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Enhancement of the spin-dependent effect of z/2-angle
Compton scattering using elliptically polarized synchrotron
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Noticeable enhancement of the spin-dependent Compton scattering intensity in right-angle
scattering has been achieved by using high-energy X-rays having elliptical polarization. A promising
momentum resolution of better than 0.4 atomic units for Compton-profile measurements is firmly
predicted by means of an ordinary Ge solid-state detector when the scattering-angle divergence at
90° is crucially restricted. It is pointed out that the angle between a scattering vector and the direction
of sample magnetization can be chosen as 90° without seriously weakening the spin-dependent effect.
Comparison is made between 274 keV and 122 keV experiments.
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1. Introduction

The presence of a magnetic interaction between the elec-
tromagnetic field and the electron orbital currents and
intrinsic spins makes synchrotron radiation one of the most
useful tools for the study of magnetism. Many theoretical
and experimental studies have been carried out and valu-
able information has been obtained. The magnetic inter-
action, however, is weak in comparison with the charge
interaction, except for some resonance magnetic absorp-
tion and scattering. In the case of Compton scattering on
ordinary ferromagnetic samples, the magnetic effect
contributes to, at most, a few percent of the total scattering
intensity for circularly polarized photons. This limitation
has been improved to some extent by adopting right-angle
scattering geometry (RSG), in which the charge scattering
is greatly suppressed, as described below. RSG has been
commonly adopted in magnetic Bragg-diffraction experi-
ments for the same purpose (Brunel et al, 1983; Ito &
Hirano, 1997).

An energy spectrum of Compton-scattered photons in a
fixed direction (Compton profile) contains valuable infor-
mation on the momentum distribution of electrons in
matter. Hitherto, Compton profiles have been measured by
using the backscattering geometry (BSG). This is based on
the fact that, firstly, the Doppler effect on the scattered
photons is large and, secondly, the scattering-angle diver-
gence does not affect the momentum resolution of the
Compton profile very much, and thus BSG gives a good
counting efficiency. In addition, the spin-dependent
Compton-scattering cross section is large for BSG. After
utilizing high-energy and high-flux synchrotron radiation
emitted from a low-emittance storage ring, like at the
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ESRF and SPring-8, it has been recognized that these
advantages of BSG (McCarthy et al., 1997) are also fulfilled
by RSG. The present paper reports a noticeable enhance-
ment of the magnetic effect on the spin-dependent
Compton profile of Fe of up to 3.4% with a reasonable
momentum resolution of 0.5 atomic units (a.u.) by using an
ordinary Ge solid-state detector (SSD) as an energy
analyzer.

2. Theoretical analysis

The differential scattering cross section for Compton
scattering for electrons at rest can be written as (Lipps &
Tolhoek, 1954)

do (K
E:ro ﬁ [®0+PL(D1+PC®2]’
0

D0, Ey, E) = (1/8) [(1 + cos? ) + %(1 — cos 9)],
®,(6) = (1/8)sin” 6,
D,(0,k,, k,6) = (1/8)(1 — cos H)o - %(k0 cos 0 + k),

1)

where r, denotes the electromagnetic radius of the elec-
tron, ky and E, (k and E) the wave number and energy of
the incident (scattered) photons, respectively, o the unit
vector parallel to the direction of the electron spin, and 6
the scattering angle.

Here we define a figure of merit f(0;, 6,, 8), which is
adequate to optimize the relative intensity of the spin-
dependent Compton scattering with respect to the total
scattering intensity. The following relation expresses the
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signal-to-noise ratio as a function of the Stokes parameters
P, and P, the flux density N, of emitted photons, and the
vertical width of the front-end slit represented by angles 6,
and 6,,

o

£(6,,6,,6) = 0,8, ky, k, 0) [ d6, [N,.(6,.6,)P(6,,6,)d6,

—o0 6,
6

/[ Tdev prh(e.rv 9\;)

x[®0(6, Ey, E) + P,(6,,60,)0,(0)] dey}”z. 2)

Here 0, and 0, are horizontal and vertical angles, respec-
tively, of the photons as shown in Fig. 1. The denominator
expresses the noise, which is the statistical error of the total
number of scattered photons. When the photon flux is low,
as in the case for 274 keV X-rays, we are forced to use a
wide slit and optimize the slit width with parameters 0; = 6
and 6, = —6y. On the other hand, when the incident flux
density is high, as in the case for 122 keV X-rays, we are
able to make the front-end slit narrow (6, =~ 6,) to obtain
the best condition. For photons of a few hundred keV, a
scattering angle of 90° promises to reduce the denominator
of (2), and the ffactor for a low photon flux is proportional
to

oo Oy
h(@y, —0y,90) = f do, f Nph(QX,Qy)PC(Ox,Gy) do,
—00 0

o0 91-1
S dQXprh(Gx,Oy)[l + P(6,.6,)
—00 0

1/2

+ (E, — E)/mc’] d6,} 3)

