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X-ray monochromator system for use with

synchrotron radiation sources

J. A. Golovchenko, R. A. Levesque, and P. L. Cowan®

Bell Laboratories, Murray Hill, New Jersey 07974

(Received 18 September 1980; accepted for publication 4 January 1981)

A double crystal x-ray monochromator system has been developed for use on synchrotron
radiation sources. The system consists of two separate Bragg reflecting crystals constrained by a
mechanical linkage system enabling it to tune continuously in x-ray energy, always maintaining
an exit beam of constant offset and direction relative to the incident beam. Accurate parallelism
between the two crystals is maintained by a piezoelectrically-controlled analog feedback circuit.

PACS numbers: 07.85. +n

INTRODUCTION

In recent years a great interest has developed in the
use of synchrotron radiation from high-energy electron
storage rings for atomic and solid state physics inves-
tigations. In the x-ray region of the electromagnetic
spectrum the synchrotron radiation source offers high
brightness in an essentially white spectrum with attrac-
tive polarization properties. These features coupled with
a suitable monochromator scheme and beam optics
provide experimentalists with a powerful new tool to
probe matter.!

Monochromators covering the energy range from a
few kilovolts and up generally use single crystals of
silicon or germanium as energy dispersive elements.
The actual energy band pass of such a crystal is usually
determined by combining Braggs’ law of crystal reflec-
tion with the angular divergence of the beam emerging
from the synchrotron. After a preliminary Bragg re-
flection selects an energy of interest, the beam is often
redirected into its original direction by a second reflec-
tion off the same crystal planes on a second crystal.
This keeps the position of the selected beam at a point
several meters from the monochromator from varying
wildly as the beam energy is changed. It also keeps the
unwanted diffusely scattered x rays from the first crystal
from entering the experimental region. Constraints on
the parallelism of the first and second crystals in this
mode of operation is determined by the angular emit-
tance and acceptance of the crystals used. Values of
the order of one—-twenty arcseconds are typical.

To meet this constraint the first and second crystals
may actually be part of the same crystal, i.e., a groove is
“‘milled”’ in a piece of silicon with one side of the groove
serving as the first crystal and the other as the second.
The planes of these crystals are-parallel by virtue of the
uncut crystalline material connecting them.

Although this and related schemes’-> have been used
successfully at synchrotron sources, we have been
motivated for several reasons to consider another ap-
proach to this problem. Our design objectives were the
following: (1) To devise a scheme where each crystal
element could be changed easily by the experimenter.
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For example separate first and second crystals of differ-
ent materials, atomic planes, and asymmetries could be
picked by the user to suit his needs. This approach elimi-
nates the requirement of elaborate crystal sculptures for
different kinds of experiments. It allows for fine tuning
of the relative angle between first and second crystal for
harmonic rejection purposes or to eliminate detuning due
to first crystal thermal loading (a problem anticipated
in the new generation of synchrotron sources to appear
shortly). (2) To obtain not only a constant output direc-
tion, but also a constant beam position (or offset) as the
energy is varied. This position was envisioned being of
the order of 15-100 cm displaced from the plane of the
synchrotron electron orbit to provide isolation of
adjacent experimental ports and expanded possibilities
for new experimental ports in the vertical direction.
The obvious advantage of constant beam height during
energy scanning experiments is also desirable, particu-
larly when large vertical beam displacements are re-
quired. (3) To make the central ray of the selected beam
impinge at the same point on all monochromator crystals
independently of the chosen energy. This feature makes
the requirements on monochromator crystal size in-
dependent of monochromator size. Extended energy
tuning, even with relatively small crystals, can then be
envisioned without changing performance due to crystal
inhomogeneities or bending. The range of suitable
crystals for monochromator use should be extended as
a result.

