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Monochromator-induced glitches n the extended X-ray absorption fine structure (EXAFS) are studied using a pinhole sample.
We have collected more detailed beam-profile data that enabled us to do a better simulation of the glitch shape. Applying the
model we developed earlier, we obtain excellent agreement between the simulation and the experimental pinhole glitch. We point
out that the EXAFS glitch is not caused by the crystal glitch alone, but is induced by the vertical movement of the glitch in space
across the beam, as the energy is changed when the sample is non-uniform. Several methods have been suggested to minimize the
glitch amplitude. Here we note that glitches can be reduced using two double-monochromators or a pair of strip array detectors for

the incident and transmitted beams.

1. Introduction

The extended X-ray absorption fine structure (EX-
AFS) technique is a powerful tool for the study of local
structure. In this technique, the absorption of X-rays is
measured accurately as a function of energy, using a
double crystal monochromator to achieve high energy
resolution. The absorption coefficient is obtained from
the ratio, R(E), of the transmitted flux through the
sample to the incident flux. However, the EXAFS data
can be limited by the presence of spikes in the data,
which we refer to as “EXAFS glitches”, which are
intrinsic to data collected using a double crystal
monochromator in the non-dispersive mode. Crystal
glitches are well known [1,2] and arise when two or
more sets of Bragg planes in the monochromator crys-
tal can simultaneously diffract X-rays at the same
energy. This only happens at discrete energies (i.e. at
particular angles of the monochromator crystal) and
over a small range in energy. For this small energy
range there is a decrease (sometimes an increase) in
the diffracted intensity. For a synchrotron source, the
energy of the monochromator output beam varies ver-
tically because of the small change in incidence angle.
Consequently, there is a dip in the beam profile at a
position corresponding to the energy of a multiple
Bragg diffraction. As the monochromator is rotated to
increase the energy, this dip moves across the output
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beam profile. A measurement of the vertical spatial
variation of the flux within a pair of slits (typically 1
mm high), shows a strong change in the spatial distri-
bution with energy as the dip passes across the slit.
This nonuniformity in the beam across a slit will couple
to vertical nonuniformities in the sample leading to an
EXAFS glitch that does not ratio out in R(E). We
have developed a model [3] to understand the forma-
tion of such glitches in EXAFS spectra which can
occur even when there are no harmonics present and
the detectors are very linear. In a second paper [4] we
have tested this model for a sample that is tapered in
the vertical direction. In this paper we consider the
case of a pinhole and compare the experimental pin-
hole glitch with that calculated from our model. The
agreement is excellent. For additional references to
earlier work on EXAFS glitches and crystal glitches
refer to refs. [3,4]. We emphasize that we are not
addressing the origin of the crystal glitches [1,2]; they
are well studied and intrinsic to the double crystal
monochromator. Rather we address the question -
why are glitches present in EXAFS data when simple
arguments suggest that intensity variations should com-
pletely ratio out.

2. Vertical beam profiles

The experiments were carried out at SSRL on
beamline 4-1 using Si(111) crystals (set 8) in the up-
ward reflecting mode. The monochromator entrance
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slit was opened vertically to 6 mm and the detector slit
(also called the exit slit) for the ionization chamber was
set at 0.15 mm high by 7 mm wide. The beam profiles
were recorded using energy scans from 9800 eV to
9950 eV (with 0.5 eV step) for various positions of the
exit slit. The exit slit, mounted on the table, was moved
vertically over a range of ~5 mm in steps of 0.2 mm.
The intensities were corrected for changes in beam
current. The entire incident beam profile as a function
of average photon energy and vertical table position [5]
is shown in Fig. 1a. Two large glitches, near 9840 eV
and 9920 eV, are very prominent, while five smaller
glitches, at intermediate energies, are clearly visible.
More details, in the vicinity of the glitch at 9932 eV,
are shown in Fig. 1b. The crystal glitch appears as a
smooth dip that moves across the beam profile. The
shape of the dip does not change but its vertical
position shifts with energy (see Fig. 1b). There are also
other small intensity variations across the beam which
we do not address at this time.

