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Daresbury Laboratory, Daresbury Warrington WA4 4AD, United Kingdom 

(Presented on 17 July 1991) 

The detailed study of the performance of full scale x-ray optics often requires the 
illumination of large areas. This paper describes a beam expander facility at the Daresbury 
Synchrotron Radiation Facility. It combines monochromatization and beam expansion 
in one dimension. The beam expansion is obtained from an extremely asymmetric reflection 
in a large single crystal of Si. An expansion of a factor of 50 was obtained in one 
dimension. The expanded beam of -85 mm is limited only by the crystal size. The facility is 
installed in a 12-m-long hutch. A specific application, in which a high throughput x-ray 
telescope will be studied, is described in detail. 

I. INTRODUCTION 

It is of crucial importance for the development of ad- 
vanced x-ray optics and detectors, that testing and exper- 
imentation can be performed under realistic conditions 
over a wide range of x-ray energies. For large x-ray devices 
such as two-dimensional position sensitive detectors 
(PSD),’ grazing incidence high throughput x-ray tele- 
scopes ( XSPECT/SODART,2 ASTRO-D,3 JET-X,4 and 
XMM’ telescopes) and crystal spectrometers [the - 1000 
X 600 mm2 objective crystal spectrometer6 (OXS), to be 
flown on the SPECTRUM-X-GAMMA (SRG) satellite] 
the illumination of large areas with a suitably monochro- 
matized and collimated beam is required. A pencil beam 
which is both monochromatized and collimated, is readily 
available over a wide energy range from synchrotrons and 
conventional x-ray sources. The testing of large area de- 
vices with such a beam is, however, very time consuming 
and requires an elaborate, two-dimensional, scanning ap- 
paratus. 

The broad continuum of synchrotron radiation is ex- 
tremely useful. For example, the efficiency of most x-ray 
devices is a function of wavelength and there are disconti- 
nuities which occur at absorption edges or emission fea- 
tures of the materials in reflectors, transmission windows, 
and detectors. In many cases, at least one or more features 
occur within the useful operating energy range. It is very 
difficult to accurately calibrate the device near such a fea- 
ture with the limited number of emission line energies, 
which are available from either radioactive or x-ray tubes. 
Synchrotron light is linearly polarized in the plane of the 
electron orbit and the beam expander can be used to eval- 
uate the polarization sensitivity of crystal spectrometers,6 
polarimeters,’ and x-ray optics over a wide range of en- 
ergy. 

The working energy range covered by the telescopes 
which will be flown in the period from 1994 to 2000 (AS- 
TRO-D, SRG, JET-X & XMM) is from -0.1 to -25 
keV.2-5 All of them are based. on the Wolter-I design’ 
which allows accurate images to be recorded with a high 
signal to noise ratio by focusing the x rays on relatively 

small pixels in a position sensitive x-ray detector. These 
x-ray telescopes are designed to yield images with an an- 
gular resolution of a few arcmin or less. The design reso- 
lution of ASTRO-D3 and SRG2 is - 120 arcsec, of JET-X4 
-20 arcsec, and of XMM’ - 30 arcsec. A beam expander 
with good collimation and which can provide a beam wide 
enough to cover the radial aperture of these telescopes in 
the energy range from 5 to 15 keV will, therefore, be ex- 
tremely useful. 

II. THE BEAM EXPANDER 

The principle of the device is based upon the one-di- 
mensional expansion of a beam which undergoes extremely 
asymmetric reflection in a perfect single crystal of Si. The 
most efficient use of the crystal in terms of the width of the 
expanded beam versus the length of the crystal required, is 
obtained with a Bragg angle in the vicinity of 45”. The 
beam from the synchrotron is polarized in the horizontal 
plane and, as a compromise, a Bragg angle of -60“ has 
been chosen for the first experiments. Since the horizontal 
source dimension is 2.8 mm [full width at half-maximum 
(FWHM)] at the Daresbury Synchrotron,’ it is necessary 
to expand the beam by a factor of 50-100 to get an ex- 
panded beam of 100-200 mm which is our design goal. A 
premonochromator avoids higher order contamination, It 
is shown together with the beam expander in Fig. 1. 

