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Abstract:

The design and development status of Sm2Coi17 magnet blocks for two in-vacuum undulators

(IVU20) at the SSRF with the same hybrid design has been described. By the technological improvement
of some processes and comparison with the experimental Sm2Co17 magnet blocks for the IVU25A, magnetic

properties such as the intrinsic coercive force H.i and the average magnetic moment M are increased, the bend

point magnetic field Hy value and pass rate are significantly increased, and the magnetic field uniformity of

the magnet blocks are significantly improved. The basic developmental method of high uniformity SmsCo7

magnet blocks for IVU20 is presented. The magnetic field qualities of the magnet blocks, including the

magnetic property, the magnetic moment distribution, the magnetization deviation angle and the magnetic

field uniformity, basically satisfy the specifications of the two IVU20 in-vacuum undulators.
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1 Introduction

The first 7 beam line stations were built for the
SSRF in April 2009, 2 of which are based on two in-
vacuum undulators IVU25B. Its magnet blocks are
Japanese Shin-Etsu Sm,Co;; magnets. At the same
time, two in-vacuum undulators IVU25A are being
developed and the domestic experimental Sm,Co,-,
magnet blocks will be installed. In March 2009,
the development plan for two in-vacuum undulators
IVU20 with the same hybrid design and containing
636 Sm,Co;; magnet blocks was started by the SSRF
for protein beam line stations. Permanent magnets
are key components of the undulator. Sm,Co;; mag-
nets, which were believed to be the most resistant
against electron irradiation among rare earth magnets
meet the requirements of the IVU20 at the SSRF.

Investigations show that Sm,Co;; magnet blocks
for in-vacuum undulators of third-generation syn-
chrotron radiation facilities have their own unique
technology requirements. Before the construction
of the SSRF, China did not have relevant batch
development experience. During the development
process of experimental Sm,Co;; magnet blocks for
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IVU25A, several excellent Chinese companies devel-
oped 10 samples (the dimensions are 65 mm x 25 mm
x 8.965 mm) respectively. The magnetic properties of
these samples was measured at the National Institute
of Metrology, P. R. China, and the magnetic field of
these samples was measured at the SSRF. The results
showed that only the magnetic properties of the sam-
ples developed by Chengdu Magnetic Material Sci-
ence & Technology Co. Ltd satisfied the technologi-
cal requirements (remanence B, is 1.135 T and intrin-
sic coercive force H; is 1667 kA/m). The magnetic
moment M distribution was about 4.0%, the magne-
tization deviation angle T' of 7 samples was less than
1.0° and the overall pass rate was 50.0%, however,
the highest B, of samples developed by other com-
panies was only 1.10 T when H. was not less than
1600 kA /m and the T of only one of the 10 samples
was less than 1°.

About 1500 experimental Sm,Co,7 magnet blocks
for IVU25A were developed. Tests showed that the
appearance and dimension accuracy of 1216 magnet
blocks meet the requirements, and the magnetic field
quality of 631 magnet blocks qualified, but the bend
point magnetic field Hy value of the magnet blocks is
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only 828 kA/m and the magnetic field symmetry of
most of the magnet blocks is not less than 5.0%. The
magnetic field measurement of the magnet blocks for
the undulator is a heavy workload and the technology
requirement is very high [1]. The lower pass rate of
the magnet blocks has greatly increased the measure-
ment workload, increased the developmental cost of
undulators and wasted rare Sm and Co resources.

In order to raise the pass rate and improve the
quality of Sm,Co;; magnet blocks, a series of tech-
nological improvements have been made. This paper
will introduce the design and development status of
the Sm,Co;7 magnet blocks for IVU20 by the SSRF
and Chengdu Magnetic Material Science & Technol-
ogy Co. Ltd.