The shift of the glitch with energy and with the
table position is significant, as can be seen clearly in
Fig. 2. Here the intensity of each scan has been nor-
malized to 1 at 9800 ¢V and the scans are uniformly
displaced vertically, for various table positions from
97.7 mm to 102.5 mm (table step between scans = 0.2
mm). The shifts of the glitches with table position are
indicated by the dotted lines, which actually have the
same energy and will be explained in the next para-
graph; the shift is linear with vertical position, with a

slope of about 2.4 eV /mm. The shift of the glitch with
table position and energy creates significant spatial
variations in the intensity of the beam across a slit. To
see these changes more clearly, we have plotted in Fig.
3, the relative intensity (the intensity of a profile minus
that at 9820 ¢V) as a function of the table position.
The relative intensities are vertically displaced for vari-
ous photon energies; here the energy step between
profiles is 1.0 eV. In most of the region, the relative
profile is quite flat. However, near a crystal glitch
region, especially for the two large glitches (9840 eV
and 9920 eV), the relative intensity changes rapidly
with energy and table position. For example, in Fig. 3
at a table height of 100.2 mm, the slope of the intensity
variation changes from zero, to positive, to zero, to
negative and finally back to zero, as the energy is
increased from 9830 eV to 9860 eV.

We note that the shift of the intensity dip across the
beam profile as the energy is changed (as shown clearly
in Fig. 2), is in a sense, not real [6,7]. The energy, E,
selected by the monochromator crystals is given by
Bragg’s law,

12.4

2d(A)sin 6 = Eev)” 1)

Here d is the lattice spacing between the diffracting
planes, and 6 is the angle between the incident beam
and these planes. For real beamlines, the incident
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Fig. 1. Incident beam intensity from the monochromator as a function of photon energy and vertical table position. The vertical

monochromator entrance slit is 6 mm and the vertical exit slit is 0.15 mm. The beam profiles were recorded using energy scans with

0.5 eV steps at various table positions. The table was moved vertically over a range of ~5 mm with a 0.2 mm step. The entire

profile is shown in (a) with a 1.5 eV step in energy and a 0.2 mm step in table position. A close-up view near a glitch region is
shown in (b) with a 0.5 eV step in energy and a 0.2 mm step in table position.
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Fig. 2. Normalized incident beam intensity from the
monochromator as a function of photon energy. The scans are
vertically displaced for various table positions from 97.7 mm
to 102.5 mm for a 0.2 mm step. The intensity of each scan has
been normalized to 1 at 9800 eV. The dotted straight lines
indicate the shifts of the glitch features which actually have
the same energy. The slopes of the dotted lines are about 2.4
eV/mm. Thus for a fixed monochromator angle, the energy
shift with the table position 1s —2.4 eV /mm.

radiation is not perfectly parallel. Instead, the incident
beam has a small angular variation A8 which will cause
a variation of AE about the average energy given by

AE= —F cot 0A8. (2)

In our measurements, d = 3.136 A, E =99 keV, and
A8 =a/L [5] (for an upward reflecting monochroma-
tor). Here L =20 m is the distance from the light
source to the /;, detector (19.54 m to the monochroma-
tor and 0.5 m between the monochromator and the I,
detector), and a is the height of the exit slit opening.
With these parameters, we calculate the energy shift
rate with vertical position y to be (AE/a)= —2.4
eV/mm, identical to the measured value, —2.4
eV /mm, obtained from Fig 2. Thus the apparent shift
of the dip across the beam profile is really a conse-
quence of the energy variation across the beam. Since
double monochromators are usually used in either the
upward or downward reflecting mode, the crystal
glitches observed in experimental beam profiles will
only move vertically, but not horizontally as the aver-
age energy is changed.

3. Theory

In transmission EXAFS measurements, the X-ray
flux is measured before and after passing through a
sample. The incident flux is called I,(E) and the
transmitted flux is 7,(E). If we define the ratio

R(E) =1(E)/I(E), (3)
then the absorptance, pt, of a material is given by
w(EYt= —In R(E). (4)

Here w(E) is the absorption coefficient at photon
energy E, and ¢ is the thickness of the sample. For real
situations, the thickness ¢ and the fluxes [, (E) and
I,(E) may vary with vertical position, y. Therefore, the
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Fig. 3. The incident beam intensity distribution function rela-

tive to the profile taken at E = 9820 eV, as a function of the

vertical table position. The relative intensities are vertically
displaced for various photon energy with a 1.0 eV step.
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measured fluxes are given by the following spatial
averages:

WEY= [ F(r. By ay, )

/2 _
11(E)=f_” /2F(y, E) e HEW gy, (6)

