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The spin dependence of Rayleigh scattering has been measured by scattering 129-keV vy rays of '°!Os on a
magnetized iron-cobalt alloy. The circularly polarized y radiation was produced by nuclear polarization of
9105 alloyed in iron at temperatures of 2030 mK. For a mean scattering angle of 32° a spin dependence of
Ao = (—0.216 £ 0.033)% has been found, which has the same sign as spin-dependent Compton scattering, the
larger cross section appearing for the case where the photon and electron spins are antiparallel.

I. INTRODUCTION

The dependence of the scattering cross section
on the relative position of the photon and electron
spins is a well-known effect for Compton scattering’
and used mostly when detecting the circular po-
larization of the y radiation. We investigated a
similar effect for Rayleigh scattering —the only
relevant part of the elastic cross section in the
case considered here.

The first hint was given by Daniel and Schmitt,’
who obtained in a 3-(circularly polarized y) cor-
relation experiment too large a value for the anal-
yzing power € of their magnet if the spin depen-
dence of Compton scattering was taken into account
only (€=0.0183 +0.0050 instead of the calculated
value of 0.0046). They proposed to explain this
discrepancy by a spin dependence in Rayleigh scat-
tering which, analogous to Compton scattering,
may be characterized by

Ac= (0, -0.)/(0,+0.),

where o0, and o_ are the Rayleigh cross sections
for parallel and antiparallel alignments of the pho-
ton and electron spins. They considered this as-
sumption plausible because bound intermediate
states of the scattering electron contribute ap-
preciably, as shown theoretically by Brown and
Woodward.* Spin dependence of the Rayleigh cross
section is possible if the number of available in-
termediate states of a given spin direction depends
on the magnetization direction, as is the case in
magnetized iron. From a subsequent M8ssbauer
and Rayleigh scattering interference experiment,
Renz?® reported a value of (6.5+2)% for an energy
of 14.4 keV and a scattering angle of 35°. Effects
by three orders of magnitude smaller were found
by Volk® in a transmission experiment with the same
energy. Applying also Md&ssbauer techniques he
used Faraday rotation of linearly polarized re-
coilless y radiation in ferromagnetic material as
detector for the spin dependence.

In a theoretical paper of Brown ef al.’ in which
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the cross section for elastic scattering was cal-
culated, spin dependence was implicitly contained
but had no effect on the results because the case
of polarized radiation and spin dependence of the
occupation of the intermediate states was not con-
sidered. This spin dependence was also neglected
by Jéhnig® in his calculations performed for Fe in
the form-factor approximation. Consequently,
the resulting values were two orders of magnitude
too small to explain the experiments.® Jihnig’
was, however, able to show an asymmetry in the
calculated Mossbauer line structure which can ex-
plain the asymmetry reported by Renz, and at-
tributed by him to be due to a Mdssbauer-Rayleigh
interference. In order to clarify the situation,
we decided to perform a new experiment with im-
proved technique, to enable a clear-cut inter-
pretation of the result.

In the present experiment nuclear polarization
of °10s at temperatures of 20-50 mK was used
to obtain 129-keV vy radiation with a circular
polarization of 98—100% measured in the direc-
tion of the magnetic field. The photons were
scattered outside of the cryostat on magnetized
iron. In order to vary the scattering angle (and
also to vary the stray field, cf. Sec. IV)three mag-
nets with different geometries were used. Two
Ge(Li) detectors with fairly high resolution were
used to separate Rayleigh from Compton scatter-
ing. The relative counting difference, &= (N,
~-N.)/(N,+N_), where “plus” and “minus” define
the direction of magnetization in the scatterer,
was used to extract the spin dependence.

II. EXPERIMENTAL SET-UP

As source of the polarized y radiation **Os was
chosen mainly because of its large polarizability
even at relatively high temperatures (50 mK) and
its dominant y line at 129 keV, which is low enough
in energy for the investigation of Rayleigh scat-
tering and, moreover, fairly close to the energy
of the first experiment.! The absence of stronger
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lines avoids difficulties from a spin-dependent
Compton background. The decay scheme of °Os
is shown in Fig. 1.

