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Polarization Pendellosung and the Generation of Circularly Polarized
X Rays with a Quarter-%ave Plate
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A continuously tunable x-ray compensator that ~orks in conjunction ~ith synchrotron-radiation
sources has been developed. The phenomena of polarization I'endellosung has been observed dur-

ing its normal operation and the generation of circularly polarized x rays is verified through an ob-
servation of the magnetic Compton effect.

PACS numbers: 42.10.Nh

Several recent investigations have dealt with the
generation of polarized x rays by use of dynamical x-

ray diffraction techniques. ' 4 Besides the inherently
interesting x-ray-crystal interactions demonstrated in
these studies the prospect of extending the classical
long-wavelength manifestations of crystal optics, (i.e.,
optical birefringence, rotary power, etc.) into the
hard-x-ray region presents several new challenges and
opportunities for experimental and theoretical physi-
cists. An application of particular current interest lies
in the ability to obtain spin-dependent momentum
profiles of magnetic materials by examination of the
Compton scattering of circularly polarized x rays. 5 7

Until now the only source of spin-polarized photons
for such experiments has been radioactive decay and a
new strong source, e.g. , synchrotron radiation, ~ould
have a significant influence on such studies. However,
present synchrotron-radiation sources provide mainly
linearly polarized light. The possibility of providing cir-
cular polarization through the use of either helical
wigglerss or tandem crossed wigglers9 is currently
under discussion for the next generation of storage
rings. External optics which would serve the same
purpose without perturbing electron orbits or the ex-
pense of large magnetic structures would clearly be
desirable.

We describe here a recent series of experiments us-

ing a synchrotron-radiation source and x-ray compen-
sator plate designed to isolate polarization Pendellosung
in the plate and generate circularly polarized x rays at
arbitrary energies. The Pendellosung or oscillation ef-
fect we observe is somewhat different in several
respects from the one commonly known in diffraction
physics'0 and it is probably best introduced here simply
by a description of the experimental setup for observ-
ing it.

Figure 1 is a schematic illustration of the experi-
ment. X rays from the Cornell high-energy synchro-
tron source operating at 5.2 GeV and 12 mA in the
colliding-beam mode were collected by an asymmetri-
cally cut silicon crystal oriented to diffract from the
(220) planes in the Bragg geometry. A few square mil-
limeters of the white beam were intercepted. The
asymmetry was such as to increase the angular accep-
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tance of the incident beam and reduce the angular
divergence of the Bragg-diffracted emergent beam.
Completely glacing incidence was obtained at —18
keV, which determined the highest energy of our ex-
periments. Renninger has described the collimating
properties of such an element. " The collimated
monochromatic beam thus obtained is then directed
onto another silicon crystal also oriented to diffract
from the (220) planes but now in the transmission
Laue geometry, i.e.

„
the diffracted beam propagates

into the crystal. This crystal serves as the x ray com-
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FIG. 1. Schematic layout of experiment.
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FIG. 2. Normalized yield in Si(Li) detector No. 1 vs ener-
gy of monochromator containing x-ray compensator.
Curves A-D refer to the different compensator thicknesses.
The phase assignment in the abscissa applies only to curve
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pensator and quarter-wave plate. The (220) planes are
normal to the x-ray entry surface and the thickness of
the plate was chosen to be 1.39 mm. The two crystals
were mounted in a piezoelectric, feedback-stabilized,
mechanical-linkage system'2 capable of keeping the
two sets of crystal planes parallel to &0.1 arcsec while

the energy selected from the synchrotron is varied by

changing the Bragg angles. Furthermore, the design
yields an exit beam whose offset with respect to the in-

cident beam is independent of the chosen beam ener-

gy. Finally, the entire assembly was rotated about the
incident-synchrotron-beam direction such that the

plane formed by incident and diffracted beams was

near 45' degrees to the vertical.
The x-ray beam from the compensator plate was al-

lowed to fall upon a 1-mm-thick piece of Plexiglas
after passing through a slit and ion chamber used for
normalization purposes. A lithium-drifted silicon
Si(Li) detector observed those x rays Compton scat-
tered 90' in the horizontal plane by the Plexiglas. The
counting rate in the Si(Li) detector, normalized to the
beam incident on the Plexiglas, as a function of beam