Here, F(y, E) is the distribution function of the inci-
dent beam and the open detector slit is the region
defined by —a/2 <y <a/2 (total slit height =a). If
the intensity of the beam is uniform with y, then

In R(E) =1In Rb(E)=ln[ a2 e‘”(E”‘Y)dy}
—a/2

= _”‘(E)tetf’ (7)

where ¢ is the effective thickness of the sample for
absorption and R, is the average background value of
R when no glitch is present. We define the amplitude
of the glitch, 4,(E), by the following equation (this is
slightly different from the definition used in our previ-
ous paper [4]):

A,(E)=[R(E) —Ry(E)]/Ry(E)

= AR(E)/Ry(E). )
With this definition, the glitch intensity is directly
related to the fluctuations in absorptance due to the

coupling of the inhomogeneity of the sample and the
beam,

Ap(E)t = —In[ R(E)/Ry(E)]
—In(1+AR(E)/R(E))
~AR(E)/Ry(E). ©)
For most typical cases, |AR(E)/R(E)| < 1. The
above model can be easily tested in some simple cases.
As a first order approximation, we will assume that the

intensity of the incident beam is a linear function of
the vertical position y,

F(y, Ey=1(EY(1+a(E)y)/a. (10)

In our previous paper [4], we have tested the model for
linearly tapered samples with thickness variation given
by:

t(y)=to(1+By). (11)

In that case,

It

_a(E)
AE) = n(E)tB
" {1 B ,U«(E;toﬁa Cth( ,U«(E;toﬁa )]
=~ —a(E)a*u(E)t,8/12. (12)

In this paper, we will test the model for a pinhole
sample (with a long horizontal slit),

0 y,—b/2<y<b/2+y,,

t, otherwise.

f(Y)={ (13)

Using Egs. (5)—(9) we obtain the following result for

A,(E) for the pinhole sample:

a(E)yp(l _ cAu(E)tu)b
(a—b)e MENotp

A(E) = ca(E)y,  (14)
Here, y, is the pinhole position relative to the center
of the detector slit (| y,| is <a/2) and b is the height
of the pinhole (b < a). Eq. (14) shows that the EXAFS
glitch from a pinhole sample changes sign when the
pinhole moves across the center of the slit ( Vo= 0) and
has the highest amplitude near the edge of the slit.
This prediction has been confirmed by experiment as
will be described in the following section.

Egs. (9), (12) and (14) clearly show that the fluctua-
tion of the experimental quantity w(E)t defined by Eq.
(4) is due to the coupling of the inhomogeneities of the
beam (described by a(E)) and the sample (described
by B for the tapered sample and y, and b for the
pinhole sample). Normally, a(E) is roughly a constant
or a slowly varying function of E, thus the coupling of
these nonuniformities will just add a small smooth
variation to the real value of u(E)t. However, if a(E)
varies dramatically with energy, for example, in the
energy region where a crystal glitch is present, a spike
will show up in the X-ray absorption data, u(FE)t.

4. Glitchs from a pinhole sample: experimental mea-
surements and model simulations

A copper foil, with an absorption length (ut) of 2.8,
was prepared with a pinhole 0.13 mm high and 15 mm
wide. The sample was mounted so that the pinhole was
parallel to the detector slit (which was 1.3 mm high and
2.5 mm wide). The data were collected in the standard
transmission mode using the same energy range and
energy step as used for the profiles. In each successive
scan, the sample was moved vertically so that the
pinhole position, measured relative to the detector slit,
was stepped from top to bottom. In addition, a trace
was collected for the uniform foil to check for other
nonlinearities of the detection system. No EXAFS
glitches were observed which indicates that detector
nonlinearities (which could couple with the beam inho-
mogeneity to produce EXAFS glitches [8]) are negligi-
ble in these experiments. We also collected data with
the detector slit displaced horizontally away from the
center of the detector by 2.0 mm to the right and to the
left, respectively. These data are essentially the same
as those collected with the slit centered on the ioniza-
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tion detectors, which means that the region of the
detectors used in these experiments is spatially uniform
and horizontal inhomogeneity is negligible.

