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Small-displacement monochromator for microdiffraction experiments
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We describe the design, construction, and performance of the MHATT-CAT microdiffraction x-ray
monochromator. This monochromator is specially engineered for x-ray microdiffraction
experiments with a high brilliance undulator source. The monochromator passes a small emittance
beam, suitable for focusing to submicron size with submilliradian divergence. Over its energy range
of 8–22 keV the absolute energy calibration is better than 2 eV and scans of6 1 keV show no
measurable hysterisis. The monochromator operates with a simple water-cooled first crystal and
shows no measurable warm-up time. Horizontal linear bearings allow the monochromator crystals
to be rapidly inserted or removed from the beam. Slits before and after the monochromator work to
pass broad bandpass or monochromatic x-ray beams at the same vertical height. The monochromatic
beam direction is adjusted so the monochromatic and broad bandpass beams are coaxial. The design
and performance of the monochromator allows efficient collection of microdiffraction data when
coupled to a nondispersive Kirkpatrick–Baez focusing mirror pair. ©2000 American Institute of
Physics.@S0034-6748~00!01805-0#
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I. INTRODUCTION

The recent availability of ultrabrilliant third-generatio
synchrotron sources has created an opportunity to map
crystallographic phase, texture, and strain of materials w
micron or submicron spatial resolution.1 With single crystal
specimens it may sometimes be possible to utilize crysta
graphic techniques similar to those used with large x-
beams. For fine-grained polycrystalline samples howe
new methods are required; when a fine-grained polycrys
line sample is rotated, not only the incident angle, but a
the very grains illuminated by the x-ray beam change~Fig.
1!. In addition, the sphere-of-confusion for even state-of-t
art goniometers causes the sample position to move rela
to the incident beam as the sample is rotated.2 As a result,
diffraction methods that avoid rotation of the sample are
sirable for x-ray microdiffraction on fine-grained polycry
talline samples.

Laue diffraction offers a method of determining the o
entation of a single crystal without sample rotations. La
diffraction can be extended to the measurement of str
with high-precision angular measurements of the Laue
tern and with high precision measurements of the energ
one or more reflections.1

Various techniques have been used to measure the x
energies of microdiffraction Laue spots.3 Rebonatoet al.,4

Cargille et al.,5 and Yamamotoet al.6 have demonstrated
strain mapping with solid-state detectors. Evans-Lutter7

has demonstrated measurements with a diffracted b
monochromator that can be rotated about the sample.

Compared with alternative techniques, an incident be
monochromator has both major technical advantages

a!Electronic mail: icege@oml.gov
2000034-6748/2000/71(5)/2001/6/$17.00
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major technical challenges. The chief advantage of an in
dent beam monochromator is the intrinsically good ene
resolution which is at least two orders of magnitude be
than for state-of-the-art solid-state detectors. Indeed x-
monochromators with milli-electron volt energy resolutio
can be designed for specialized applications.8 For precision
absolute strain measurements, a monochromator with;4 eV
energy resolutionand even better absolute accuracyat 20
keV is desirable.

Incident beam x-ray monochromators on third gene
tion synchrotron sources are challenged by the need for t
mal and mechanical stability under a high thermal-flux x-r
beam.9 With x-ray microdiffraction it is also important to
maintain a constant offset as the beam is tuned or cyc
between white and monochromatic modes; fixed offse
necessary to preserve the focal position on the sample.
example, with focusing optics of magnificationM, a beam
displacementd results in a motion at the focus ofdM . With
a vertical magnification of;1/300, vertical displacements o
less than 30mm will move the focal spot less than 0.1mm.
Angular stability is even more important. Angular stability
;1 mrad is required to hold the focal position to better th
0.1 mm.

Fortunately, the very nature of microdiffraction expe
ments simplifies the thermal load and beam stability pr
lems of a microdiffraction monochromator. Typically on
about 0.1% of the thermal load from a high brilliance thi
generation undulator is within the useable emittance for
crodiffraction. As described in Ref. 9, this brings the to
power on the first crystal of a monochromator into the ran
which can be handled by water-cooled optics. A detai
theoretical discussion of the anticipated thermal distortio
on a water-cooled microbeam monochromator crystal
1 © 2000 American Institute of Physics
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given in Ref. 9. In general the distortions do not substantia
decrease the source brilliance under most conditions.

