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Summary

A quadrupole magnet with use of permanent magnets
is fabricated. Considering the fact that ions with
different charge to mass ratio should be accepted for
the case of heavy-ion linac, additional coils of 14000
AT per pole are attached to the magnet. These coils are
only excited for varing the field gradient with a short
pulse duration of ~200 ms and no cooling is needed.

From the point of view of controlling the field gradi-
ent, too stiff material such as SmCos requires much
larger magneto-motive force and is not suitable for the
present case and AINiCo alloy is adopted. Soft iron
pole tip with circular shape is attached to permanent
magnet to improve the field property.

Achieved maximum field gradient is measured at 2.1
kG/cm for a bore radius of 15 mm. The outer diameter of
the whole magnet and its core length are 155 mm and 70
mm, respectively. From the result of field measurement,
the higher multipole components are suppressed at
tolerable size.

Introduction

For drift tube linacs, fabrication of a compact
focusing quadrupole magnet is of importance so as to
improve the shunt impedance by reduction of capacitance
between adjacent drift tubes. From this point of view
and the merit of convenience of operation without power
supply and additional power dissipation due to excita-
tion current in the coil, permanent quadrupole magnets
has becoming to be developed at various laboratories as
focusing elements for drift tube linacs and for the
other usel™10,

For the case of heavy ion linacs, however, charge
to mass ratio of the accelerated beam changes largely.
For example, at the injector linac of NUMATRON, charge
to mass ratio changes from 0.2 to 1.0 even for the
Alvarez linac after 2nd stripperll!. So focusing
strength has some necessity to be variable according to
ion species to be accelerated. So as to respond to this
necessity of flexibility of field gradient, a permanent
quadrupole magnet with additional coils is fabricated.
These coils are used not for DC excitation as electric
quadrupole magnet but for pulsed excitation only for the
purpose of magnetization of the permanent magnet. Thus
the current density in the coil can be increased and the
total volume of the magnet can be made compact by
reduction of coil spaces without sacrificing the
flexibility of the field gradient. In fig. 1, an
overall view of the fabricated magnet is given.
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Overall view of the quadrupole magnet.

In the present paper, the design of the fabricated
permanent quadrupole magnet is described and then the
result of field measurement with use of a rotating coil
is given.

Design of the Magnet

Material of the Permanent Magnet

As the material of permanent magnet, Rare Earth-
Cobalt(REC) such as SmCos is preferable from the point
of view of realizing as high field gradient as possible.
However the REC is, in general, magnetically so hard
that it needs Targe ampere-turns to change the magnet-
ization, which is disadvantageous for the present case.
So AINiCo alloy is adopted as the material of permanent
magnet, because it attains moderate field strength and
its magnetization can be changed with moderate ampere-
turns.

Operating Point of Permanent Magnet

The magneto-motive force of the quadrupole magnet
is to be originated by blocks of permanent magnet
installed in the shaded region in fig. 2. So as to
reduce the effect of the alignment of magnetic domain in
the permanent magnet to the field structure, a pole tip
with circular shape made of soft iron is attached to
each block of permanent magnet as shown in fig. 2.
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Fig. 2.

Geometry of the permanent quadrupole magnet.

For the magnet with the geometry shown in fig. 2,
the following relations hold;

1
Hd-SL+Z—“OGr02 =0 (1)

Byw-L = —%T—»GXCZL : (2)

where notations are as follows
Ko @ permeability in the air,
G : field gradient of the quadrupole magnet,
L : core length along the magnet axis
and
X¢ @ the effective boundary of the magnetic field
in the median plane defined by the relation:

%chz = [By(x)dx (fig. 3).

Combination of egs. (1) and (2) gives
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For the present magnet, bore radius, ry. length
and effective half width of the permanent magnet block,
% and w are 15 mm, 28 mm and 19.5 mm, respectively. The
effective boundary of the median-plane field defined
above is estimated at 32.3 mm from the result of
numerical calculation with TRIM assuming the electrical
magnet with the same geometry made of soft iron. This
value of xc gives 4.62 as the leakage coefficient
defined by Kapchinskij et al.l, which is in good agree-
ment with their value of 5 . Substituting these values
into eq. (3}, the ratio By/Hy is calculated at - 6.64.
Drawing a straight line with this slope on the demag-
netizing curve of the AINiCo alloy(TMK5A}, the operating
point, P, is obtained as shown in fig. 4. From this
operating point, the field gradient realized for the
quadrupole magnet is calculated at 2.2 kG/cm for full
magnetizing level. This field gradient is not so high
but which still covers rather wide region of Alvarez
linac of NUMATRON injector with doublet focusing(FFDD).

Ampere-turns Necessary to Magnetize

The relation between the magneto-motive force
induced in the permanent magnet, H-¢, and externally
applied ampere-turns by each coil, NI, is given as

NI = ?;—rGrOZ + Howo, (4)
u
0
neglecting the magnetic resistance in the soft iron, in
which relative permeability is so high. Combining the

relation
LZGXCQL = uHuL (5)
with eq. (4), the required ampere-turns is expressed as
NI = (%m‘:—rgi + 2)H (6)

where u, is the permeability in the permanent magnet.