2 Design of the magnet blocks

For the physical design and development of
IVU20, a higher magnetic property and field quality
(M distribution and smaller T' value), better mag-
netic field uniformity and higher size precision of the
Sm,Co;7 magnet blocks will be conducive to improv-
ing the overall magnetic field performance of IVU20.
According to the physical design and work environ-
ment of IVU20, the main technology requirements of
the Sm,Co;7 magnet blocks are as follows:

1) In order to obtain a higher magnetic field peak
and good resistance to radiation, at 20°, B, and H
shall not be less than 1.12 T and 1600 kA /m, respec-
tively, Hy shall not be less than 1000 kA /m.

2) The M distribution for each IVU20 shall be
less than 2.0% (the quantity is 320), the T shall be
less than 1.0°, T" can be expressed using the following
formula [2]:
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In the above formula, M,, M,, M, are the mag-

T = arctan

netic moment of the three directions (M, means main
magnetization moment) and M is the total magnetic
moment. The three-dimensional magnetic field (M,
M, M,) distribution of the magnet blocks is mea-
sured with a Helmholtz coil.

3) The maximum relative difference between the
magnetic field amplitudes measured at 3 mm from
the two opposite faces of each magnet block perpen-
dicular to the main magnetization direction must not
exceed 5.0%, the formula is as follows:
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Where |Bx| and | Bs| mean the magnetic field am-

plitude of each block, the S means the magnet field
symmetry of magnet block, it is measured with the
Hall-probe measurement system at the SSRF.

4) For vacuum performance of IVU20, the density
of the magnet blocks shall not be less than 8.4 g/cm?
and the thickness of TiN coating about 0.007 mm.

5) The number of defects on the magnet block
surface should be less than five and the size for each
smaller than 0.5 mm x 0.5 mm x 0.5 mm.

6) The size is 65 mm X 27 mm X 7.165 mm, the
chamfers of sites A are 1.2 mm x 1.2 mm for reduc-
ing the electron beam loss of the storage ring and the
chamfers of sites B are 4.0 mm x 4.0 mm for installa-
tion of magnet blocks. The shape and the chamfer of
the magnet block are shown in Fig. 1.
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Fig. 1. The Sm2Co;7 magnet blocks for IVU20
(the dot means M.).

3 The development of magnet blocks

3.1 The magnetic property

The Sm,;Co,; magnet blocks for IVU20 at the
SSRF were developed with powder-metallurgy tech-
nology [2], the phase diagram design of IVU20 was
based on IVU25A and was improved, and the spec-
ifications for processes such as suppression and sin-
tering were optimized. For the Sm,Co;; magnet
blocks of IVU20, the B-H curve shows that the B,
is 1.136 T and the H, is 1755 kA/m and the H,
value is 1140 kA /m. The Helmholtz coil tests show
that the averaged M of the magnet blocks is 2.5%
higher than that of IVU25A. However, the mag-
netic property of the magnet blocks for IVU20 are
still lower than Japan’s Shin-Etsu R32HS magnet
blocks for IVU25B at the SSRF (the dimension is
also 65 mm x 25 mm x 8.965 mm), see Table 1.

Table 1. The parameters for the domestic and
Japan’s Shin-Etsu Sm2Co17 magnet blocks.
IVU25A IvVU20 Shin-Etsu
case (1216 parts) (852 parts) (730 parts)
the material mark XG30/20 XG30/20 R32HS
B:/T 1.135 1.136 1.157
He; /(kA/m) 1668 1755 2075
Hy. /(KA /m) 824 1140 1825
M/T 0.975 1.00 1.05
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3.2 The three-dimensional magnetic field dis-
tribution

In order to improve the magnetic field quality of
the magnet blocks for IVU20, some factors have been
considered, such as the parameters of the orienta-
tion electromagnet, the shape features of the magnet
blocks and the forming space. The volume of suppres-
sion rough of the magnet blocks has been optimized.
A suppression rough for IVU20 has 3 magnet blocks,
but a suppression rough for IVU25A has 2 magnet
blocks. The suppression rough is placed in a good
field region of the sinter furnace, the temperature-
time curves of the sinter and cooling treatment have
been optimally designed according to the magnetic
property design requirements. The sinter tempera-
ture control accuracy has been improved from 2.0 °C
of rough for IVU25A magnet blocks to 1 °C of rough
for IVU20 magnet blocks. Through the technology
transformation, the cooling rates of the tubular sin-
ter furnace are basically the same between the two
tips and the intermediate.

