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Opposite-field Septum Magnet System for the 

J-PARC Main Ring Injection 
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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 synchrotron. 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

I. INTRODUCTION 

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

to accelerate 8.3x1013 protons (8 bunches) up to 50 GeV 

every 3.64 sec repetition. The injection energy is 3 GeV. The

acceptance of the MR is designed to be 81  mm mrad in both

the horizontal and vertical planes. The incoming beam

emittance from the 3-GeV rapid cycling synchrotron (RCS) is 

shaped to 54 mm mrad in both the horizontal and vertical

planes using a scraper and collimator system. High-intensity

high-energy accelerators impose tight demands on the injection 

/ extraction septum magnets because of its large 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 are required. To cope 

with these tight demands, a new design concept of the

opposite-field  septum magnet system has been invented [1].
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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.

II. 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

shown in Fig. 1. The same grade of opposite magnetic field is

produced both inside and outside 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 septum conductors are arranged vertically

to form a single line of septum conductors to form a thin septum

coil.
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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

B. Outline of the Injection System

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

septum 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 line. The full acceptance of the injection beam line and 

the Main ring are designed to be more than 81  mm mrad, so as

to clear the beam halo of the collimator. The aperture at the

opposite-field septum magnet is designed to be 90  mm.mrad,

which exceeds the minimum criterion of the full acceptance of 

the ring. The opposite-field septum magnet makes it possible to

have a sufficient clearance at the injection point, and also

makes the total injection system simple and compact by its high

field and thin septum structure..
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Fig.2 Outline of the injection system

Table 1; Components of the injection magnets

Element Gap

(mm)

Length

(mm)

B

 (T) 

Angle

(mrad)

Septum I 98 1800 1.48 191

Sub-bend 1 120 350 0.556 17

Septum II 120 700 0.556 34

Sub-bend 2 120 350 0.556 17

Kicker (x3) 100 800 0.1 7
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Fig.3 Transverse cross-section

III. TECHNICAL ASPECT OF THE OPPOSITE-FIELD

SEPTUM MAGNET

A. Structure of the Opp0site-Field Septum  Magnet

A transverse cross-sectional view is shown in Fig. 3. As 

shown in Fig.1, twice as much as the return current must flow 

on the septum part. The two coils are arranged vertically to

form a single line 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 Pressing (HIP) 

technique.

The core of the magnet and the return coils are set outside of

the vacuum chamber so as to decrease the out-gassing rate, and

only the septum conductors are set inside of the vacuum

chamber, which is made of alumina ceramic.

B. Waveform of Excitation current 

Since the opposite-field septum magnet has a force-free

structure, pulse excitation is easily acceptable to escape the 

problem of heat generation at the septum.

The thin septum structure is available because of pulse

operation. To realize a thin septum, a short rectangular pulse is

desirable for the excitation current to decrease the heat

generation at the septum, but the short rise time requires

high-voltage operation. For compatibility of power saving and

low-voltage operation, a half sine wave, of which the width is

2.5 ms, is selected. The total inductance of the main septum

magnet and sub-bending magnet is 5.3 H, and the total

resistance is 0.221 m The maximum excitation current is 

53.5 kA for 0.556 T. The maximum operating voltage is 356 V.
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Fig. 4 Longitudinal cross-section  (quarter part)

The injection septum magnets are required to operate at a 

period 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 to suppress 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

10-4. The half sine wave is produced by an LC circuit, and the

output current is enhanced by a pulse transformer near to the

septum magnet . The 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

1mm. Under this assumption, the maximum error field along

the circulating beam axis is less than 1 x 10-3 of the total

injection kick angle of the opposite-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 stainless-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 of the magnet gap of the sub-bending

magnet, the residual field errors are caused by eddy currents.

Principally, in the opposite-field septum magnet system, the

eddy-current fields of the individual magnets are cancel out by

each other. However, disproportion of the eddy-current with 

the different structures of the cores causes an error field along

the circulating beam axis.

The integrated error fields caused by eddy current can be

compensated by self-induced back-leg w 

indings of the magnet, which 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 total eddy-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 m , on the other hand, the resistance of the

bypass is about 72 m , which is 2 x 103-times larger than that

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 cancel

the eddy current fields at the sub-bending magnet. After trial

and errors, the value of the resistance and inductance were 

chosen to be 72m  and 12.7 µH, respectively.
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Fig. 5 Self-induced back-leg windings on the return yoke of 

the main septum magnet

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 windings less

than 0.05% has been achieved.

These compensation techniques using self-induced 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 shape and field distribution

The detailed structures of the septum coils and magnet poles,

including a ceramic vacuum chamber are shown in Fig. 3. The

incoming beam and the circulating beam both have rectangular

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 to

approach the septum conductor to the pole surface as closely as 

possible. Nevertheless, the minimum gap between the septum

coil and the magnet pole is 6 mm. These gaps and holes 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 value 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.
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The measured results are in accord with the calculations well 

inside septum and the field distribution is within the tolerance

of

0.5 %.