The above design objectives have been met by devis-
ing and constructing: (1) a basic mechanical linkage
capable of keeping the two crystals parallel within
~30 arcseconds over an extended energy range with a
constant 6 in. offset in beam height. (2) A *‘corrector’’
assembly containing a piezoelectric element, which
when driven by appropriate electronics reduces angular
errors in crystal parallelism of up to 100 arcseconds
to tolerable values (<1 arcsec). (The crystals mount on
the ‘‘corrector’’ and the corrector mounts on the link-
age). (3) An electronic feedback system that samples
the output beam intensity senses angular drifts out of
parallelism between the two crystals, and provides elec-
tric drive to the corrector to eliminate it.
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F16. 1. Geometrical construction il-
lustrating sliding and rotating motion

of rigid right angle. Incoming and out-
going beam heights are indicated.
Crystal positions will ultimately be
at positions ‘‘a’’ and **b.”’

output
beam

. THE MECHANICAL LINKAGE

To see the basic principle upon which the mono-
chromator works imagine a rigid right angle made up
of bars YX and YZ (Fig. 1). We shall require that the
position of this right angle in space satisfies the following
constraints. (1) The apex of the right angle must always
have a vertical height exactly halfway between the height
of the beam incident on the monochromator and the
desired output beam height. (2) The bar YX must always
pass through some fixed position ‘‘ea’’ at the incident
beam height. Thus for any given position of the apex
Y along the midline MN, the rigid right angle must rotate
about its apex Y in order that the length YX intercept
the fixed point ‘‘a’’ at the beam height. A second pos-

incident beam
, —_— —

sible position for the right angle consistent with the
above mentioned constraints is indicated by X'Y'Z’.
This sliding and rotating motion of the right angle is the
heart of our monochromator and we shall see that it
acts as mechanical analogue computer generating proper
crystal angles and displacements for our double crystal
monochromator.

Next let the first crystal of the monochromator be
constrained to be at position ‘‘a’’ with the normal to the
reflecting planes ‘‘n’’ required to be along direction XY
(see Fig. 2). Depending on the planar spacing and angle
of incidence 6 an energy will be selected by Braggs’
Law and this beam will be deflected by 26 at ‘“‘a.”
Clearly different positions of the apex Y along MN will
yield different values of 6 and thus of selected energy.

FiG. 2. Geometrical proof of

N monochromator action. Heavy
solid lines at “‘q’’ and “‘b"’ show
location of crystals.
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FiG. 3. Summary of motions required
for operation of linkage. Bearing posi-
tions for a low-energy setting are drawn
in solid and those for a higher energy set-
ting are dashed.

It is now possible to prove that regardless of the
horizontal position of Y, i.e., regardless of the energy
chosen, the beam reflected from ‘‘a’’ will always inter-
cept the bar YZ at the desired beam height. That is, the
reflected beam, the bar YZ and the line PQ will all inter-
cept one another at a point. We call this point ‘6" in
the figures. To prove this assertion one may extend the
line ZY to intercept the incident beam height at point c.
The equality of incidence and reflection angles from the
first crystal coupled with the congruence of triangles
Yac and Yab yields the desired result.

So finally if the second crystal is mounted so as always
to (1) be at a position ‘6" (it will always intercept the
beam selected by the first crystal), and (2) have its re-
flecting plane parallel to YZ (so that it will also be parallel
to the planes of the first crystal), then the output beam
be deflected along PQ regardless of the energy chosen
(regardless of the position of Y along MN).

It is perhaps worthwhile to summarize the required

incident beam __

ROTARY

LINEAR

LINEAR ON ROTARY

ROTARY ON LINEAR

COMBINATION

motions for the mechanical linkage to work properly.
This is done graphically in Fig. 3 where two possible
settings of the linkage are shown, the one with right
angle XYZ corresponding to choice of a lower energy,
and X'Y’Z’ to a higher energy x-ray beam. In changing
energy the rigid bar YX must slide through and rotate
about point “‘a.”’ The linear bearing through which YX
slides must therefore be mounted on a rotary bearing
whose axis is at ‘“‘a’’ perpendicular to the plane of the
figure. The first crystal is mounted directly over the
linear bearing at “‘a”’ and perpendicular to YX.
Another compound linear slide and rotary motion
allows the apex Y to translate along rigid rod AN . This
rod lies halfway between the incident beam height and
the exit beam height. The latter coincides with the rigid
bar PQ on which the final bearing package slides.
This combination contains two linear slide bearings
joined by a rotary bearing. The second crystal mounts
above the slide through which YZ passes and is oriented

FiG. 4. Modification of rigid right
angle location. M

output beam
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FiG. 5.

parallel to YZ. (Figure 2 shows the orientation of
crystals which are omitted from Fig. 3 for clarity in
bearing illustration).

