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Abstract
An X-ray optical system composed of four transmission-type phase retarders which can compensate for both off-axis
and chromatic aberrations (phase-shift inhomogeneity due to angular divergence and energy spread of incident X-rays),
has been newly developed. The scattering planes of four phase retarders were set to be inclined by 45 deg, 135 deg(=45
deg+90 deg) , 225 deg (=45 deg+ 180 deg) and 315 deg (=45 deg+ 270 deg), respectively, with respect to the direction of
incident polarization. We have obtained vertically polarized X-rays with 0.98 degree of vertical linear polarization con-
verted from horizontally polarized synchrotron X-radiation by using the four-quadrant phase retarders, whereas the

degree of vertical linear polarization generated by quadruple phase retarders of one-quadrant geometry (giving Bragg
reflections in the identical direction and corresponding to a single phase retarder of the same total thickness; 1246 um) was
0.89. This estimation was made at the cobalt K-absorption edge (7709 eV) which allowed 13% of incident X-rays to be
transmitted through the four diamond crystal phase retarders, in a condition that horizontal beam divergence and energy

spread of incident X-rays were 45 arcsec and 1.5 eV, respectively.
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Figure 1. The left drawing (a) shows the practical arrangement of
X-ray double phase retarder system compensating for the off-axis
aberration of transmission-type phase retarder. The right upper (b)
and right lower (c) drawings show dispersion surfaces in the recipro-
cal space corresponding to the first and second phase retarders,
respectively. a;, b; and ¢; in (b) and a, b, and ¢, in (c) are vectors
normal to crystal surfaces of the first and second phase retarders
which excite tie points on the dispersion surfaces with X-ray paths
A, B and C, respectively, in the drawing (a)3¢.
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Figure 2. Phase shifts with phase retarders as functions of incident
angle of X-rays. Phase shifts, A¢; and A¢, given by the first and se-
cond phase retarders arranged in the anti-parallel geometry, are
drawn by dashed curves. Phase shifts given by the double phase
retarders (solid curves) arranged in the parallel and anti-parallel ge-
ometries are given by 24¢, and by A4¢, + A, respectively3®.
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Figure 3. Two sets of dispersion surfaces corresponding to
wavelengths A (upper) and A+ 424 (lower), where A2 is a positive
differential value of wavelength. Contour of phase shift (plane AB
or CD) between g- and n-polarizations are perpendicular to scatter-
ing vector A. Gradient vector of phase shift A¢(e—™ =¢(@) —¢@ or
A¢pn=9) =¢® —p() is evidently perpendicular to plane AB or
CD4",
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Figure 4. Principle of compensating for both off-axis and chromatic aberrations of transmission-type X-ray phase
retarder by using four-quadrant phase retarder system. In parts (Q,), (Q,), (Qs) and (Q,), dispersion surfaces cor-
responding to phase retarders giving Bragg reflections in the directions of the first, second, third and fourth quadrants,
respectively, viewed from the downstream direction, are drawn?.
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Figure 5. Experimental arrangement of quadruple phase retarders
in (a) one-quadrant, (b) two-quadrant and (c) fourquadrant geo-
metries. MP: a silicon channel-cut monochromating polarizer e-
quipped with Hart-Rodrigues’ offset mechanism giving four-
bounced 422 reflection in a symmetric Bragg geometry, A: an
analyzer crystal similar to the polarizer, PR;, PR,, PR; and PRy: di-
amond (100)—oriented phase retarder crystals giving 111 reflection
in an asymmetric Laue geometry whose thickness are 318 um, 314
um, 301 um and 313 um, respectively, IC, and IC,: ionization cham-
bers, SSD: a solid state detector of germanium. Bragg-reflected X-
rays from four phase retarders are monitored by four PIN photo-
diodes*?.
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Table 1. Experimental results shown in Fig. 6 were obtained with
measuring time M? in sec in angular ranges of |46, M2 > |A0,| >
| A6, M) in arcsec with angular interval of 460,5” in arcsec*”

| A6,| Max) | A6, (Min) A5t Mt
range 1 900.00 180.00 18.00 1.0
range 2 171.00 99.00 9.00 1.0
range 3 90.00 63.00 4.50 2.0
range 4 58.50 49.68 0.18 4.0
range 5 49.50 27.00 4.50 1.0
range 6 25.20 0.00 1.80 1.0
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Figure 6. Rate of residual horizontal-polarized component of X-
rays whose polarization state was converted from the horizontal
polarization by quadruple phase retarder system. (a), (b) and (c)
correspond to the geometries shown in Figs. 5(a), 5(b) and 5(c)47.
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Figure 7. Rate of residual horizontal-polarized component of X-
rays whose polarization state was converted from the horizontal
polarization by the four-quadrant phase retarder system measured at
station BL-15C of the Photon Factory whose distance from radia-
tion source is farther than station BL-4A%7, (a) corresponds to Fig.
6(c) measured at BL-4A and then to the geometry shown in Fig. 5
(c). (b) was measured with a (+ —+ —, —+ — +) geometry of
parallel nicol polarizer and analyzer in which energy spread of X-
rays was suppressed into 0.05 eV.
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