Electron orbit

Figure 1
Definition of 6, and 6,, of emitted X-rays.
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This is a complex function of 6, because Pc, P; and Ny,
have a distribution in space as shown in Figs. 2(a) and 2(b).
The parameter K, is proportional to the horizontal
magnetic field intensity of a wiggler. This field is necessary
for producing circularly polarized photons, and induces a
twin-peaked flux-density distribution of the X-rays. Pc is
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Figure 2

Distributions of (a) flux density N, and (b) Stokes parameters for
linear polarization P; and circular polarization Pc of X-rays
emitted from the elliptical multipole wiggler. K, is fixed at 9.894.
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high along the z-axis, while P; is high at the peaks. Fig. 3
shows the evaluated h(0y, —0y, 90) as a function of 8, and
K. Numerical values of Ny, Pc and P, were referred to a
computer simulation performed using the program
SPring-8 spectra (Tanaka & Kitamura, 1998). In the case of
the 274 keV photon flux, as shown in Fig. 3, it was found
that, for any K, parameter greater than 0.3, the maximum
of & is approximately the same, and the values K, = 1.0 and
0y = 0.057 mrad were adopted. We can understand from
Fig. 2(b) that the selected value of 8y covers the flux
density between the two peaks.

The following ratio g(6,,6,, 6) between the spin-depen-
dent intensity and the total intensity is required later for
comparison with experimental data,

%) 0,
g(6,, 05, 0) = 0,0, 6, ky, K) [ 6, [ Nyu(6,,0,)Pe(6,,6,) d6,

—00 0,
00 0,
/_f dex éf Nph(e)w 9y)

x[®y(0, Ey, E) + P,(6,.6,)®,(6)] db,
X (mspin /nlot)‘ (4)

Here n,,, denotes the total electron number per atom of the
sample, and myp;, denotes the spin component of magne-
tization of the sample in units of the Bohr magneton, wg;
the cross section of the magnetic Compton scattering does
not depend on the orbital angular momentum (Lovesey,
1993; Sakai, 1994).

In addition to enhancing the spin-dependent Compton
scattering intensity, a good momentum resolution for
Compton-profile measurements is highly desired so that
details of the momentum distribution of the electrons can
be clarified. The momentum component p, along the
scattering vector can be experimentally evaluated by the
equation
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Figure 3
Calculated h(0y, 0, 90) for 274 keV X-rays as a function of K,
and 0.
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D

Here the constant mc is 137.036 a.u. According to (5), a
finite momentum resolution Ap_ is caused by the uncer-
tainty of E,, that of E arising from the energy resolution of
a detector, and the divergence of 6,

3 e > /9 2"
Ap, = [(ai:o AEO> —i—(%AE) +(%A9) } . ()

with
dp. —mcE[E,+ E — E(E — E,cos 0)/mc*](1 — cos 6)
OE, (E2+ E? —2E,E cos 6) ’

™

p. mcEy[Ey + E + Ey(E, — E cos 6)/mc*](1 — cos 6)
OE (E2 + E? —2E,Ecos6)"?

’

®)
. _
30
mcEE\E,— E+ [E} + E?— E,E(1 + cos 6)]/mc*} sin 6
(E2+ E2—2E,E cos0)’’ ’
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The first and the third terms in (6) induce Compton-peak
shifts of Compton profiles, and deteriorate a resultant
momentum resolution. The first and second terms in (6)
introduce the ambiguity of the scattering vector. Equations
(7) and (8) indicate that the ambiguity of F, and E
considerably worsens the momentum resolution when
scattering angles are large. Equation (9) indicates that the
influence of A6 is most significant at 6 = m/2. Then, A6
should be as small as possible to achieve a good momentum
resolution for experiments with RSG.