For reasons of convenience in construction we de-
cided not to have the sliding right angle pass through
the positions occupied by the crystals. Figure 4 shows
how this can be accomplished without the right angle
X'Y'Z’ actually being realized by physical members.
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Realization of linkage in successive stages of assembly using air bearings.

The rectangular plates at the crystal position accom-
modate the corrector assembly to be described shortly.

il. MECHANICAL REALIZATION

The mechanical aspects of the monochromator were
first studied using an inexpensive ‘‘mockup’’ based on
ball bearings and Thompson circulating ball linear bear-

X-ray monochromator 512

Downloaded 15 Dec 2005 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Corrector

® © © ey
o o
o (-]
-
@ T ~\\,_. e
F1G. 5. (Continued)

ings. After some experimenting a design based totally
on air bearings was constructed and tested.

Figures 5(a), (b), and (c) show the monochromator
in successive stages of assembly. The first crystal
air bearing assembly is indicated by ‘“‘A’’ in Fig. 5(a).
This element consists of a stationary % in. central
steel rod serving as an axle for the surrounding air
bushing (Dover L.B-7) and pillow block enclosure which
together are free to rotate as shown by the arrow. Mo-
tion perpendicular to the page is constrained by end-
caps also working on the air bearing principle which
results in the first element actually being an air thrust
bearing.

The bearing package ‘“‘B’’ in Fig. 5(a) consists of
another 3 in. axle whose axis lies perpendicular to
the plane of the figure, but in contrast to the similar
piece at ‘‘A”’ it is here mounted on the pillow block
containing another air bushing that is free to translate
horizontally on another steel rod. This motion is indi-
cated by the straight arrows on the upper horizontal
steel rod in the figure. Finishing up this element is
another air bushing and pillow block assembly free to
rotate about the axis perpendicular to the figure (curved
arrows). Motion perpendicular to the page is con-
strained as at “‘A.”’

The second crystal air bearing assembly is labeled
“C’” in Fig. 5(a). A large linear bearing package
translates this assembly in the horizontal. It consists of
a 24 in. long 2% X 1% in. ground rectangular shaft
on which a mated air bearing (Dover #400B) slides as
indicated by the horizontal arrows on the rectangular
shaft. The energy selected from the synchrotron beam

513 Rev. Sci. Instrum., Vol. 52, No. 4, April 1981

is determined ultimately by the horizontal position of
this bearing. Energy control is therefore obtained
through a lead-screw drive assembly shown at the
bottom of Fig. 5(a). A rotary thrust bearing assembly
(Dover Model 250) allows the final rotary motion, about
an axis perpendicular to the figure, required by our
linkage. This degree of freedom is again indicated by a
curved arrow.

The next level of assembly is indicated in Fig. 5(b).
Here the right angle member and its associated linear
bearings (shown dotted) are shown mounted to the thrust
bearing and pillow block assemblies previously de-
scribed. The linear bearings at ‘“‘D’’ and “E”’ in the
figure are air bearings (Dover LB7) whose pillow blocks
are mounted on plates that rotate about the first and
second crystal positions by virtue of the rigid connec-
tions to the thrust bearings at those positions. The
% in. centerless ground rods that make up the physical
right angle are rigidly connected together on a plate that
rotates about the virtual right angle apex of Figs. 1, 2,
and 3. The now coupled rotary motions of all three of
the above described plates are indicated by the curved
arrows in Fig. 5(b).

The final level of assembly is indicated in Fig. 5(c).
Here two new assemblies, which we call the correctors
and which house the diffracting crystals, are shown
mounted on the plates. The crystals are attached to the
correctors over the positions indicated in Fig. 4. The
final difference in height of the two crystals, and
therefore the difference in height between incident and
monochromated beams, was 6 in. in our design. This
completes the mechanical realization of our linkage. The
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FiG. 6. Corrector assembly. Crystal is mounted on electronically controlled piezocrystal drive which in turn is mounted on a small goniometer
stage controlled by a tilt adjust screw and a differential micrometer screw.

role of the corrector assembly is elaborated in the
next section.

