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A novel multipole wiggler and an associated beam line have been installed in the accumulation ring
for the TRISTAN project at the National Laboratory for High Energy Physics (KEK). An intense
source of circularly polarized synchrotron radiation with energy ranging from 40 to 80 keV has been
achieved for the first time. The degree of circular polarization P.==0.7 at 60 keV of photon energy was
in good agreement with a theoretical prediction for the 6-GeV operation of the accumulation ring.

PACS numbers: 42.72.+h, 07.60.Fs, 41.70.+t, 75.25.+z

For intensive studies on magnetic materials, it has
been widely known that extensive use of circularly polar-
ized x-ray photons is quite essential and important.
However, for a long time only a very weak y-ray source
has been used in the x-ray region.''> Recent attempts to
use circularly polarized synchrotron radiation, either
from off the electron orbital plane® or produced by a
phase plate* for a magnetic Compton-scattering experi-
ment, still suffer from a lack of intensity. In order to
overcome this situation a novel multipole wiggler pro-
posed by Yamamoto and Kitamura® was constructed®
and has been installed together with an associated beam
line” in the accumulation ring (AR) for the TRISTAN
project at the National Laboratory for High Energy
Physics (KEK). Here we report the results of the first
operation of the multipole wiggler for the production of
circularly polarized hard x rays.

The wiggler has horizontal and vertical pairs of per-
manent magnet arrays of NdFeB alloy in the pure Hal-
bach-type configuration® as shown in Fig. 1 (number of
periods N=21, and periodicity A, =16 cm). One pair
generates a sinusoidal magnetic field with a phase
difference of =+ /2 relative to the other. The peak field
strength, which is controllable by changing the magnet
gap, ranges up to 2 kG for the horizontal field, By, and
up to 9.7 kG for the vertical one, B,o. Thus the total
magnetic field, B, can be described as their superposi-
tion,
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where e, and e, are the unit vectors in the horizontal x
and vertical y directions, respectively, while z is taken
along the axis of the wiggler. The field B given by Eq.
(1) produces a deformed-helix motion of the electrons.
Hereafter we will abbreviate the multipole wiggler as
EMPW, since an elliptic motion of an electron should be

observed about the axis. The rotation direction of the
helix can be reversed by selecting the phase difference
between the vertical and horizontal pairs as either z/2 or
—n/2. The K parameter which characterizes the radia-
tion from EMPW is defined in the x and y directions as

K. =9.34%10 ~5Byopohu , @)

with B given in units of G and A in cm. In the present
case, K ranges up to 3, and K, up to 15.

A relativistic electron in the field given by Eq. (1) pro-
duces radiation with several thousand harmonics> having
quasicircular polarization over a wide energy range. The
generation of higher-order harmonics is due to an elliptic
deformation from a completely helical trajectory of the
electron, whereas only the first harmonic is obtained
from the helical wiggler.® These higher harmonics lead
to the use of the radiation in a high-energy region. Espe-
cially, the radiation for K,>>1 and Ky ~1 (designated as
“wiggler radiation”) has a spectrum extending to 80
keV ¢ when EMPW is coupled with the 6-GeV storage
ring, and can be explained as a superposition of the off-
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FIG. 1. Schematic illustration of the present multipole
wiggler (EMPW). Arrows on the individual magnets denote
their magnetization directions. A relativistic electron draws an
orbit of a deformed helix (Ref. 5). A fluorescence screen with
a Cu attenuator is also shown to confirm the radiation from the
expected orbit.
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plane radiation from a bend source. This is because each
half period of the sinusoidal orbit due to the vertical field
can be regarded as the arc in a bending magnet, and is
tilted up or down alternately by the horizontal field by
the angle K,/y, where y is the relativistic energy of the
electron. The angular flux density, £, which is defined
here as the photon flux per unit solid angle and stored
current in the ring, and the degree of circular polariza-
tion, P., can be obtained with this bend-source approxi-
mation® for the wiggler radiation.

Immediately after the commissioning of EMPW (e.g.,
optimization of the electron orbit in the ring), the radia-
tion in the hard-x-ray region with X, =15 was character-
ized at the beam line BL NE1 (Ref. 7) in the 6-GeV
operation of AR. Figure 2 shows the first direct observa-
tion of photons produced by EMPW. It is an image pro-
jected on a fluorescence screen right after a Cu attenua-
tor with a thickness of 7 mm placed at 35 m from
EMPW. Since the highest-energy portion of the photons
is radiated along the tangential direction from the orbit,
the bright line on the fluorescence screen is a locus of in-
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FIG. 2. Images on the fluorescence screen with K, =15; (a)
K. =0, (b) K,=1.3, and (c) K, =3.0, with the stored current
of 0.5 mA. Fattening of the bright pattern on the screen from
a single segment (a) to ellipses (b) and (c) corresponds to vari-
ation of an electron orbit from a plane sinusoidal type to a
deformed-helix type with the increasing horizontal field Byo.
The elliptically polarized radiation is obtained on the axis,
where it is interrupted by a Cu attenuator.

tersections of the orbital tangent and the screen. There-
fore, the radiation obtained on the bright line has linear
polarization, and the circular polarization of the radia-
tion inside the bright elliptic line has an opposite sense to
that outside the line. The elliptic patterns on the screen
[Figs. 2(b) and 2(c)] prove that the electron orbit forms
a deformed helix when the horizontal magnetic field is
applied. The reason why the pattern is not a complete
ellipse but separated into upper and lower parts is that
the energy radiated towards the missing parts of the el-
lipse is not high enough to penetrate the Cu attenuator,
since the vertical magnetic field at the corresponding
point on the electron orbit is not so strong. Fattening of
the elliptic pattern with increasing K, shows the varia-
tion of the electron orbit from a plane sinusoidal type
(i.e., an orbit in the usual plane multipole wiggler/
undulator with vertical field only) to a deformed-helix
type. In the present study the case with K, =K, <3 is
not shown, since an appropriate attenuator for the radia-
tion for this case was not available.