The testing of optics with focal lengths in the range 
3-8 m, such as the high throughput x-ray telescopes men- 
tioned above, imposes the need for an adequately large 
work area. The premonochromator is located in a pre- 
hutch. It is a standard, double-reflection, Si( 111) channel- 
cut crystal and is oriented to reflect in the vertical plane. 
The main hutch (hutch 8.4) contains the beam expander 
and the optics to be tested. The monochromator and the 
beam expander crystal define a (n, - n) double reflection 
system where the same reflection is used in both crystals. 
The beam from the monochromator strikes the beam ex- 
pander crystal at a small grazing angle ( - 1”) relative to 
the surface. The refiecting planes make an angle 4 relative 
to the surface and a beam of width H makes a footprint on 
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FIG. 1. A topview of the beam expander unit. A premonochromatized 
beam of horizontal width His reflected in the symmetric monochromator 
crystal followed by beam expansion in the extremely asymmetricly cut 
beam expander crystal. 

the beam expander crystal of L=H/sin(BB - 4) where 
OB is the Bragg angle of the reflection. The width of the 
expanded beam is H sin ( 19~ + d)/sin( OS - 0) or 
L sin(OB + 0). Thefactorsin(e8 + $)/sin(OB - 4) de- 
fines the beam expansion factor Fexp and plays a central 
role in the classical theory of dynamical x-ray diffraction. 
As is well known (Fexp) , 1’2 determines, for a constant 
wavelength, the angular width of an asymmetric 
reflection.” 

We have chosen Si(333), Si(444), and Si(555) reflec- 
tions with I$ = 59” for the first experiments and this gives 
the theoretical Fexp versus OB - I$ shown in Fig. 2. This 
figure also shows the size of the illuminated footprint in the 
plane of reflection on the beam expander crystal for the 
case where H = 2 mm. Expansion factors of 50-100 can be 
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Precise ( f 5 eV) energy calibration was accomplished 
by detecting the K-absorption edge from transmission mea- 
surements of thin foils of Cu, Zn, and Ni. Following the 
selection of an appropriate energy with the premonochro- 
mator, the reflected beam from the monochromator was 
readily obtained. The beam expander crystal is carefully 
positioned to be parallel to the beam and to intercept half 
of the intensity reflected from the monochromator. Finally, 
the expanded beam is found by rotating the beam expander 
from the zero angle until the reflection is detected. This 
provides an accurate determination of OB - 4 (see Fig. 1) . 
Since OB is known from the energy calibration this mea- 
surement determines the value of 4. These are listed in 
Table I together with the values of Fexp calculated from 
eB and 4 for the energies and reflections used in the exper- 
iment. 

FIG. 2. FciP and illuminated length L on heam expander crystal as a The width of the slit (see Fig. 1) in the vertical direc- 
function of (Or, - 4). 4 is assumed to be 59” and H = 2 mm. tion was fixed to be - 1 mm in all cases. This means that 
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achieved for 0, - 4 in the range O.Y-1” which are well 
above 8, the critical angle for total reflection for the rele- 
vant wavelengths. Higher order correction to the classical 
theory of dynamical x-ray diffraction is important for an- 
gles between the surface and the incident beam at or below 
8 l1 L-* 

111. BEAM EXPANDER CRYSTAL PREPARATION 

The crystals were sawed after careful alignment of the 
111 planes relative to a fixture fitting into the diamond 
saw12 at the Laboratory of Applied Physics at the Techni- 
cal University of Denmark. The raw crystal was obtained 
from Topsil Semiconductor, Inc. It was a cylindrical Si 
boule-7.5 cm in diameter and - 10 cm long with the 111 
planes perpendicular to the axis of the cylinder. After saw- 
ing the crystals were lapped in a standard facility at Topsil 
to achieve a sufficiently flat surface. Finally, one of the 
faces of each crystal was polished. The dimension of crystal 
A are 84x 38 x 3.65 mm3 and those of crystal B are 98 X 38 
X3.65 mm3. larger crystals from a 12.5 cm diameter and 
30 cm long crystal boule are now being prepared. 