ll. THE CORRECTOR ASSEMBLY

Preliminary adjustment of crystal angles and the ul-
timate fine angle feedback control of crystal parallelism
requires an additional mechanical assembly we have
dubbed the ‘*corrector.”” The first job of the corrector is
to allow the normal to the diffracting crystal planes
to be made parallel to the bars YX and YZ. Crystals can
be cut and polished accurately to the order of a few
tenths of a degree. This sets the scale for the range of
angular correction anticipated in initial 2lignment. Due
to the small angular emittance of the synchrotron
source the alignment of the crystals through the axis
perpendicular to the plane of the figures, the 6 correc-
tion, is the most critical adjustment. The second adjust-
ment is a tilt that rotates the crystal normal in and
out of the plane of the previous figures. Figure 6 shows
a drawing of the corrector assembly [see also Fig. 5(c)].
Since required angular adjustment range is minimal,
Bendix flex pivots (torsion bearings) have been used for
the bearings supplying the 6 corrections. The angle is
adjusted by a differential micrometer screw (Klinger
Model #385-034) on a tangent arm of 3 c¢m. These
micrometers can be controlled by dc motors and yield
an angular range of ~1°. In series with this is a fine
electronically-controlled motion driven by a piezoelec-
tric adjuster (Burleigh PZT 40) capable of 120 arcsec

514 Rev. Sci. Instrum., Vol. 52, No. 4, April 1981

of angular control. The crystals mount directly on the
PZT pusher in interchangeable mounts.

The second angular degree of freedom in the corrector
is controlled by thumb screw adjustments on ball kine-
matic mounts (see Fig. 5).

IV. FEEDBACK ELECTRONICS

A block diagram of the electronic feedback system
integrated with the mechanical piezo controller is shown
in Fig. 7. A high voltage operational amplifier capable
of 0—-1000 V output high slew rate and programability
(Burleigh PZ 90) directly drives the piezoelectric ele-
ment. This drive signal contains a dc bias (0—1000 V)
that sets the mean angle of the second crystal and a
modulation signal at 100 Hz and approximately 0.1-1 V
peak to peak that results in a small ac component in
x-ray output signal. The output beam passes through a
transmission ionization chamber whose signal is ampli-
fied by a (Keithly 427) current amplifier with a gain in
the neighborhood of 10* V/A and frequency response
commensurate with the ac probe content of the signal.
The voltage output from this stage drives a (P.A.R. Model
124) lock-in amplifier. This lock-in amplifier is referenced
to a sine wave oscillator at 100 Hz (Hp Model 3310-B)
that also provides the angle modulation signal to the high
voltage operational amplifier previously described. The
phase sensitive dc output of the lock in then directly
drives the operational amplifier input to adjust the mean
angle for minimum 100 Hz content in the output x-ray

X-ray monochromator 514
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beam. That is, the feedback stabilized system stays at
the point of zero first derivatives on the top of the double
crystal reflection curve. We note here that it is possible
to adjust a feedback system of this type to sit on the side
of the reflection curve for improved harmonic suppres-
sion. This modification of our apparatus will be discussed
elsewhere.

V. MONOCHROMATOR ALIGNMENT AND
OPERATION

The assembled monochromator was mounted on a
steel table with adjustable height and level controls. For
first and second crystals, silicon was chosen with 220
reflecting planes approximately parallel to the surface.
The reflecting surface area was 4 cm?® and crystal thick-
ness was 5 mm. The surface was Syton polished to pro-
vide an optical mirror surface. Preliminary alignment was
performed with a HeNe alignment laser simulating the
synchrotron beam. An arbitrary energy position was
selected on the monochromator and the ‘6’ motion
on the first crystal corrector is adjusted so the reflected
light beam impinges on the second crystal at its center.
The laser beam was then made to enter the monochroma-
tor from the exit beam side onto the second crystal.
The ‘‘6’’ correction on this crystal was then adjusted
to make the reflected beam strike the first crystal at its
center. During these two previous adjustments the cor-
rector tilt controls would also be set so crystals are
approximately parallel. Proper alignment at this stage al-
lowed us to pressurize the monochromator air bearings
and scan without feedback through the energy range of
the instrument with laser beam direction changing less
than or of order 30 arcseconds. This completed the pre-
liminary alignment and testing.

