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Magnetic flux loss of the permanent magnets used for the wigglers
of FELs by the irradiation with high-energy electrons or X-rays
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Study \Y;IS made on the irradiation effects of the permanent magnets used for the \vigglers  of FELs Gth high-energy
electrons and X-rays. Four kinds of Nd- Fe-B and one kind of Sm-Co samples  \vere irradiated with 17 Me\’ electron
beams or ‘OCo ./-rays. ihe magnetic flux loss of one kind of Nd-Fe-B samples  irradiated \vith electrons at doses belon
2.1 x IO--‘C  cm’ increased \vith the irradiation dose. For the electron  irradiation Lit doses  of about I.1 x IOe3C cm’.
magnetic llus loss \v;ts apparent for t\vo kinds ol Nd-Fe B samples. So flus loss ~3s observed for ;/-rays  at absorbed
doses higher th:m that of the electrons. The influence of the irradiation of electrons on the magnets of 3 \vipgler  in FEL
espcriments is discussed. (: 1998 Elsevier Science B.1.. .-III rights reserved.

P.4CS: 73.2j.Ha;  61.SO.Fe;  61.SO.Cb

K~.~~II.& Rare-earth permanent magnet; Electron linear accelerator: Electron beam; b”Co :/-ray; hIagnctic  flux loss:
Nd-Fe--B magnet; Sm-Co magnet

1. Introduction

II: the experiments of a free-electron laser (FEL)
per: rianent magnets as components of a wiggler are
irradiated with high-energy electrons and Brems-
strahlung  X-rays, especially in the initial beam
col:ditioning and in the beam positioning with
Scrzf:n monitors. Because extremely high accurac!
is rquired  for the strengh  of magnetic fields on the
path of an electron beam in the wiggler, the modifi-

*Corresponding auihor. Tel.: +Sl  65798511; h:
+ 8 I ti 875 4X: e-mail: s-okuda@ sanken.osaka-u.ac.jp.

cation of the field strength would be a serious
problem. Hotvever:  so far, investigations regarding
the irradiation effects of such magnets with elec-
trons and X-rays have been very few.

Rare-earth permanent magnets of Nd-Fe-B or
Sm-Co are being used for most of the \vigglers of
FELs. The effects of irradiation with high-energy
electrons or photons on the magnetic flux of such
magnets were investigated with “Co y-rays [1,2]
and with a mixed beam of electrons and X-rays [3].
In our previous work [4J, Nd-Fe-B and Sm-CO
magnets ivere  irradiated with electron beams at an
energy of 17 MeV or with 60Co y-rays, in which
magnetic flrlr loss was observed for the Nd-Fe-B
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magnet irradiated with an electron beam: In the
experiments only one kind of samples were used for
Nd-Fe-B and Sm-Co, respectively. The mecha-
nism of the magnetic flux loss and the dependence
of the flux loss on the physical properties of the
samples are not known. In order to evaluate the
influence of radiation on the strength of magnetic
fields in a wiggler, irradiation experiments should
be performed for various kinds of magnets.

The present work investigated the irradiation
effects for the wiggler magnets. The samples of
several kinds of Nd-Fe-B or Sm-Co magnets \vere
irradiated \vith high-energy electron beams of a lin-
ear accelerator (linac) or with 6oCo -(-rays.

2. Experimental

2.1. Samples of pertmttettt  tnagttets

The physical properties of Nd-Fe-B and Sm-Co
magnets used in the present experiments are listed
in Table 1. The samples N-l. N-2.  N-3 and S-l are
cylindrical disks 2 mm long kvith a diameter of
10 mm. The sample N-4 is a rectangular  stick of
? x ? x 10mm3.  The direction of magnetization is
parallel to the cylinder axis for the former sample
and is vertical to the direction of the length  of the
sample for the latter.

Magnetic flux loss of Nd-Fe-B and Sm-Co mag-
nets is observed when the temperature of the
sample becomes nearly or abo\,e  100-C. The sam-
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N- l Nd-Fe-B N33H I.18 11~0
N-2 N d - F e - B N33UH 1.19 1990
N-3 Nd-Fe-B 35H I.25 135;

N-l Nd-Fe-B 32EH I.1 I 27s;

S-l Sm-Co R26HS I .05 2120

N-l. N-2. S-l: manufactured by Shin-Etsu Chemical Co.
N-3. K-4: manufactured by Sumitomo Special Metals Co.

pies  of N-2 and N-4 arc temperature resistant com-
pared with those of N-l and N-3. respectively.
Furthermore, Sm-Co is more resistant than
Nd-Fe-B.

2.2. Irradiation  uftlt electrotr beam  or y-rn~~

The electron beams generated by the L-band
linac at The Institute of Scientific and Industrial
Research (ISIR),  Osaka University [j] were used
for the irradiation experiments. The experimental
setup for irradiation is schematically shown in
Fig. 1. The conditions for the experiments are al-
most the same as those of the previous experiments
[4]. An electron beam at an energy of 30 MeV  is
focused on a vacuum windo\v. The distance be-
tween the window and the samples is 600mm.
Seven samples mounted on a sample holder are
irradiated at the same time. In order to irradiate the
samples uniformly. an aluminum plate 2 mm thick
is placed in front of the \vindo\v as a beam espan-
der. The samples and their holder are placed in an
aluminum chamber. in which \vater flons at a fised
temperature of 20 -C. The \vater directly contacts
the samples. The sample is taken out from the
chamber within 30min after the irradiation. At the
front surface of the sample the energy of the elcc-
trons is estimated to be 17 MeV.  The energy is high
enough for the electrons to penetrate through the
sample. A macropulse of the electron beam \vith
a length of 1.5 11s  is repeated at a frequency of 60 Hz.
The average current of the incident beam at the
sample is about 200nA cm’. The error in the ir-
radiation dose of the electron beam is estimated to
be k 3%. The absorbed dose is et-aluuted \vith
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Fig. I. Experimental setup for the electron-beam irradiation.
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a celium dosimeter. The rise in temperature in the
sample in the steady state duriq  the irradiation
can be calculated from the thermal diffusivity  of the
sample and is below 0.2’C.