IV. EXPERIMENTAL RESULTS 

The purpose of the first experiment was to establish the 
beam expander facility and test the performance of the two 
crystals A and B. The beam expander unit consists of the 
monochromator axis and the beam expander axis. The 
monochromator axis has a step resolution of 0.2 arcsec. 
The beam expander axis is supported on a rotatable arm 
(step resolution 1 mdeg) extending from the monochro- 
mator axis. The distance between the two axes along this 
arm can be varied. This construction allows the expanded 
beam to remain undeviated when different crystal retlec- 
tions are used in the double reflection monochromator- 
beam expander system. As a result, the optics under test 
need not be moved (except for alignment) when crystals 
with different 4 values (see Fig. 1) or different reflections 
are used. A precise crystal translation (step resolution 10 
pm) perpendicular to its surface accurately positions the 
expander crystal in the beam from the monochromator. 

Synchrotron radiation 1169 
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TABLE I. Overview of experimental. data. 

CrYStill/ EFeW Measured 
reflection 0, Cd& 4 (ded 

A/Si(444) 9.00/61.47 59.04 
B/Si( 444) 9.W61.47 59.06 
WSi(44-4) 9.14/59.93 59.06 
B/Si( 555) 11.41/60.01 59.06 
B/Si( 333) 6.85/60.01 59.07 

F =P 

20.3 
20.5 
57.6 
52.7 
53.3 

Measured Calculated width 
width of of reflection (arcsec) 
reflection polarization polarization 
(arcsec) out-of-plane in-plane 

10 12.5 6.8 

4 6.5 3.4 
24 31.2 17.9 

A,?./& the wavelength resolution following the premono- 
chromator, is given by AE/E = M/A 
= AO,cot[BB(PM)] where 8,(PM) is the Bragg angle in 
the Si( 111) premonochromator and he, = 2.86 X 10m5 
rad is the angular collimation of the synchrotron beam in 
the vertical direction. For 9 keV this yields A,%/,% 
- 1.3 x 10 - 4. For Si( 444) reflection at 9 keV a M /ii of 
9 X 10 - 5 was measured, when a symmetrically cut crystal 
with a Si(444) reflection was. used, in place of the asym- 
metrically cut beam expander crystal, together with the 
monochromator in the dispersive (4, + 4) setting. Since 
the Bragg angle for the reflections listed in Table I is - 60”, 
this implies that the horizontal collimation ABH - 9 
x 10e5 tan(60”) - 33 arcsec. The collimation must be the 
same in the expanded beam since the monochromator and 
beam expander crystal form a nondispersive system. Re- 
ducing the slit width in the vertical direction from 1 m m  to 
-0.35 m m  (the vertical source size) in future experi- 
ments, will reduce the AQil obtained from the premono- 
chromator to - 4 X 10 - 5 and, therefore, reduce the ob- 
tainable horizontal, angular collimation to - 15 arcsec. 
F,,nwas measured as a function of the horizontal slit width 
H for crystal B used in the 444 reflection at 9 keV. For the 
data shown in Fig. 3, values of Fexp are obtained by divid- 
ing the width of the observed expanded beam by H. The 
theoretical value of Fexp is 20.5. The data show that near 
theoretical expansion is obtained for H values up to 2 m m  

25 
Expansion Factor 

A 
A A 

20.- 
A 

:: 15 G 
A 

10.- 

5 I 
0 I 2 3 4 

Slit Width H [mm] 

FIG. 3. Measured values FeXp vs slit width H for a Si(444) reflection at 9 FIG. 4. The expanded beam reflected from Si(333) at 6.85 keV detected 
keV. in one-dimensional PSD. 

but reduced expansion is observed for H = 4 m m , This is 
in good agreement with a horizontal source size of 2.8 
m m .9 

The measured rocking curve widths obtained by rotat- 
ing the beam expander crystal through its reflection range 
may be directly related to predictions of dynamical diffrac- 
tion theory. Measured rocking curve widths (FWHM) are 
given in Table I. For these measurements H was adjusted 
to illuminate the entire length of the beam expander crys- 
tal. The angular widths of reflection in the asymmetric 
beam expander crystal which are calculated from dynam- 
ical diffraction theory, are also given in Table I for both 
in-plane and out-of-plane polarizations. The data in Table 
I show, as expected, that the measured reflection widths lie 
between these two values. 