Unfortunately it is not possible to guarantee exacting
parallelism between the polished surface and crystal
planes so a secondary alignment must now be done with

515 Rev. Scl. Instrum., Vol. 52, No. 4, April 1981

the synchrotron beam. This was accomplished most
easily by the following procedure. Again at an arbitrary
energy a beam was reflected from the first crystal and a
photograph of its position on the second crystal was
taken. The first crystal corrector was adjusted to position
the reflected beam at the center of the second crystal. A
detector (Nal scintillator) and phototube were then
placed at the monochromator output slit and the second
crystal corrector ‘9’ motion was scanned for the second
reflection. After finding the reflection a transmission ion
chamber replaced the Nal counter and a preliminary
scan of the rocking curve was taken by scanning the
second crystal piezo drive. At this point the expected
natural rocking curve width was observed. The feedback
electronics was then actuated and the system was
scanned in energy from 4'-17 keV. This was ac-
complished by connecting a small dc motor with
appropriate gear reduction to the lead screw assembly
described in connection with Fig. 5(a). For energy

MONOCHROMATOR CALIBRATION CURVE
357

301

[N
Q

E(kevixd,,, (A)
N
o

Q

FiG. 8. Monochromator calibration curve.
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readout a Heidenhain Posecon linear position readout
system with an accuracy of 0.5 mils over 18 inches was
also connected to the lead screw. From the change in dc
output of the high voltage piezo driver op amp with scan
energy, it was also clear that a maximum of approximately
30 arcseconds of corrective angular adjustment was
being supplied by the feedback system. This is consistent
with the expected needs deduced from the aforemen-
tioned laser beam measurements. The feedback system
worked well over the entire energy range with a 100 Hz
component of ~0.1%- 1% of the total x-ray signal which
was approximately 1 V at the output of the current
amplifier. Typical values of closed loop gain were
10—100 and closed loop time constant were ~0.1 s.

Figure 8 shows a calibration curve enabling conver-
sion of the linear position readout to x-ray energy in keV
based on the formula

Edy = 1 6.15 . (D

sin(; tan"D/x)

P

Here E is the beam energy in keV, D, is the Miller plane
spacing in Angstroms for the diffracting crystals, D is the
offset in beam height designed into the monochromator,
and y is the linear position readout of the second crystal.
The origin for x is the position where the second crystal
lies directly below the first crystal. It is seen from Fig. 8
that Ed;,,, vs x/D becomes linear towards high energy.
At high energy with a Si(220) diffracting crystal the
energy dispersion of our design (L = 6 in.) is about 1
eV/0.001 in. in .

VI. FINAL COMMENTS

There are several possible ways the design of the pres-
ent monochromator may be modified. A more compact
instrument would result by diminishing the value of D.
Higher energies can be achieved by simply extending
the right angle bar that passes through the second crystal
and either extending or just moving the second crystal
horizontal slide further out.

For many experiments, control over harmonic content

516 Rev. Sci. Instrum., Vol. 52, No. 4, April 1981

in the output beam is essential. Several methods are
available to reduce the harmonics. Total external re-
flection x-ray mirrors can be conveniently used either
before or after the monochromator with incidence angles
chosen so the harmonic beams lie above their critical
angles. The absence of output beam height variation
with energy allows the possibility of even having such
harmonic suppression capability downstream at the ex-
periments. On the other hand the piezoelectric feedback
system previously described can be modified to stabilize
on the side of a rocking curve where harmonic content
is reduced. This can be accomplished by stabilizing on
second derivative signals at twice the piezo driving
frequency.

When an absorption or scattering in the monochroma-
tor presents a problem, the air bearings may be driven
by compressed helium in a closed system. For operation
at very low energies the monochromator must operate
in a vacuum beam line. The air-bearing realization of
our mechanism is then unsatisfactory and we are cur-
rently looking for an alternative approach to solve this
problem.

The monochromator described in this article has been
aligned and tested at the Cornell High Energy Synchro-
tron Source at Cornell University, where it currently
resides. It has been used in Compton scattering, x-ray
topography, x-ray interferometry, and standing wave
experiments with success.
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