Inactive *°Os (enriched to 95.5%) was implanted
in iron. A sample with a concentration of 9.8-at.%
1%0s in iron was irradiated for 14 days in the
Munich Research Reactor with a neutron flux of
10*® neutrons sec™ cm™. The experimental set-up
is shown in Fig. 2. The sample with an initial
activity of 6.3 mCi was soldered by Wood’s metal
on a copper sinter block fixed in the mixing cham-
ber of the dilution refrigerator. Sample tempera-
tures varied from 50 to 20 mK depending on the
radioactive heating. During the main runs the
refrigerator was operated at lowest temperature
for three months without interruption.

The sample was magnetized by a 2.5 kG split-
coil superconducting magnet, and the '°!Os po-
larized by the strong hyperfine fields in the iron.
Saturation was already achieved at 1 kG. The
radiation emitted by the source passed through
five cylindrical aluminum walls (shields and ves-
sels for nitrogen and helium with a total thickness
of 4 mm). One of three different scattering mag-
nets was used as scatterer, two magnets with
cylindrical geometry®® and inner diameters of
10 c¢m (Fig. 2) and 14 cm, respectively, and a
100°-segment magnet with an inner diameter of
14 cm of the corresponding cylinder.® Two conical
lead shields with different shapes for each of
the three magnets determined the angle of incoming
and scattered radiation and thus the scattering
angle. A third lead shield absorbed the direct
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FIG. 1. Decay scheme of 1*!0s.
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FIG. 2. Scattering set-up.

radiation. For the measurements with mean scat-
tering angles of 32° (main measurement), 40°, and
55° one of the two cylinder magnets and a planar
Ge(Li) detector (Canberra) with an active area

of 9 cm?, an efficiency of 80% and a resolution
(FWHM) of 900 eV at 129 keV were used. The
measurements with a mean scattering angle of 21°,
29°, and 35° were performed with the segment
magnet, partly simultaneously in 180° position

to the other magnet, and a true-coaxial Ge(Li)
detector (Canberra) with an active area of 6 cm?,
an efficiency of 60% and a resolution of 900 eV

at 129 keV.

The detector pulses were amplified and stored
in one of two 1k divisions of a Nuclear Data 50-50
System depending on the magnetization direction.
After an accumulation time of 200 sec for one di-
rection of magnetization the magnetization was
automatically reversed, stopping the measure-
ment for 10 sec, and accumulation started again.
After a measuring time of two hours the data were
read out on magnetic tape.

In order to monitor the sample temperature a
second Ge(Li) detector in 180° position to the first
was used in most runs to measure the intensity
of the unscattered radiation. The 129-keV peak
was analyzed during the measuring pause for re-
versing the field and its intensity stored in another
part of the memory to monitor temperature varia-
tions.

III. POLARIZATION OF '°!0s

In order to calculate the degree P, of circular
polarization for the 129-keV 7y radiation one must
know the population of the hyperfine substates of
the 4t -excited state of *'Ir, which depends on
the ratio of the spin-lattice relaxation time to its
lifetime. Nuclear orientation measurements by
Hagn'® yielded a spin-lattice relaxation time of the
order of the lifetime. So both the ground-state
polarization of *°!Os and the spin-lattice interaction
of the 4 state of *'Ir determine P,. From the
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anisotropy data a temperature-dependent correc-
tion factor f(T) for the splitting constant uH was
calculated so that the corrected “splitting con-
stant” f(T)u; Hy, yields the observed anisotropy.
P, was then obtained using this corrected splitting
constant and formulas by Tolhoek et al.,'* namely
the expressions (1)-(3), (6), and (19) of his paper,
assuming an E2/M1 mixing ratio!® of -0.39.

As can be seen from Fig. 3, the difference in
polarization between the & state of Ir and the
129-keV state is smaller than 2% between 20 and
50 mK (range of the measurements).