II. SMALL DISPLACEMENT MONOCHROMATOR
PERFORMANCE GOALS

A. Beam offset

Because the x-ray beams required for x-ray micropro
experiments are small, it is possible to consider the deve
ment of an ultrasmall displacement monochromator. This
major advantages for x-ray microprobe experiments sinc
allows the focusing optics to remain fixed while the focus
beam is cycled between white and monochromatic con
tions or scanned in energy.

The MHATT-CAT micromonochromator is designed
pass both ‘‘white’’ beams, and monochromatic bea
through the same exit slit. The monochromatic beam offse
;1 mm. To reduce the thermal load on the second slit,
first slit restricts the white beam both in the white and mo
modes. For a nondispersive monochromator, the beam o
O is almost exactly twice the gap,G between the crysta
faces for angles less than 20°:

O52G cosu. ~1!

Note the highest angle of operation for the micromonoch
mator is;14° with Si111. At this angle, a gap of 500mm will
result in a beam displacement of 970mm. At the lowest
angle of operation~5°! the beam displacement for the sam
500 mm gap is 996 microns. The required gap is theref
;500 mm.

FIG. 1. In a polycrystalline sample, the grains illuminated by a penetra
x-ray beam change even if the sample is rotated with negligible translat
With a real goniometer, however, there is a finite sphere of confusion w
introduces additional beam motion relative to the sample grains.
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B. Beam parallelism

Although the design illustrated in Fig. 2 ensures that
beam exits from the same vertical aperture with or witho
the monochromator, there is a small angular difference
tween the monochromatic and white beams that exit from
final aperture. The 1 mm displacement at 30 m correspo
to an angular change of 30mrad. With 200:1 vertical demag
nification this will result in a displacement of the beam
;3 mm. This vertical offset can be corrected by samp
translation or by tilting the x-ray mirror 15mrad. Tilting,
however, results in a small~;0.5%! change in the focal
length with about a 30% bluring of the x-ray beam spot.

A more elegant solution is to correct the;30 mrad dif-
ference between the white and monochromatic beams
heating the second crystal. The temperature differenceDT
required to tilt a Si~111! reflected beam 0.03 mrad depen
on the x-ray energy;DT( °C);2.9E ~keV!.

C. Beam bandpass Õbrilliance

The bandpass onto the sample and the solid angle
tended by the detector determine the number of diffract
spots detected with Laue diffraction. For a simple fac
centered-cubic~fcc! metal lattice, the reciprocal space vo
ume per reflection is about (1/2)(1/3.53)50.012 Å23. In a
geometry where an area detector at 90° to the beam is
to collect the diffraction spots, the volume of reciproc
space collected is given by (dl/l)(1/l3)(A/R2) as shown in

g
s.
h

FIG. 2. Slit and crystal geometry for the MHATT-CAT small displaceme
monochromator. In the monochromatic mode~top! the water-cooled first slit
passes an;400mm high beam onto the first water-cooled Si111 crystal. The
beam is reflected upward and then directed onto the second slit by
matched Si111 crystal. The second slit defines the vertical height at which
beam emerges from the monochromator. In the white-beam mode the
tals are translated horizontally until they no longer intercept the x-ray be
The first slit also translates with the crystals and has a 1 mmstep which
centers its aperture on the aperture of the second slit. Hence, the b
vertical position is again defined by the second slit.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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Fig. 3. HereA/R2 is the solid angle subtended by the dete
tor, l is the x-ray wavelength, anddl/l is the bandpass o
the x-ray beam. The number of reflections which can
collected for a typical fcc metal is therefore given by

N[85
dl

l

1

l3

A

R2 . ~2!