It is important to compare the amount of the peak shift
AE, caused by A9 with the amount of the Doppler shift
AEp. The former can be evaluated by using (8) and (9) to
be

_O0E | (9p, ap,
= ggoe=(()/ Gl

2
E|: _Eio_{_%{ —E£0(1+c059)+ (E%) ” sin 6

_ AG,
1+E£0+%<1—E£000s9)(1—0059)
(10)
and the latter is
12
E[1+(E/E)—2(E/E.)cosf] ' A
a2 Bl /B 2B By cost] " ap,

1+ (Ey/mc®)(1 — cos 6) mc

Fig. 4 shows the ratios, as a function of 6, between AEy, for
Ap, = lau. and an instrumental resolution AFE that
consists of an energy resolution of a detector and AE,.
When A6 =0, it can be seen that the ratio A Ep/AE is more
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enhanced at 6 = 7m/2 by higher-energy photons. This
advantage is in agreement with the enhancement of the
spin-dependent Compton scattering, and beneficial to
measuring magnetic Compton profiles at 6 = n/2; it should
be noted that this merit diminishes when A6 becomes large,
as demonstrated in Fig. 4.

3. Experimental details

Experiments using 274 keV and 122 keV photons have
been carried out on station A and station B, respectively, at
beamline BLOSW of the SPring-8 facility, Japan. Fig. 5
shows the experimental set-up for 274 keV photons. The
sample was a 5 mm-thick polycrystalline Fe plate incorpo-
rated into a C-type small electromagnet. According to (2), f
for 6 = 90° is optimized when the magnetization, i.e. the
spin direction @, is parallel to the scattered photon direc-
tion k. This arrangement, however, causes the serious
absorption of scattered photons by the Fe sample. The
figure of merit f was then re-estimated by this sample
absorption, and 31.3° was evaluated as the best angle
between ¢ and k. The Compton-scattered photons were
detected by a Ge-SSD1 (Eurisys, EGPC 30-185-R:
diameter 51.6 mm, thickness 66.6 mm) and a Ge-SSD2
(Canberra, GLO115: diameter 11.3 mm, thickness 15 mm)
detector. The peak energy of the Compton profile was
178.4 keV. Ge-SSD1 has a good detection efficiency of
about 70% at this energy, but its low-energy resolution
gives a corresponding momentum resolution of 2.4 a.u. A
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relatively large angle divergence of 56.6 mrad was adopted
in compliance with the detector resolution, and the A6#-
dependent momentum resolution was 2.27 a.u. On the
other hand, Ge-SSD2 has a detection efficiency of 49.7%
and its energy resolution gives a momentum resolution of
0.33 a.u. An angular divergence A6 = 9.5 mrad was then
adopted to realize a tolerable overall momentum resolu-
tion. The counting rate, however, was very low due to the
low flux of 274 keV photons and the small scattering-angle
allowance. Although the present result for Ge-SSD2 is not
satisfactory in terms of the counting efficiency, the result
suggests a further improvement in Ap. of better than
0.4 a.u. if a smaller A6 could be adopted. The observed
energy spectra for Iy, + lyown and Iy, — Iyown are shown in
Fig. 6, where I, and I4own correspond to the intensities of
Compton profiles with a positive and negative magnetic
field, respectively. The spin-dependent effect can be eval-
uated by the ratio g = (Jyp — Zaown)/(Lup + laown — BG),
where BG denotes the background intensity. This g ratio is
equivalent to (4).

Similar measurements have been made using 122 keV
photons and Ge-SSD2. The high photon flux density of
122 keV photons allowed a narrow width of the front-end
slits to be used. The Compton-peak energy was 97.6 keV.
The detector has 100% detection efficiency at this energy,
and a reasonable energy resolution of the detector gives a
momentum resolution of 0.42 a.u. at the Compton peak.
The sample was a 2 mm-thick polycrystalline Fe plate and
the magnetization direction was optimized at 31.1°. The
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beam spot at the sample position measured by a Polaroid
film (Polapan 57) was 2 mm wide and 7 mm high. The
distance between the sample and the detector was 175 cm,
and a narrow slit of width 1 mm was placed in front of the
detector. The resultant A9 was 2.1 mrad. Since the flux of
122 keV photons is about 10° times higher than that of
274 keV photons, the optimized condition for 8, evaluated
by (3) induced a tremendous amount of scattered photons,

AB=57 %10 %rad Ge-SSD1

274 keV s
X-rays $ > &
E of X-rays

-

31.3°

Ge-SSD2
A9 =95 X 10" %rad
Figure 5

Experimental set-up for 274 keV X-rays. The linear polarization
vector is in the scattering plane, giving P, >~ —1.
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Spin-dependent Compton scattering

causing the Ge detector to overload: the dead time of the
electronics for the energy analysis increased almost up to
100%. Then the front-end slit was crucially collimated to
3.06 prad at 6, = 0.041 mrad, which selects the best polar-
ization parameters, as shown in Fig. 7, and the mono-
chromated photon flux was adjusted to an adequate
intensity for the detector system. The factor m,, in
equation (4) was experimentally evaluated from the
magnetization of the sample: m,,, = 2.07 for a 2 mm-thick
Fe sample and m,,, = 1.87 for a 5 mm-thick sample, each of
which was measured by winding a 25 turn pick-up coil
around the sample and connecting it to a flux meter; here
the orbital magnetic moment of Fe is neglected. The
reduction of my,,, for the thicker sample indicates incom-
plete magnetization of the sample.

