad, so-as
to clear the beam halo of the collimator. The aperture. at the
opposite-field septum magnet is designed to be 90n mm.mrad,
which exceeds the minimum criterion of the full acceptance of
the ring. The opposite-field septum mdgnet makes it possible:to
‘have a sufficient clearance ‘at the injection :point, and also
makes the totalinjection system simple-and compaot by its hxgh
field and t}amseptum structure., ik AR

: Table 1 Components of the mjectwn magnets

1 Kicker (x3)

1. TECHNICAL ASPECT OF THE OPPOSITE—F IELD
' SEPTUM MAGNET ‘

a

A. Structure of the OppOszte—F ield Septum Magnet

A transverse cross-sectional view is shown in Fig. 3. As
shown in Fig.1, twice as much as the return current muist flow
on the septum part. The two coils are arranged vertlcally to
form a single tine of septum conductors to form'a thin septum.

A longitudinal cross-sectional view is shown in Fig. 4. In the
septum conductor (copper) four stainless-steel cooling water
pipes, which are gathered to one'pipe at the end of the
conductor, are sandwiched by the Hot Isostatic Pressmg (HIP)
technique: «

_ The core of the magnet and the retum cmls are set outs:de of
the vacuum chamber so as to decrease the out-gassing rate, and
only the septum conductors set ms1de of the vaczuum
chamber, which is made of alum na ceram:c

B Waveform of Exc;tatzon current

-~ Since the: opposite-fiekd :septum magnet has a fome—free
structure; pulse excitation is- easily acceptable to '
problem of heat generation at the septum. - -~

The -thin: septum - structure.+is - available because %&wpulse

.Element | Gap Length {B | Angle |
; | (mm) (mm)”  |(T) | (mrad) |
v"SeptumI 198 1800 148 - 191
Subbend 1| 120 350 ] 0556 |17
SeptumII | 120 70010556 |34
[Subbend? | 120 [ 350 ] 0556 |17 _
100 800 101 7.
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operatlon To reahze a thm septum a short rectangular pulse 1s

generat.lon at the geptum “but :the‘ short nse‘tlme reqinres
hlgh~voltage operatxon For compatxbxhty of power saving and
Iow-voltage operation, a half smp wave, of whwh the wxdth is
2.5 ms, is selected. Th¢ otal e main_
magnet and sub-bzndmg‘magnct is 5. 3 uH, and the total
resnstance is 0.221 mQ .. The. maxlmum excxtatlon current is
53.5 kA for 0.556 T. The maximum operatmg NEs) tage is 356 V.

The injection septum magnets are reqmred to operate at a
petiod of 900 ns x. 4 repetition for the two:bunches x 4
repetition mode injection and the maximum repetition rate of
16 for the one bunch x-16.repetition mode injection With a
repetition cycle of 25 Hz of the 3-GeV RCS;

C. Power Supply Circuit
The injection system is designed tosuppress emittance
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growth by injection errors to be less than 2 %. In this situation,
the stability of the magnetic field is required to be less than 2 x
10", The half sine wave is produced by an LC circuit, and the
output current is enhanced by a pulse transformer near to the
septum magne he output voltage of the power supply is
fed back by a direct measurement of the excitation current.

IV.. COMPENSATION OF ERROR FIELD

A. Criterion of Error Field

As shown in Fig.1, the opposite-field septum magnet system
is composed of the main septum magnet and two sub-bending
magnets. The integrated magnetic field along the circulating
beam axis is designed to be zero so as to suppress any
closed-orbit distortion around the whole ring. The required
criterion of the maximum closed-orbit distortion is less than
Imm. Under this assumption, the maximum error field along
the circulating beam axis is less than 1 x 107 of the total
injection kick angle of the opp051te-ﬁeld septum magnet
system.

" B. Mechanical Errors ]
The fabrication errors and the difference in the effective

' length ‘will be compensated by a fine adjustment of the sub

bending magnets, which are initially designed to have a

_ variable-gap structure, as shown in Fig. 6. The core is
~ supported by an outer structure, of which the gap is adjustable

by inserting several thicknesses of stamless steel spacers. The

" ideal gap was obtained by trial and errors by changing the

spacers while measuring the - integrated field by long coil.

Finally, the gap of the sub-bending is 129.5 mm versus 120 mm -

of the main septum magnet.

C. Eddy Current errors

After a fine adjustment ofthe magnet gap of the sub-bendmg
magnet the residual field errors are caused by eddy currents.
Principally, in the opposite-field septum magpe gm, the
eddy-current fields of the individual magnets 4 ut by
each other. However, of the eddy-cutfent with
the different structures of 1
the circulating beam axis.

The integrated error fields caused by eddy current can be
4 w 4

e cores causes an error field along

n; pepsated-by-selfvindnae

> nmgs of the magnet, whlch adds a induced magnetic field

of the same polarity of eddy current field on the core of a lower
eddy-current field. In our case, the totaleddy-current field of
the sub-bending magnets is superior to that of the main septum
magnet. Thus, we must set self-induced back-leg windings on
the return yoke of the main septum magnet.