IV. SYSTEMATIC ERRORS AND CONTROL
MEASUREMENTS

For measurements with a relative difference
in counting rates of a tenth of a percent it is in-
dispensable to know the magnitude of possible
systematic errors, particularly of those errors
which are due to the change of magnetization of the
scatterer. In the following we want to discuss
these possible errors.

The relative difference in counting rates caused
by the decay of the source was less than 5 x 10°
under our conditions, and hence could be neglected
compared to the ten times larger statistical error.

Heating effects of the source by eddy currents
induced by the stray field of the scattering magnet
during change of magnetization could cause a
change in anisotropy but were not observed in a
separate test experiment. In this experiment the
magnetization was reversed every 10 sec for one
hour and the unscattered radiation was recorded
separately for the two directions of magnetization.
The measured effect was 6=(0.02+0.06)%.

The dependence of the detection efficiency on the
direction of the stray field was investigated for
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FIG. 3. Temperature dependence of the degree of
circular polarization for the 129-keV transition of
1910s. (a) Calculated from the initial population of the
10g ground state only. (b) Calculated from the initial
population of the -12—1 state of %!Ir only. (c) Actual
values calculated from the measured anisotropy data
of Ref. 10.

both detectors and detector positions of 0° and 30°
with respect to the axis of symmetry. The results
given in Table I indicate no dependence on the di-
rection of the magnetic field.

Electronic asymmetries were tested by feeding
a test pulse to the preamplifier test input of the de-
tector and found to be negligible [6=(0.005
+0.010)%].

The change of attractive and repelling forces
acting between polarizing and scattering magnet
could change the source position and thus cause
different counting rates by changing the solid
angle. To check this effect, two different kinds of
null measurements were performed, one with
warm source (4 K) and the same set-up as in the
main experiment, and another with cold source
but without the lead shield against direct radia-
tion. The results were 6= (-0.03 +0.05)% and
5=(+0.022+0.018)% at 4 K and 40 mK, respec-
tively. They showed no significant deviation from
zero but were used to correct the result of the
final experiment.

V. MAIN EXPERIMENT AND RESULTS

In the main experiment the spin dependence of
Rayleigh scattering was measured for an energy
of 129 keV and a scattering angle of 32°. Sup-
plementary runs were performed for scattering
angles of 21°, 29° 35° 40°, and 55°. Simultan-
eously the spin dependence of Compton scattering
was measured for the corresponding scattering
angles.

The spectrum from the main experiment is
shown in Fig. 4(a). This spectrum is the sum of
the two scattering spectra for the two magnetiza-
tion directions of the scatterer. The Pb x rays
produced in the lead shield reach the detector
via Rayleigh scattering, and so do the Os X rays

~ produced in the source. The test pulse line at

about 140 keV was used to check the electronic
equipment during the run. In Fig. 4(b) 6 is plotted.
The sign of & is positive when the cross section
with parallel spins of photon and electron polarized
in the iron is larger than with antiparallel spins.

TABLE I. Asymmetry of the detector efficiency for the
two used Ge(Li) diodes and two angles of the detectors to
the axis of symmetry.

Detector Angle 5 (%)
Planar 0 +0,01+0.03
30° +0.02+0.03
“True-coaxial”’ 0 +0.01+0.02
30° +0.01+0.03
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Spectrum and 6 vs energy for the Rayleigh line
of 129 keV and the Compton continuum below are
shown in more detail in Fig. 5. A slight deviation
from 6=0 in the Rayleigh portion can be recog-
nized but a definite statement cannot be given be -
fore the effect of the background is carefully
examined. There are two components of the back-
ground affecting the & plot in the Rayleigh portion,
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and the high-energy slope of the Compton con-
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tends under the experimental Rayleigh peak. The
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(between 40% and 80% for the different transitions)
and can cause a counting difference in the back-
ground. This effect was corrected for by extra-
polating the background linearly for each of the two
spectra obtained at the two magnetization direc-
tions and subtracting the corresponding intensities
separately. The background originating from the
Compton slope of °!Os was calculated by fitting
two separate Gaussian curves to the slopes of the
two spectra corresponding to the two magnetiza-
tion directions and extrapolating them under the
Rayleigh peaks. The calculated intensities were
subtracted, and two symmetric Rayleigh lines
without any background were obtained. This cor-
rection method is shown graphically for one spec-
trum in Fig. 6.