4. Results and conclusion

The experimental results are summarized in Table 1. The
experimental g ratios are compared with the theoretical
ones. Good agreement is found within the experimental
errors, which are mainly due to the ambiguity of the
background subtraction. As may be seen from Table 1 for
Ap.(Ey), which directly reflects the accuracy of E, a single
bent monochromator for 274 keV X-rays gives a good
energy resolution AEy/E, better than 1073, while that for
122 keV X-rays was not so good. This was simply due to a
tentative adjustment of a doubly bent monochromator for
122 keV X-rays. The highest g ratio, 3.4%, is observed for
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Experimental total and magnetic Compton profiles measured using Ge-SSD1 and Ge-SSD2. The incident energy is 274 ke V.
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Table 1
Experimental results and theoretical estimation.

The g ratio of experiment 2 is eliminated because of its low statistical
accuracy.

Item Experiment 1 ~ Experiment 2 Experiment 3
Accumulation time 443 443 29.4
for Iy, + Lgwn (h)
Count rate under 104 1.37 858
Compton line (s™")
Detector Ge-SSD1 Ge-SSD2 Ge-SSD2
E, (keV) 274 274 122
0 (°) 90 90 90
g (experiment) (%) 32+£05 - 338 £0.35
g (theory) (%) 3.52 3.52 3.49
ap./30 (a.u. rad™") 40.08 40.08 20.25
AO (mrad) 56.6 9.5 2.1
Ap.(AD) (au.) 227 0.382 0.0425
Ap.(AE) (au.) 0.795 0.327 0.423
Ap(AEy) (au.) <0.01 <0.01 0.458
Ap, (a.u.) 2.41 0.503 0.625

122 keV photons. This ratio is better than the best value for
BSG of 24% at BLOSW. From the viewpoint of the
statistical accuracy, this enhancement is equivalent to twice
the reduction of the accumulation time. If the flux density
of the 274 keV photons increased comparably with that of
the 122 keV photons, the front-end slits could be narrowed,
and the g ratio for the 274 keV photons would become 5%,
because the ratio ®,/(®, + PrP;) is increased with
increasing photon energy.

A shallow dip at the top of the magnetic Compton profile
in Fig. 8 measured by using 122 keV X-rays together with
Ge-SSD2 clearly demonstrates that the RSG method also
guarantees a good momentum resolution comparable with
the BSG method (Sakai, 1996; McCarthy et al., 1997). If the
flux density of the 274 keV photons could be increased, it
would be possible to improve Ap.(A6) by using a narrower
slit, and an overall momentum resolution better than
0.4 a.u. could be achieved.
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Figure 7

h(0y+ A, 6, 90) and flux density distributions for 122 keV X-rays
and K, = 1.0 with a slit width A = 3.06 prad.

According to @, in (1), the spin direction is desirable to
be parallel to the direction of the vector kycos 0 + k. In the
case of BSG, the direction of this vector can be approxi-
mated by the scattering vector K = k, — k. Then the z-axis
(z|IK) and an applied magnetic field are required to be
approximately parallel. Since the direction of K is roughly
approximated by kg, the shape of a sample for magnetic
Compton-profile measurement is usually prepared to be
long in the direction along the incident photon in consid-
eration of the demagnetization effect. In addition, the large
magnetic anisotropy sometimes makes it difficult to
magnetize a single crystalline sample in the best direction.
RSG experiments allow a large angle between the z-axis
and the applied magnetic field, providing a degree of
freedom to the experimental set-up. Suppose we use a disc
as a sample, and magnetize it (the direction of @) parallel to
the surface. When the incident energy is 120 keV, the angle
between the incident X-rays and the z-axis is 39°. If we set
the sample surface at an angle of 51° off the incident
direction, the direction of the z-axis can be perpendicular
to the applied magnetic field.
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Experimental total and magnetic Compton profiles measured
using Ge-SSD2. The incident energy is 122 keV.
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