The intensity across the expanded beam measured in 
the one-dimensional PSD is shown in Fig. 4. In this case, 
the energy of the expanded beam was 6.85 keV and the 
Si(333) reflection was used with a H of 2 m m  and a the- 
oretical Fexp of 53.3 (see Table I). This should give L- 121 
m m . Since the crystal is only 98 m m  long an expanded 
beam of only 98 sin( 0, + (6) - 86 m m  (see Fig. 1) can be 
observed. Figure 4 shows that a reasonably constant inten- 
sity is observed along the detector for a length which cor- 
responds to this value. The data in Figure 4 show that the 
width of the expanded beam is now lim ited only by the 
crystal size. We plan to produce crystals of length )200 

6001 
Exponded Beam - 6.85 keV, Si(333) 

-45 -35 -25 -15 -5 5 15 25 35 45 

Position on Detector [mm] 
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TABLE II. Energy table (keV) in x-ray telescope test. 

+ @ % I 40 50 59 71 

Reflection 
Si(333) 9.13 7.69 
Si(444) 12.17 10.25 
Si(555) 15.22 12.81 
Energies are calculated assuming 6s - Cp = 0.s’. 

6.88 6.25 
9.18 8.34 

11.47 10.42 

m m , and they will be used to obtain an expansion factor of 
)lOfor (6, - 4) - 0.5”. Finally, we measured a coun- 
trate in the expanded beam of -30 kHz under the follow- 
ing conditions: Ring current - 200 mA/multibunch mode, 
slit dimensions 2~ 1 mm*, E = 9.14 keV, and a Si(444) 
reflection. 

Generating the expanded beam using the arrangement 
in Fig. 1 is, of course, possible without the premonochro- 
mator. In that case, all the orders of reflection will be 
expanded simultaneously. in addition, the intensity in each 
order will be increased when compared with the arrange- 
ment which includes the premonochromator. This may be 
impractical for testing of x-ray telescopes with a two-di- 
mensional PSD developed especially for the low countrates 
encountered in x-ray astronomy. Using the facility without 
the premonochromator will be very useful for the testing of 
large PSDs developed for special high countrate synchro- 
tron beam lines.’ 

V. X-RAY TELESCOPE CALIBRATION 

The detailed calibration of the SRG telescopes being 
produced at the Danish Space Research Institute* will be 
performed using the beam expander facility at important 
energies between - 5 and 15 keV,* using the four beam 
expander crystals listed in Table II. The SRG telescopes 
(Table III) are described in detail in Ref. 2. The complete 
arrangement which will be used for the calibration of x-ray 
telescopes is shown in Fig. 5. A distance of 400 m m  will be 
fixed between the axis of the beam entering hutch 8.4 and 
the center of the expanded beam. Not shown in Fig. 5 are 
the evacuated beam pipes which will be used between the 
various elements especially in the g-m-long stretch from 
the telescope to the detector. The calibration data will be 
obtained by recording the image of the focused beam as the 
telescope is rotated around its optical axis. This produces 
the equivalent of a full aperature test of the telescope. A 

TABLE III. Parameters of SRG telescope. 

Focal length 8OOO mm 
Number of mirrors 8x154 
Outer mirror diameter 6OOmm 
Inner mirror diameter 160 mm 
Mirror length 200 mm 
Mirror thickness 0.3 mm 
Minimum mirror separation 0.5 mm 
Substrate material Al 
Reflecting material Au 
Mass of one telescope 98 kg 
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FIG. 5. Complete arrangement for the full aperture calibration of a high 
throughput x-ray telescope. 

precise rotation mechanism which supports the telescope 
has been constructed at the Danish Space Research Insti- 
tute (DSRI) and initial tests indicate that the rotation of 
this mechanism contributes < 3 arcsec to the image blur.13 
This is much less than the requirement for any of the high 
throughput telescopes mentioned above. 

Future high energy x-ray telescopes such as a proposed 
graded d-spacing multilayer telescopeI which has a sub- 
stantial throughput up to - 60 keV, can be evaluated in the 
beam expander facility since the synchrotron source will 
provide sufficient intensity at these energies. 
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