The values of the full width at half maximum of
the summed-up Rayleigh line amounted to 950 eV,
compared to a purely instrumental width of 900
eV measured under ideal conditions. Values of &
were calculated for different regions symmetric
around the Rayleigh line maximum to find the value
with the maximum information, i.e. smallest er-
ror, and also to test the effect of the background.
If, for example, 6 is calculated for a very small
energy range only information is lost because the
number of events registered in this range is small.
If, on the other hand, a very broad energy range
is admitted, events far away from the Rayleigh
peak are included which contain no information on
the Rayleigh scattering but increase the statistical
error; portions tothe left of the peak are, moreover,
the more affected by the Compton slope subtraction
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the more the energy decreases.

The individual values of 6 obtained during the
various steps of correction for the different peak
regions are tabulated in Table II. The variation
of the values of 6 with all corrections is not larger
than the total error, which demonstrates the in-
sensitivity of the result on the performed correc-
tions.

For the region with the smallest total error, that
is channel 637-643 (128.7-130.1 keV), one obtains
6= (-0.200 +0.029)% and after correction for sys-
tematic errors, 6=(-0.211+0.033)%.

Because of the nonvanishing temperature and, to
a larger extent, because of the finite opening angle
of the scattering magnet the circular polarization
of the y radiation is smaller than 100%. In order
to calculate the & value for scattering of complete-
ly circularly polarized radiation the experimental
value was correspondingly corrected. One obtains
for the corrected o value, the spin dependence of
Rayleigh scattering,

Ao = (~0.216 +0.033)%.

The results for 5 at other scattering angles which
were obtained by the same method, are listed in
Table II. They are consistent with the result
of the main measurement but the statistics are
not sufficient to allow any statement on an angular
dependence of the spin dependence.

As additional tests of the consistency of the re-
sults of spin dependence of Rayleigh scattering,
the spin dependence of the Compton scattering
recorded simultaneously in the scattering experi-

d) ! % c) \ -
/ %o \
oL 1 { ! 1 1 1’ 1 °fo0adaod 1 1 L 1 L
122 124 126 128 130 132 134 136

E [keV] —

FIG. 6. Illustration of the correction method for background elimination. (a) Uncorrected spectrum. (b) Spectrum

after elimination of linear background.
tion of both linear and nonlinear background.

(c) Fit of a Gaussian curve to the Compton slope.

(d) Spectrum after elimina-
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TABLE TI. Spin dependence of Rayleigh scattering for different scattering angles (includ-
ing the result of the main measurement). The symbols in column 2 mean (a) segmented mag-
net, (b) cylindrical magnet with an inner diameter of 10 cm, and (c) cylindrical magnet with

an inner diameter of 14 cm.

Mean Degree of
Rayleigh Source circular Spin
scattering Scattering temperature polarization # dependence A0
angle magnet (mK) %) (%)
21° a 50 98 . -0.27+0.20
29° a 36 99.5 -0.10+0.19
32° b 37 99.5 —0.22%0.03
35° a 39 99.5 —0.21£0.15
40° c 31 99.5 -0.24+0.12
55° c 21.5 100 —0.05+0.12

2 Along the field distribution.

ments and the intensity ratio between Rayleigh
and Compton scattering of the 129 keV y radiation
were determined and compared with calculated
values.