As shown in Fig. 5, the back-leg windings form a short
circuit with septum conductors because it is hard to insert a
back-leg coil between the return yoke and the ceramic vacuum
chamber. The effect of this short bypass of the main septum
conductor is negligible because the resistance of the septum
conductor is 35 mE, on the other hand, the resistance of the
bypass is about 72 m€, which is 2 x 10°-times larger than that

Opposite-field septum
‘magset core

Self induced back-leg winding
Flg 5 Seif-induced back-leg Wmdmgs on the return yoke of
the mam septum magnet

of septum conductor. The back-leg windings include resistance
and inductance to control the current and phase of the induced
current, which produces an additional magnetic field to
the eddy current fields at the sub-bending magnet. After trial
anthe value of the resistance and inductance were
chos€T 10 be 72mQ and 12.7 pH, respectively.

The error field without any back-leg winding is about 1% of

the total kick angle (68 mrad) of the septum magnet system, and
after compensation with self-induced back-leg wmdmgs less
than 0.05% has been achieved. Gua k" * -

These compensation techniques using self-mduced back-leg

windings are applicable for other "dog-leg bump orbit" magnet

systems. These- compensation techniques have already been

verified by experiments on the H injection bump magnets for

the 500-MeV booster synchrotron in the KEK 12-GeVPS.

V. FIELD QUALITY

A.  Conductor shapé and field distribution

The detailed structures of the septum coils and magnet poles,
including a ceramic vacuum chamber are shown in Fi 1g. 3. The

incoming beam and the circulating beam both have rcctangular o
shapes. A uniform magnetic field distribution is required not -

only near the medium plain, but also at the vertical edge of the
septum. To obtain a uniform magnetic field, the thickness of the
ceramic vacuum chamber is a partially thin structure so as 1o
approach the septum conductor to the pole surface as closely as
possible. Neverthelegs, the_ minimum gap between the septum

coil and the magnet. polms,,,ﬁ.mm These gaps and holes i in the

conductor disturb the uniformity of the magnetic field near to
the septum. The cross section of the conductor is shaped so as
to form a uniform distribution of the average current along the
vertical axis of the septum conductor. The field distribution
calculated by computer code “Poisson” is shown in Fig.6.

- The required vertical aperture at the septum is + 36 mm at the
septum: The field distribution normalized by the vilue of the
circulating beam center has been achieved to be less than 0.5 %
within an area of more than 6 mm far away from the surface of
the septum;, "

The vertical component By of transverse distribution at the
longitudinal center of the septum magnet was measured with a
circular search coil of which mean diameter is.6.5 mm with 500.

cai‘lce&;;

-
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.Fi 1g 6 The transverse mmetle field dlstnbutmn in the
circulating beam side. - .

The measured results are in accord with the calculations well.

inside septum and the ﬁe]d dlstnbunon 1s W1 1 ’m the tolerance

éf’ois%

-B.. Longitudinal dlstrtbutton of B, (VertzcaI componeﬁv
The B, longitudinal distribution at the circulating beati center

. was measured with-a same search coil as the measurements of

;thc framsverse: distribution. Fig.: 7. is ‘@ comparison of: the

: uted data and the calculation: data. 2} the;@sleulaﬁon

agrees with the mea: qgg};gta If,hd gaps-ofthe s

magnets are. ad_]usted 50 that the

‘ thc c1rculatmg beam, axxs.te be zex;o 1o suppress:the closed orbit
ed by i i

parellel seéfch gcaz \

C. Transverse dtstrtbutton of mtegral magnettc f eld along
the beam axis T

Two long search colls are used for the mtegral ﬁeld :
measurement along the beam axis. One was placed at injection
; another was ised to measure the transverse

U sidendurefe

G‘i‘-}'

distribution: of the-integral- field of B; at the cireulating beamn

- side; Fig. 8 shows the -transverse distribution of ‘integral
magnetic field of By alcmg the circulating beam axis. After the
sub-bending magnet gap is adjusted to 120 mm+:9.5mm, the
integral field at the circulating beam ceuter was.about 0.05 % of
that at the injection side, The estimated. miss-kick angle. for
cxrculat;ng beam is.3.4 % w.z mrad, }n this case, the. maximum

' The opposlte-ﬁeld septum magnet system mevntabiy fcrms a
"Dog-leg" bump, orbit at the circulating beam.side. Vertical
- edge. focusmgns accumulated 1rrespec:twe of, a;teversal of the

simylation code. The increment of ithe. beam. q;emue
which is within the to}eranceofthe s:gnoﬁthehmmaptms

¢ integral magnetic field along

¥

Normalized fisld B (Gauss) .

ST Langﬁudmatwormma(m)
an 7 Long;tudmal distribution of B along tﬁe center of
cxrculatmg beam ax:s e 2
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VII SUMMARY

Thc cpposxte-ﬁeld type septum magnet comhlned w1th
sub-bendmg magnets - has unique: features. ecmpared thh :

*The ke§ technology is Bnygwto*supprese the error ﬁelds of the k‘é
circulating beatn'side causéd by ﬁtbmmon ‘errors: and eddy .
currents by pulse excitation.

- In the case of the injection septum magnet ftjr the J-PARC
50-GeV proton syné!;muan;ma‘«lﬁgcf iahanthe
full’ aeceptanice of ‘the ring can be' obtained’ for' Ms?*zﬁ
injection. Also, free structure enables only thé septum  ghy
conductor 10'be set inside of the vacwum for a Tow evmatmg a
load. This method i3 epphcableto mjeetmn £ fast extractmn
septum magnets formanykmds ; gL
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