The present AINiCo alloy is almost saturated at 3
kOe and to attain this value, required ampere-turn is
calculated at 1.27 x 10% AT from eq. (6) using the
dimensions of the magnet given above. As a coil with 14
turns is wound around each pole, the required current
is 900 A and the coil is designed to allow maximuum
excitation of 1000 A with pulsed excitation. As the
cross section of the coil conductor is chosen at rather
small value of 8.04 mm? to reduce the coil spaces, the
current density amounts to 124.4 A/mmZ at the pulse
excitation peak. From the test of pulse magnetization
with a test sample of the permanent magnet, pulse
duration longer than 200 msec is found to be enough for
magnetization (fig. 5) and considering the fact that
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this pulsed excitation is not repeated continuously but
is made only one cycle for the desired magnetization
level, this value is safely operated.

Field Measurement

~ Principle of Measurement

In the measuring system illustrated in fig. 6 where
the origin of the coordinates is chosen to be the axis
of the rotation and is displaced as large as ax and az
in x and z directions, respectively from the magnet
axis, the azimuthal component of the magnetic field,

By, is written as!?

Bez_

D?— {axcos(n-1)s - azsin(n-1)er] ,

©
] na,ro-l{cosng +

ot (7)

-1

where a, is the expansion coefficient of magnetic scalar

potential with respect to r, which is related to
multipole field component as

din-1)g, _

The induced voltage at the coil, ¢, can be written as

-a,-nt . (8)

e = NSw ) na,r""![nsins +
n=1 (g)
(n-1)?

AAF*~—(Axsin(n-1)e + azcos(n-1)e1] ,

— 18

where o is the angular velocity of the rotating coil.
This voltage signal is fed to Fast Fourier Transformer
(FFT) through the slip ring and is frequency analysed.
The rms amplitude of the n-th harmonic component is
given by

F, + aF, = siy[n?anr”~1 + n?{n+l)a, ro-tar] o {10)
4
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Procedure of Field Measurement

A block diagram of field measurement is given in
fig. 7. The position of the rotating axis can be
controlled in three dimensional space with the precision
of 10 um. Measurement is executed fixing the position
in y direction at the center of the magnet core along
the magnet axis with the coil with dimensions of 5 x 10

x 5.5 mm3,
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Fig. 7. Block diagram of the field measurement system

with use of a rotating coil.
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The position dependence of the dipole component,
D(= F, + aFy) is measured for the various position of ax
and sz as shown in fig., 8. From the data shown by black
circles, it is known that the dipole component is
originated from AF;, because it vanishes at the position
where ax and Az are 0.15 mm and 0.14 mm, respectively.
So the displacement of the field center from the geomet-
rical center is estimated at ~0.2 mm.
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Fig. 8. Position dependence of dipole component.

The multipole components are measured fixing the
rotation axis at the field center. The absolute value
of the field level is scaled with use of a temperature
controlled Hall-probe calibrated in a uniform field by
an NMR. Typical result is illustrated in fig. 9 and is
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listed up in table I. The field gradient realized for
the present quadrupole magnet is measured at 2.1 kG/cm
for full magnetization, which is in good agreement with
the calculated value described before. The multipole
fields other than the gquadrupole component are well
suppressed as is seen from table I.

TABLE I
MULTIPOLE COMPONENTS OF THE QUADRUPOLE MAGNET
Harmonic Signal Percentage Rela- Multipole

Component Level tive to the Quad- Field
rupole Signal

Dipole 1.25 v 0.016 % 3.8 x 10% kG

Quadrupole 7.60 mV 100 % 2.1 kG/cm
Sextupole 8.80 uv 0.12 % 5.9 x 10-3 kG/cm?
Octapole 2.65 v 0.035 % 7.3 x 10-3 kG/cmd
Decapole 2.35 uv 0.031 % 3.8 x 10-2 kG/cmb

Flexibility of the Field Gradient

Additional coils for pulsed excitation are wound
for the present magnet to make its field gradient
variable. From the test of reproducibility, it is found
that a cycle of bipolar pulsed excitation which almost
saturates the magnetization in the permanent magnet
(major loop) is needed prior to the magnetization with
appropriate excitation current so as to reproduce the
same field gradient with the same excitation current
independent on the previous state of magnetization.

With the excitation pattern shown in fig. 10, the field
gradient can be varied according to the final excitation
current, X, as shown in the figure.
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Multipole fields are also measured for these field
Tevel with the rotating coil. Although undesirable
field components such as dipole, sextupole, octapole
etc. become a little larger (several percent) and might
cause some beam dynamical problem if the field gradient
goes down less than 10 % of the maximum value, it is
found that these field components are well suppressed
(less than 1 %) at the higher magnetization level.
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