The irradiation with y-rays was made by using
a “Co irradiation facility at ISIR. Samples are
placed in air atmosphere at a temperature of about
70-C  during the irradiation. The absorbed dose is
evaluated \vith a celium dosimeter.

For the samples N-l. N-2  and S-l. the magnetic
flus is measured by using an open coil. The sample
is moi,ed through a 200 turn coil along the axis of
the coil. the induced voltage  being integrated. By
this method the total magnetic flux of the sample is
evaluated. The magnetic flus of the samples of N-3
and N-4 is measured with a Hall element. being set
at a distance of 3.4 mm apart from the surface. The
intensities measured for both sides of the sample
are averaged.

The magnetic flus loss is obtained by subtracting
the loss for the reference sample which is not irra-
diated. The error in the measurement is estimated
to be below k 0.1%.

3. Experimental results and discussion

The dose dependence of the magnetic flux loss of
the samples of N-l irradiated \vith electron beams
or y-rays is shown in Fig. 2, in which some data of
the previous esperiments [4] are also plotted. One
data point isas obtained from one sample. In the
case o f  e l e c t r o n  b e a m s  a t  d o s e s  b e l o w
2.1 x 10e3C  cm’ the flux loss increases with the
irradiation dose, as shown in this figure. The results
of the measurement of the flux loss after the irradia-
tion with electron beams or y-rays for all the sarn-
ples are shown in Table 2. In these results the flux
loss is apparent for the samples of N-l and N-3
irradiated with electron beams. During the irradia-
tion with electron beams the temperature is fixed at
20°C. Therefore, the flux loss is not attributed to
the temperature elevation in the bulk of the sample.
Previously, iocal heating along the orbit  of
a charged particle was considered to be one of the
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Fig. 2. \lagneric Hus l o s s  or t he  Sd-Fe-B urnpIes o f  N- l
Irrndialed with 17 IIeY electron beams or ‘“Co -!-rays: some of
the pretious data [-I] are also plotted in the figure.

Table 2
Xlagneric  Hux loss of the ma_enet  samples irradiated with
Ii hleV electron beams or “’Co y-rays: an Irradiation dose of
electrons or I.-IC cm’ corresponds to an absorbed  dose of
1.7 hlG>

Sample number irradiation dose magnetic
IC cm’ for e: Rus loss
hlGy [or :i) ( Y ‘0 b

Irradiation \\ith
&ctron
beams
s-1
Y-2
s - 3
N-4
S-l
Irradiation uxth
:/-ra! 5
s-1
N-3
x-4
S-I

1.4-1.5 x lo-’ 5.6
1.1 x 1o-A 0.1
1.3-1.4 x lo-x 0.8
1.4x lo-’ 0.2

I.- lx to-’ - 0.1

z.s-2.9 0.1
1.9 0.0
2.9 0.0
2.8 0.2

possible causes of the flux loss [6]. In the present
results the flux loss due to the electron-beam ir-
radiation is not apparent for temperature resistant
samples of N-2, N-4 and S-l, which suggests  that
the flux loss is a kind of thermal effect such as local
heating.
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In the present experiments magnetic flux loss was
not observed for y-ray irradiation at absorbed
doses higher than that in the case of electrons. This
fact shows that the absorbed dose is not the main
cause of the Flux  loss in the case of electron beams.
For investigating the effects of ;/-rays a higher dose
is required.

At ISIR. far-infrared FEL experiments are being
performed. The material of the wiggler magnets are
the same as that of N-3 shown in Table 1. In the
present experiments a magnetic flux loss of the
sample N-3 was 0.8% at an irradiation dose of
about 1.4 x 10d3  C/cm’. Assuming the limit of the
permitted magnetic flux loss to be 0.5%. the accept-
able dose of electron beams becomes roughly
10-3C/cm’  from the results. In our FEL experi-
ments. the averaged current of the electron beam is
4uA in the case for conditioning or positioning
electron beams and is 50 CIA  for operating the FEL
at a high average power. When the magnets are
irradiated with a narrow electron beam it would be
serious even for a relatively short period. For iong-
term operations of the FEL the irradiation effects
of the magnets around beam monitors. screen
monitors in our case. should be taken into account.
It is important to adopt wiggler magets which are
resistant to irradiation. In order to evaluate the
irradiation effects with Bremsstrahlung  X-rays for
long-term operations of FELs. irradiation esperi-
ments at higher doses are necessary.

4. Summar!

After the irradiation of the samples of Nd-Fe-B
and Sm-Co permanent magnets with electron be-
ams at an energy of 17 1MeV  or “‘Co ;/-rays. the

magnetic flux loss was observed for two kinds of
Nd-Fe-B samples irradiated with electron beams.
The flux loss was not observed for the samples of
Sm-Co and the temperature-resistant samples of
the Nd-Fe-B. The present results suggested that
the flux loss was a kind of thermal effect. From the
comparison of the results for electron beams and
y-rays it was found that the main cause of the flux
loss was not the absorbed dose in the magnet. The
consideration about the wiggler magnets used for
our FEL experiments showed that the magnetic
flux loss possibly causes a serious problem.
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