The quantitative evaluation of P, and D was made by
Compton-scattering measurements with a magnetized
polycrystalline Fe specimen. The measuring system for
the evaluation is substantially the same as that used by
Sakai, Terashima, and Sekizawa.'® The radiation mono-
chromatized by Ge 400 Bragg diffraction, was directed
to the specimen inserted in an electromagnet which con-
trols the spin vector, S, of the Fe specimen. The Comp-
ton-scattered x rays were detected by a Ge solid-state
detector. P, can be derived from the equation given by
Lipps and Tolhoek, !!
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where I and I~ denote the intensities of scattered x
rays from the specimen magnetized up (S) and down
(—S), respectively. n' and n' are the averaged electron
numbers of the spin-up state and spin-down state, re-
spectively. ®gpin and P are the spin-dependent and ordi-
nary Compton-scattering cross sections, respectively. Eg
is the incident x-ray energy and 6 is the scattering angle
between Ko, the wave vector of the incident x ray, and
K, that of the scattered one. P, is evaluated by the mea-
sured It and I~ with the value of (n'—n')/(n'+n')
=0.080 (Ref. 12) since ®y and Dy, are well known,
whereas D is evaluated by (It —I17)/2. The sense of
either right- or left-handed circular polarization should
be able to be predicted based on the electron trajectory
deduced from the magnetic field of Eq. (1). The predic-
tion was confirmed using Eq. (3) while changing the
phase difference.

Figure 3 shows the dependences of P. and D of the
wiggler radiation on the vertical observation angle ¥ in
the cases of (a) Ky =1 and (b) K, =1.5 with K|, fixed at
15. The radiation for these cases (critical energy =24
keV) is characterized at 60 keV, since the magnetic
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FIG. 3. The dependences of the degree of circular polariza-
tion, P, and the angular flux density, D, of the radiation at 60
keV on the vertical observation angle, ¥, in the cases of (a)
K¢=1 and (b) K, =1.5 with K, =15 with the stored current of
5-20 mA. Circles denote the values measured with the vertical
aperture given by the horizontal bar and the horizontal aper-
ture fixed at 2x 10 "% rad. Solid curves represent the results of
a calculation in which we consider the vertical divergence of
the electron beam with the bend-source approximation (Ref.
6). The aperture of the incident slit and the source depth of
EMPW are also taken into account. The calculated flux densi-
ty is compared with the measured one with an arbitrary scale.
They are normalized at ¥ =8x10"° rad to have the same
value. The circular polarization changes its sense at ¥ =K./y,
since the radiation obtained on the bright line corresponds to
that emitted along the direction of ¥ =K,/y (Fig. 2).
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Compton scattering of the transition metals, which re-
quires photon energy above 50 keV, is intended as the
first practical application of the radiation. The angle ¥
is set by scanning the incident slit in the vertical direc-
tion. Solid curves represent the results of a calculation
under the bend-source approximation,® in which we con-
sider the vertical angular spread of the electron beam,
"y'=2-2x10—5 rad,'’ in AR, the aperture of the in-
cident slit, and the source depth of EMPW. The selec-
tion of the values of K, in this study was made under the
following conditions: (1) K> yo, and K.X1 for
achievement of high P.; (2) K, S1 for achievement of
high D. The fact that AR has a low yo,’ of 0.26 enables
the above selection of K. D is shown on an arbitrary
scale, since the absolute spectral measurements have not
been performed yet.

As seen from Fig. 3, EMPW has the following re-
markable features. (1) It can generate highly circularly
polarized radiation of P.==0.7 at an energy of 60 keV in
the horizontal plane. (2) Its angular flux density is very
high: The in-plane D ranges from a tenth for K, =1toa
hundredth for K, =1.5 of its maximum at ¥=K,/y.
The maximum is at least 20 times higher than that from
a 10 kG bending magnet in AR. Small discrepancies be-
tween the experiment and the calculation of P, and D at
W = 2K,/y are probably due to stray x rays. But this is
not crucial in experiments because utilization of the radi-
ation is made on the axis. Thus it should be emphasized
that such intense circularly polarized radiation will cer-
tainly stimulate research on the interaction between x
rays and the spin state of electrons in condensed matter.
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FIG. 2. Images on the fluorescence screen with K, =15; (a)
K.=0, (b) K¢=1.3, and (¢) K. =3.0, with the stored current
of 0.5 mA. Fattening of the bright pattern on the screen from
a single segment (a) to ellipses (b) and (¢) corresponds to vari-
ation of an electron orbit from a plane sinusoidal type to a
deformed-helix type with the increasing horizontal field B.o.
The elliptically polarized radiation is obtained on the axis,
where it is interrupted by a Cu attenuator.