energy chosen by the monochromator-polarizer system
is plotted in Fig. 2. Strong oscillations, with increasing
amplitude for increasing energy are noted. The hor-
izontal scale in the plot is chosen in accord with Eq.
(1) (see below) which results in the oscillatory
behavior of the data being represented quite accurately

by a damped sinusoidal wave. The reason for this will

be described shortly.
The origin of the above oscillations, which we refer

to as polarization Pendeltosttng, may be understood as
follows. For the case of a single strong diffraction in

the Laue geometry, the eigensolutions to the Maxwell
equations inside the crystal can be classified into two
possible states of linear polarization. One of these, the
solutions of the so-called sigma type, consists of run-

ning Bloch waves each composed of coupled plane
waves, whose electric field vector is perpendicular to
the plane formed by the incident- and diffracted-beam
directions. For this transverse electric case, the polari-
zation direction is parallel to the diffracting plane. The
other class of polarization solutions, called pi, is
transverse magnetic and consists again of coupled
plane waves in the incident and diffracted directions
but now the electric vector of each of these lies in the
plane formed by the two directions. Therefore, the
polarization can be considered as perpendicular to the
diffracting plane.

For each state of polarization at fixed x-ray energy
there are two kinds of x-ray Bloch-wave states. One,
the so-called alpha-type solution, has standing-wave
character perpendicular to the diffracting planes such
that the field intensity has the same periodicity and a
phase which places its nodes directly on the planes.
The other type solution, called beta, is identical except
that its antinodes are on the diffracting planes.

%e now imagine an external plane wave impinging
on the crystal at the exact Bragg condition with a polar-
ization vector at 45' to the diffracting planes. In order
to match the internal- and external-wave solutions at
the entry surface a linear combination of equal
amounts of sigma and pi waves must be excited in the
crystal, with each of these having equal amounts of al-

pha and beta character. The Poynting vector for each
of these Bloch waves at the exact Bragg condition lies
along the crystal planes so they all propagate in the
same direction into the crystal.

We note that the alpha solutions have their nodal
planes on the diffracting planes, which is where the
majority of the strong x-ray absorption takes place and
hence these waves should propagate significantly far-
ther through the crystal than the beta solutions, which
have their maximum intensity on the planes. Hence,
following the suggestion of Hart, 2 our compensator
plate has been cut thick enough so that only the alpha
solutions survive to the back surface. Therefore, nor-
mal Pendellosung, which is basically a beating between
alphalike and betalike solutions will have nothing to do
with the oscillations with which this paper deals.

The effective index of refraction for the surviving
two alpha solutions is slightly different (because the
two solutions sample slightly different electron densi-
ties) leading to different phase velocities for the two
waves. At the back surface of the plate, plane waves
will be formed whose polarization state will depend
upon the accumulated phase difference between the
two internal eigenfunctions. Using the dynamical
theory to account quantitatively for the effect one
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finds that the phase difference between the two solu-
tions at the back of the plate is given by

mc' I+G I (1)
nE cosga

where E is the x-ray energy, tt the fine-structure con-
stant, r, the classical electron radius, v the crysta1
unit-cell volume, d the Miller-plane spacing, D the
crystal-plate thickness, Fo the crystal structure factor,
and 8~ the Bragg angle. For 5= 2mn with n an integer
it follows that the final state of polarization is the same
as the initial state, i.e., plane polarized in the horizon-
tal direction. For 5= 2m(n + —,

' ) the final state of po-
larization should be plane polarized in the vertical
direction. Finally for 5 = 2n (n + —,

' ) or 2m (n ——,
' ) we

expect left- and right-hand circularly polarized x rays,
respectively, and hence the compensator becomes a
quarter-wave plate.