B. Longitudinal distribution of By (Vertical component)

The By longitudinal distribution at the circulating beam center

was measured with a same search coil as the measurements of 

the transverse distribution. Fig. 7 is a comparison of the

measured data and the calculation data [2]. The calculation

agrees with the measured data. The gaps of the sub-bending

magnets are adjusted so that the integral magnetic field along

the circulating beam axis to be zero to suppress the closed orbit

distortion. The error field is checked by numerical integration

and direct measurement of integral magnetic field by long

parallel search coil.

C. Transverse distribution of integral magnetic field along

the beam axis

Two long search coils are used for the integral field

measurement along the beam axis. One was placed at injection 

side as a reference, another was used to measure the transverse 

distribution of the integral field of By at the circulating beam

side. Fig. 8 shows the transverse distribution of integral

magnetic field of By along the circulating beam axis. After the

sub-bending magnet gap is adjusted to 120 mm+ 9.5mm, the

integral field at the circulating beam center was about 0.05 % of 

that at the injection side. The estimated miss-kick angle for 

circulating beam is 3.4 x 10-2 mrad. In this case, the maximum

closed orbit distortion is estimated to be 0.5 mm.

The quadrupole component is also able to be compensated by

small tilting of pole face of sub-bending magnet.

VI. MODULATION OF THE BETA-FUNCTION BY A 

"DOG- LEG" BUMP ORBIT 

The opposite-field septum magnet system inevitably forms a

"Dog-leg" bump orbit at the circulating beam side. Vertical

edge focusing is accumulated irrespective of a reversal of the

polarity of the magnets.

modulation by integrated edge focusing in the vertical

plane has been carefully examined by an orbit analysis using a

simulation code. The increment of the beam aperture is 2%, 

which is within the tolerance of the design of the beam optics.

VII. SUMMARY

The opposite-field type septum magnet combined with

sub-bending magnets has unique features compared with

normal septum magnets as a force-free structure, and

cancellation of the leakage flux at the septum. The force-free 

structure and easy pulse-excitation permits thin septum

magnets with a high magnetic field. There is some possibility to

solve difficult problems concerning fast extraction and 

injection of high-energy synchrotrons.

The key technology is how to suppress the error fields of the

circulating beam side caused by fabrication errors and eddy

currents by pulse excitation.

In the case of the injection septum magnet for the J-PARC

50-GeV proton synchrotron, a larger beam aperture than the

full acceptance of the ring can be obtained for low-loss 

injection. Also, a fore-free structure enables only the septum

conductor to be set inside of the vacuum for a low evacuating

load. This method is applicable to injection / fast extraction

septum magnets for many kinds of accelerators. 

REFERENCES

[1] I.Sakai, et. al., “Opposite field septum magnet system for the separation of 

charged particle beams”, IEEE Trans. on Applied Supercon., Vol.12,

No.1, March 2002. pp. 242-246

[2] K.Fan, et.al, “3-D Caliculations and Measurements of the Opposite Field 

Septum Magnet for the J-PARC 50GeV Ring”, Procedings of the 2nd 

annual meeting of particle accelerator society of japanand the 30th linear 

accelerator meeting in Japan 

0.00 0.02 0.04 0.06 0.08 0.1
-0.009

-0.006

-0.003

0.000

0.003

0.006

0.009

0

Surface of

septum conductor

12mm

5mm

Beam size(64mm)

Designed acceptance(78mm)

Circulating beam center

Y =0.00979-0.33031 X+2.58322 X
2
-7.25656 X

3

In
te

g
ra

te
d

 f
ie

ld
 B

y*L
 (

T
*m

)

Transverse coordinate (m)

 Measured

 Polynomial fit

Fig. 8 Transverse distribution of integral magnetic field of

By

240 260 280 300 320
-1.010

-1.005

-1.000

-0.995

-0.990

12mm

Circulating beam center

Surfce of septum conductor

Beam size(64mm)

5mm

Designed acceptance(78mm)

N
o
rm

a
liz

e
d
 f

ie
ld

B
y 
/ 

B
c
n
t-

c
ir

Transverse coordinate (mm)

 plan y=0

 plan y=1

 plan y=2

 plan y=3.5

Fig.6  The transverse magnetic field distribution in the

circulating beam side

-100 -50 0 50 100

-1.0

-0.5

0.0

0.5

1.0

   Core of

opposite-field

septum magnetCore of

sub-bending

magnet-1

Core of

sub-bending

magnet-2N
o
rm

a
liz

e
d
 f

ie
ld

B
y 
(G

a
u
s
s
)

Longitudinal coordinate (cm)

 y=0, measured

 y=0, calculated

Fig. Longitudinal distribution of By along the center of 

circulating beam axis 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5