Figure 2 shows the M distribution of 1216 magnet
blocks for two IVU25A and 852 magnet blocks for one
IVU20. It can be seen that the M distribution of most
of the magnet blocks for IVU25A is about 5.0%, how-
ever, the M distribution of almost all of the magnet
blocks for IVU20 is about 2.5%, through technology
improvements, the M distribution of Sm,Co;; mag-
net blocks for IVU20 has a larger improvement.
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Fig. 2. The magnetic moment M distribution
of SmyCo17 magnet blocks for IVU25s (a) and
IVU20s (b).

In the grinding-slicing process of sintered rough
Sm,Co;7, it was necessary to make the surface along
the magnetic field orientation strictly parallel to the
magnetic field orientation. In the development of the

Sm,Co;; magnet block for IVU20, the a [2] was ad-
justed to be less than 1.0°. The magnetic field treat-
ment of materials associated with the micro-effect is
widespread, the material that has magnetic or mag-
netic components is dealt with by magnetic field,
which affects the system’s energy. So if the anisotropy
micro-structural features of ferromagnetic material
are dealt with by magnetic field, then an orientation
effect will appear [3]. After heat treatment that is
magnetically annealed, the instability organization or
domain structure of the magnetized Sm,Co,7; magnet
blocks can be eliminated. A further enhanced orien-
tation of magnet blocks was found at 150 °C/120 min
aging annealing, the T' of most magnet blocks have a
certain decrease.

Figure 3 shows the T distribution of 1216 mag-
net blocks for two IVU25A and 852 magnet blocks
for one IVU20, we can see that through technological
improvements of orientation forming and grinding-
slicing and annealing, the pass rate of T' has increased
from 46.8% of IVU25A to 72.2% of IVU20.
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Fig. 3.
distribution of Sm2Coi7 magnet blocks for
IVU25 (a) and IVU20 (b).

The magnetization deviation angle T

3.3 The magnetic field uniformity

The magnetic field uniformity of magnet blocks
is very important to the development of high-quality
vacuum undulators, particularly to short period un-
dulators.

Symmetry is an important indicator of mag-
netic field uniformity. Before the mass production
of suppression-sinter rough on magnet blocks, Pro-
grams A, B and C were designed. Programs A, B
and C represent a suppression-sinter rough with two
magnet blocks (A-1, A-2), three magnet blocks (B-
1, B-2, B-3) and four magnet blocks (C-1, C-2, C-
3, C-4), respectively, after sintering, the round part
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of the suppression-sinter rough will be cut off, see
Fig. 4. The two surfaces along the orientation direc-
tion of B-2 magnet blocks have basically the same
microstructure, but for the other magnet blocks, the
microstructure of two surfaces along the orientation
direction is different. Test results show that Program
A and Program C received bad results. The mag-
netic field symmetry of almost all of the sample mag-

- |

Program A

Program B

net blocks is not less than 5.0%, but for Program
B, measurements show that the central magnet block
(B-2) of the suppression-sinter rough has better mag-
netic field symmetry, the magnet field symmetry of
10 samples of B-2 is less than 4.3%. 7 of these are
less than 2.0%, however, the magnetic field symmetry
of only 1 sample each of the 10 B-1 and B-3 is less
than 5.0%.

-
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Fig. 4. Three kinds of programs of suppression rough for magnet blocks of IVU20 (A, B and C), the level

arrow indicates the orientation direction.