Inorder to obtain the spin dependence of the Comp-
ton cross section, 5 was determined fromthe region
of single scattering as limited by the energies cor-
responding to the largest and smallest scattering
angles possible. The corrections for background
and systematic errors were performed in the same
way as described for Rayleigh scattering except,
of course, for the Compton slope correction. The
mean scattering angles for Compton scattering
differ slightly from those for Rayleigh scattering
because of the different angle dependence of the
cross section.

In order to be able to compare the results with
theoretical values one has to calculate'® the ana-
lyzing power of the various magnets used. These
calculations took into account the different geo-
metries of the scattering magnets, the energy-
and angle -dependent detector efficiency and the

angular dependence of intensity and circular po-
larization of the radiation emitted by the source.
The agreement of measured and calculated Ao
values listed in Table IV is good.

Further the measured intensity ratios of Rayleigh
and Compton scattering were compared with cal-
culated values which were obtained with a formula
by Moon'* for the Rayleigh scattering cross sec-
tion and with the Klein-Nishina formula'® modified
by the incoherent scattering function, which takes
the effect of bound electrons on Compton scat-
tering!® into account. This modification reduces
the Compton cross section by (2—3)% where the ef-
fect is increasing with decreasing scattering angle.
The measured and calculated intensity ratios are
listed in Table IV and are in good agreement.

VI. DISCUSSION

The measurements described in the present
paper prove the existence of a spin dependence of
Rayleigh scattering. A clear-cut result was

TABLE IV. Comparison between calculated and measured values Ac, for spin-dependent

Compton scattering and between calculated and measured intensity ratios (R/C)

theor and

(R/C)e,(pt of Rayleigh and Compton scattering, respectively, for the six measured scattering

angles.
Mean
Compton Spin dependence Ao,
scattering (AT theor (Aay) Intensity ratios
angle (%) (R/ C)theor (R'/ C)expt
22° -0.19 -0.20+0.11 0.74 0.66+0.05
33° -0.33 -0.21+0.11 0.32 0.28+0.03
36° -0.38 -0.39%=0.05 0.24 0.23£0.02
41° -0.48 -0.51+0.08 0.16 0.15+0.03
42° —-0.48 -0.46+0.10 0.13 0.12+0.02
—-0.64+0.12 0.06 0.04=0.01

62° -0.76
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achieved for an energy of 129 keV and a mean
scattering angle of 32°. At other angles consistent
results were obtained which, however, considered
isolated, would not give definite answers due to
lack of statistics. ’

The magnitude of the spin dependence of Rayleigh
scattering necessary to fully explain the observed
€ value of Daniel and Schmitt! (cf. Sec. I). would be
by far larger than suggested by the present ex-
periment. There is, however, no discrepancy
because the statistical error in the first experi-
ment! is large and, moreover, the experimental
conditions differed. Daniel and Schmitt chose a
v-ray energy of 81 keV and a mean scattering
angle of 53°. The two experiments cannot directly
be compared because of a lack of a theory.

Alsobecause of this lack of atheory, nodirect com-
parison with the experiments of Renz and Volk, and
between these experiments, is possible. Among all
the earlier experimenters' ®* Renz only claimed to
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have demonstrated the existence of a spin depen-
dence of Rayleigh scattering, a statement not jus-
tified in the light of Jihnig’s thesis.” Thus the
present experiment is, to our knowledge, the first
one to establish this effect.

The only author to claim to have calculated the
spin dependence of Rayleigh scattering is J&hnig.
However, his treatment is, in our opinion, not
adequate since he suppressed the main effect
from the beginning on (cf. Sec. I). Hence we be-
lieve no adequate theory exists. We hope that our
investigation will stimulate a thorough theoretical
treatment. We expect that physics will benefit
threefold from such a calculation: a new method
of testing quantum electrodynamics, new insight
in the electronic structure of ferromagnetic ma-
terial, and, perhaps, use of spin-dependent
Rayleigh scattering as a tool, for example in
measuring the circular polarization of quantum
radiation.

*Work supported by the Bundesministerium flir Bildung
und Wissenschaft of the Federal Republic of Germany.
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