Figure 2, curve A, shows the data for the 90' Comp-
ton yield in the horizontal plane plotted as a function
of beam energy and the derived phase 5 from Eq. (1).
The fitted curve corresponds to an exponentially
damped sinusoidal function of 5 with period 2m. The
minima occur at 5 = 2mn as they should for horizontal-
ly polarized x rays. The maxima at 5=2m(n+ —,)
represent vertical polarization. The states of circular
polarization should occur halfway between the maxima
and minima; verification of this state of polarization
will be demonstrated shortly through the observation
of magnetic Compton scattering. First, however, we
note that it is possible to independently determine the
number of "quarter waves'* in the plate by changing
the plate thickness and recording the shifted polariza-
tion Pende!losung fringes. This was accomplished ex-
perimentally by rotating the plate about an axis per-
pendicular to the diffracting planes. This changes only
the effective plate thickness seen by the beam. Thus
Fig. 2, curve 8, obtained with a rotation of approxi-
mately 22', Fig. 2, curve C, with 32', and Fig. 2, curve
D, with 45'. Notice that at an energy of approximately
14 keV increasing the plate thickness by 41'lo results in
one additional polarization cycle. This agrees precisely
with the phase assignment of 5= 5m for the peak in
curve A at 14 keV and constitutes an independent
measurement of the oscillation length inside the plate.
Our final comments on the data in Fig. 2 deal with the
degree of modulation in the oscillatory signals. Clearly
the degree of polarization seems to be improving as
the beam energy increases. The main reason for this
feature lies in the fact that the asymmetric collimating
crystal has its highest asymmetry, and hence its
highest degree of angular collimation, at the highest
energies in Fig. 2. Eigenfunctions in the quarter-wave
plate excited by incident rays slightly off the exact
Bragg condition do not have perfect nodes on the
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FIG. 3. Spectrum in Si(Li) detector No. 2 from mag-
netic-Compton-scattering experiment. Also shown is the
difference spectrum described in the text. Vertical error
beams are due to counting statistics and horizontal to detec-
tor resolution. The Fe fluorescence signals are spin in-
dependent and are used for accurate normalization in con-
structing the difference spectrum.

planes for the sigma polarization state and the differ-
ence between the effective index of refraction for sig-
ma and pi polarization states is reduced. This results
in a modified Pendellosung length as a function of in-
cidence angle to the plate and a smearing of results at
low energies as a result of beam divergence. In addi-
tion, no special precautions were taken in these pre-
liminary experiments to minimize air scattering near
the Si(Li) detector No. 1 and multiple scattering in the
Plexiglas target, both of which contribute to reduced
modulation in Fig. 2.

A magnetic-Compton-scattering experiment was
performed to demonstrate directly the presence of cir-
cularly polarized x rays. A beam energy of 17.5 keV
was chosen (nearly twice the critical energy where the
incident synchrotron radiation is essentially completely
horizontally polarized). The plate was adjusted to a
thickness of —", Pendeliosung waves (see curve A in

Fig. 2), and the transmitted x rays were scattered from
a magnetized iron target as shown in Fig. 1. The flux
onto the sample was —3 x 109 photonsl sec, consistent
with the expected 15% conversion efficiency from
plane to circular polarization for the compensator
plate. The Compton-scattering rate at a scattering an-

gle of 145' was monitored with a solid-state detector
with the target and its immediate vicinity bathed in a
helium atmosphere to avoid air-scattering background.
Figure 3 shows the spectrum observed in the Si(Li)
detector after a total of 9 h of data accumulation with
the sample magnetized alternatively along and against
the spin direction of the incident x rays. The differ-
ence spectrum is also shown in the figure. The cross
section is seen to differ by 0.5% for the two cases. '3
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The theoretically expected value' is 0.75% for a 100%
circularly polarized beam. The local abscissa for the
difference spectrum in Fig. 3 has been converted to
projected momentum as is customary in Compton-
profile studies of electron-momentum distributions. '5

Unfortunately the poor relative resolution obtained by
use of a Si(Li) detector at such low energies precludes
our obtaining useful information on the contribution
of conduction electrons to the magnetic moment of
magnetized iron. This would require high resolution
in the region below 1 a.u. which we have not obtained.
It will therefore be necessary to perform similar exper-
iments at higher energies (&&0 keV} where momen-
tum resolution is greater or to develop higher-res-
olution detectors for use at lower energies.

The difference between the magnetic-scattering
theory and this experiment is due to incomplete polari-
zation of the beam. A density-matrix analysis of the
compensator-prepared x-ray beam using the above two
scattering experiments indicates that at the highest en-
ergy studied here the beam was 83% circularly polar-
ized. Several of the reasons for lack of perfect polari-
zation have already been discussed. In addition,
strains in the crystal elements and alignment errors can
contribute to a deterioration of performance. We hope
to substantially improve the situation in future experi-
ments.

In conclusion, we have succeeded in isolating the
phenomenon of polarization Pendello'sung using an x-
ray compensator plate in conjunction with continuous
and linearly polarized radiation from a synchrotron
source. The effect may be used to provide experi-
menters with a flexibility in choosing various states of
photon polarization that is not currently available.
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work.
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