In typical experiments, a solid angle of about 0.25–1 ST
be collected;A/R2,1. Therefore, at 20 keV at most te
reflections will be collected with a 3% bandpass. We n
that at 10 keV a 20% bandpass will collect at most ei
reflections and from 6–10 keV about ten reflections can
intercepted.

Bandpass and x-ray energy can therefore be adjuste
optimize the experimental conditions. Too few reflectio
and it is difficult to index the pattern. Too many reflectio
and it is difficult to index overlapping patterns from multip
grains. High energy reflections~high indices! have narrower
Darwin widths. Low energy reflections have greater in
grated reflectivity. In addition, angular accuracy is improv
with greater distance to the detector for a given pixel s
~decreased solid angle subtended!.

The bandpass of an undulator can be controlled by
pering the undulator or by collecting off-axis radiation. F
cases where the highest brilliance monochromatic radia
is needed part of the time, it is convenient to tailor the be
bandpass by collecting on or off axis. Directly on axis, u
dulator radiation from a typeA undulator at the Advanced
Photon Source~APS! has a narrow;1% bandpass. Off axis
the spectrum is redshifted and broadened. This broade
bandpass greatly simplifies experiments such as Laue
fraction. This ability to control the incident beam spectru
has been used in the design of the microbeam monoc
mator to tailor the spectrum for highest brilliance when
monochromatic mode and for increased bandpass when
in ‘‘white-beam’’ mode for Laue diffraction. The spectr
from a typeA undulator on axis and vertically off axis by
mm is shown in Fig. 4. The design goals of the MHATT-C
microbeam monochromator are summarized in Table I.

FIG. 3. Reciprocal space volume measured is determined by the solid a
of the area detector and the energy bandpass.
Downloaded 04 Sep 2009 to 160.91.157.167. Redistribution subject to A
-

e

n

e
t
e

to
s

-

e

-

n

-

ed
if-

o-

ed

t

III. MECHANICAL DESIGN

To achieve the design goals outlined above, a rug
and mechanically stable design was adopted. The key
ments of the design are a thermally stable incident be
vertical slit, a rigid, two-crystal small-displacement mon
chromator, and a high-precision beam defining the vert
exit slit ~Fig. 5!.

A. Entrance and exit slits

The entrance and exit slits are fabricated from precis
machined Cu blades mounted on a rigid frame which rota
through a flex pivot™ support.10 The angle of the blades i
controlled by a nanomover™ stepping motor driven line
actuator produced by Mellos Griot.11 The flex pivot axis is at
15° with respect to the beam axis so the x-ray beam is sp
along the vertical slit to reduce local heating. Experience
shown that this design is very stable, although in future
signs, the blades will include both Cu masks for therm
reasons and W blades to reduce the harmonic radia
which passes through the monochromator system.

gle

FIG. 4. UndulatorA spectrum through a 0.1 mm wide by 0.3 mm hig
aperture at 30 m from the source withK51.4. The spectrum is shown on
axis and vertically off axis by 1 mm.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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TABLE I. Design goals for the MHATT-Cat microdiffraction monochromator.

Desirable microbeam monochromator property Goal Measured

Bandpass for monochromatic 0.02% 0.02%
Bandpass for ‘‘white beam conditions’’ .5% .5%
Energy range 8–22 keV 8–22 keV
Energy accuracy ,2 eV at 20 keV ,2 eV from 8–21 20 keV
Mono/white beam displacement negligible ,0.5 mm 14–22 keV
Mono/white beam parallelism negligible negligible~,5 mrad!
Hysterisis during energy scans and when cycling
between white and monochromatic conditions

negligible negligible~,0.1 eV!

Switching time between mono and white beams ,1 s ,3 s
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Both front and rear slits can be water cooled, although
date it has not been necessary to cool the second slit
The first slit includes a 1 mmstep which corresponds to th
1 mm offset of the beam when cycling between polych
matic and monochromatic operations. A schematic of
beam conditions relative to the monochromator and slits
various conditions is shown in Fig. 2.