Therefore, Program B was selected for the mass
production of Sm;Co;; magnet blocks, all the central
B-2 magnet blocks and some of the magnet blocks
from B-1 and B-3 were adopted for IVU20. The
magnet field symmetry of about 570 of 852 magnet
blocks for IVU20 is less than 5.0%. The magnetic
field symmetry of the magnet blocks which were in-
stalled in IVU20 is almost less than 6.0%. The test
result shows that the magnetic field symmetry of most
of the Japanese Shin-Etsu Sm,Co;; magnet blocks is
less than 2.0%.

The skew quadrupole of the magnet blocks is also
one important indicator of magnetic field uniformity.
Fig. 5 indicates skew quadrupole B, and B, of the
two side faces along the z direction of one magnet
block. We can find that there are magnetic field
micro-fluctuations in B, and B,. The measurement
results show that almost all of the magnet blocks
have certain skew quadrupole components. In or-
der to reduce or eliminate this component, the skew
quadrupole of the two side faces along the x direction
of all of the magnet blocks should be measured be-
fore installation. Each two-magnets with a opposite
direction tilt of B, and B, should be arranged in pairs
when all of the magnets are installed. In addition, the

60
40
B
5 20 |
2 0
E —20
E a0

+B,:-#- —B:-m- +Bi-A- —Buae
—60
x direction of magnet block
Fig. 5. The skew quadrupole components of

magnet, block 104601.

| magnetic field shimming of IVU20 can also eliminate

skew quadrupole components. We also found that
Japan’s Shin-Etsu Sm;Co;; magnet blocks also have
quadrupole, but its value is smaller and has no mag-
netic field micro-fluctuations along the x direction of
the magnet blocks.

3.4 The re-magnetization

At re-magnetization, for the smaller value of L/D
(L means the orientation length of 7.165 mm, D
means the z length of 65.00 mm), in order to achieve
saturation magnetization, 3 magnet blocks were stuck
together and then put in the center of the mag-
netic coil, see Fig. 6. In the suppression-orientation
phase, some of the magnet blocks may have a slight
bell shape orientation. If all magnet blocks are re-
magnetized along a direction, then the magnetic in-
duction B amplitudes from the two opposite faces
perpendicular to the orientation direction of each
magnet block is different. For eliminating the sys-
tematic errors of magnet blocks, there are two mag-
netization methods, see Fig. 6. (a) The magnetic field
of the coil is parallel to the forming orientation of the
half magnet blocks. (b) The magnetic field of the
coil is anti-parallel to the forming orientation of the
remaining half magnet blocks.

3.5 Thermal stability

For in-vacuum undulator NdFeB magnets, prior
to the vacuum commissioning at 120 °C, the magnetic
stabilization of the undulator magnets was made at
145 °C in order to prevent high-temperature deterio-
ration of the field quality during vacuum commission-
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Fig. 6. The two magnetization modes of magnet blocks for IVU20 (a) and (b) (‘magnet’ including 3 magnet blocks).

ing [4, 5]. The Sm,Co,; magnets have better ther-
mal stability than the NdFeB magnet. The IVU20 at
the SSRF does not do this work. The vacuum com-
missioning time at 120 °C of IVU20 is about 96 h.
The selected 10 sample magnet blocks were made at
120°C/156 h, Fig. 7(a) shows that the T of the sample
magnet blocks have no significant changes, however,
a different degree of magnetic field loss of the magnet
blocks were found (from 0.5% to 2.3%), see (b). So,
the vacuum commissioning may have some influence
on the magnetic fields quality of in-vacuum undula-
tors IVU20.
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Fig. 7. The magnetic field changes of 10

sample magnet blocks which were made at
120 °C/156 h.

4 Summary

A total of about 2000 Sm;Co;; magnet blocks
for two in-vacuum undulators IVU20 were developed
with the overall pass rate being 57.0%, the surfaces
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