B. Crystal monochromator assembly

The two-crystal x-ray monochromator also is based
flex pivot™ rotations. A rectangular cage is used to hold
first and second crystal subassemblies. These assemblie
designed to allow for a chi~roll! tilt of the first crystal and
for a du ~pitch! tilt of the second crystal. The overall cag
assembly is also driven by a nanomover™ actuator whic
coupled to the crystal cage through a linear ball bearing s
and two flex pivots.

The monochromator components are housed in an u
high vacuum stainless steel chamber. The entire chamb
supported on parallel linear bearings with a stepping mo
driven lead screw to laterally translate the monochroma
crystals into or out of the incident beam. Vacuum forc
acting on the actuators through bellows feedthroughs

FIG. 5. Micromonochromator box showing the actuator for the monoch
mator crystal cage and the actuator for the entrance slit. The entire
assembly is on linear bearings so it can be moved into and out of the b
p 2009 to 160.91.157.167. Redistribution subject to A
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counteracted by simple springs. A picture of the assemb
microbeam monochromator with the main access flange
moved is shown in Fig. 6.

IV. MONOCHROMATOR PERFORMANCE

A. Absolute energy calibration

The monochromator absolute energy scale and res
tion was calibrated by measuring the near edge structur
standard metal foil samples. The energy passed by the m
chromator depends on the angle of the crystals with res
to the incident beam. The crystal angle is driven throu
a sine bar mechanism with a theoretical energy/motor s
response given by

E~keV!51.976R/~x1x0!. ~3!

Here x is the position of the precision translator,x0 is an
offset, andR is the length of the sine bar lever arm. Th
offset x0 was determined from the measured position of
Mo edge.

Near edge absorption edges of Cu, Mo, Sr, and Rh w
measured and compared to the literature edge values.
absolute calibrationof the monochromator was found to b
better than60.5 eV over the 8–22 keV nominal range of th
monochromator.

-
ox
m.
FIG. 6. View of the MHATT-CAT microdiffraction monochromator as see
through the main access flange.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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2005Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 Small-displacement monochromator
FIG. 7. Three scans of the Mo edge showing no measurable hysterisis
the monochromator was driven61 keV from the edge.

FIG. 8. Displacement of the monochromatic focal spot from the white be
focus as a function of x-ray energy.

FIG. 9. CuK edge showing pre-edge feature.
Downloaded 04 Sep 2009 to 160.91.157.167. Redistribution subject to A
B. Hysterisis

Monochromator reproducibility and hysterisis we
checked both over short~;61 keV! scans and over the en
tire range of the monochromator. As shown in Fig. 7, sca
of less than 1 keV show no visible hysterisis. Scans of;10
keV show;0.5 eV backlash. Note the steps in the Mo ed
scan are believed to be the result of roundoff errors in
control software and do not appear below;15 keV.

C. Warm-up time

Because of the small thermal mass of the monoch
mator crystals and because of the small power load~of order
1–4 W!, there was no observable warm-up time for the
strument after beam turn on or after the monochromator
inserted into the beam. Warm up was checked by measu
the Mo edge immediately after insertion of the monoch
mator and 1 h after insertion of the monochromator. No o
servable displacement of the edge position was detected

D. Beam displacement

The beam displacement was checked by measuring
position of a standard gold wire with monochomatic a
with polychromatic beams. As shown in Fig. 8, both t
vertical and horizontal focal spot positions with the tw
beams are within the focal spot resolution.

E. Energy resolution

The energy resolution of the monochromator was infe
from the Cu near-edge spectra. The shape of the near-
feature in Fig. 9 indicates an energy resolution of;2 eV or
better at 9 keV. This is near the theoretical Darwin wid
limited resolution of the Si111 monochromator crystals.

V. DISCUSSION

An x-ray monchromator has been fabricated with pro
erties optimized for x-ray microdiffraction experiments at
third generation synchrotron source. The monochromator
demonstrated outstanding mechanical and thermal stab
and provides an absolute calibration for the incident x-
energy on a sample. No measurable hysterisis is observe
scans of61 keV. The simple, yet rugged, design based
flex pivots and a water-cooled first crystal appears to b
good choice for the microdiffraction experiments envision
with this instrument.
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