The experimental amplitude of the glitch, Ag(E ),
was obtained using Egs. (3) and (8); here R, (E) was
approximated by a low order polynomial fit to the
ratioed data, R(E). The experimental data for A (E)
are shown in Fig. 4 by solid lines. The pinhole position
has been defined as zero at the center of the detector
slit which is at the table position of 100.2 mm. The
individual traces in Fig. 4 are linearly displaced for
different pinhole positions y, for comparison pur-
poses. We also simulated the glitchs using Egs. (3), (5),
(6), (8), (13), and the experimental profiles. The calcu-
lated results are shown in Fig. 4 as dotted lines. Both
the position and the intensity of the simulated glitches
agree very well with the experimental data, not only for
the two big glitches, but also for the five smaller ones.

When the pinhole position, y,, is moved from —0.50
mm below the center of the detector slit to 0.50 mm
above it, the glitches obtained both from the experi-
ments and from the simulations show a systematic
change: the peak to peak height of each glitch varies
from maximum to minimum and back to maximum for
this range of y, and the sign of the glitch is reversed.
These changes agree very well with the simulations
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Fig. 4. Glitch amplitude, A, (E)=AR(E)/R(E), as a func-
tion of energy for various pinhole positions relative to the
center of the exit slit. The solid lines are the experimental
data and the dotted lines are the simulated results. Traces for
different pinhole positions are linearly displaced.
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Fig. 5. Glitch amplitude, A,(E)=AR(E)/R(E), as a func-
tion of the pinhole position for four energies which are just
above and just below the central position of the two large
glitches. Note that the glitch amplitude goes to zero near
¥, =0.

obtained using Eq. (14). To examine Eq. (14) further,
we have plotted in Fig. 5 the glitch amplitude, A4,, as a
function of the pinhole position for the two largest
glitches. For each glitch we plot A4, at two energies,
one just below the center of the glitch and the other
just above it. The straight lines in Fig. 5, which are
primarily a guide to the eye, follow the experimental
points quite well. The slope of these straight lines
changes rapidly from positive to negative within 3 ~ 4
eV near the glitch region, which is consistent with the
slope change in Fig. 3b near a table position of 100.2
mm. The intersections of the straight lines with 4, =10
for 9843 eV and 9847 eV and also for 9924 ¢V and
9927 eV, occur near y, =0, the pinhole position for a
minimum glitch amplitude. We should point out that a
linear distribution function has been used for the in-
tensity of the incident beam in Eq. (14). If a quadratic
term is added to Eq. (14), the A, ~y, curve will vary
slightly from a straight line and A4, will not be zero
when y, is zero. The small remaining glitch near
¥, =0 in Fig. 4 may in part be the result of a nonlinear
spatial variation of the incident intensity.

5. Discussion and conclusion

If the intensity of the incident beam only changes
vertically (independent of energy) or only with energy
(independent of vertical position), then the crystal glitch
will not show up in the ratioed EXAFS data. The
EXAFS glitch shows up (assuming linear detectors and
the absence of higher harmonics) if and only if the
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beam intensity varies both with energy and spatial
position, and a nonuniform sample is used. However, If
the nonuniformities of the beam and sample are not
coupled, (for example, if the beam is nonuniform verti-
cally and the sample is nonuniform horizontally), the
EXAFS glitch will still not appear. In principal there is
also energy variation horizontally as a result of the
horizontal angular dispersion. For the slit size and
Bragg angle considered here these effects are more
than three orders of magnitude smaller than those
introduced by the vertical angular dispersion and hence
can be neglected. This was confirmed experimentally
using a horizontally tapered sample [4].

Egs. (12) and (14) clearly show that the EXAFS
glitch is due to a rapid change in the spatial variation
of the incident beam intensity which is parameterized
by the slope a(E). It is independent of the variation of
the average intensity, I,(E), with photon energy (see
Eq. (10)). This means that the EXAFS glitch is not
caused by the crystal glitch alone, but it is induced by
the vertical movement of the glitch in space across the
slit, as the energy is changed. This results in a signifi-
cant energy-dependent change in the spatial intensity
of the incident beam. Consequently, one way to mini-
mize the EXAFS glitch is to minimize the shift of the
crystal glitch intensity dip across the slit, i.e., minimize
the spatial variation in the X-ray energy across the slit.
Since the energy shift across the slit, (AE /Ay)a, de-
pends on the slit height a (see Egs. (1) add (2)), the
simplest way to reduce the glitch amplitude is to re-
duce the slit height, as indicated in Fig. 4. In many
EXAFS experiments, the signal-to-noise ratio is not
statistically limited; consequently, a reduced slit height
can be used with little loss in signal-to-noise. A similar
conclusion was reached earlier for the tapered sample
study [4]. Clearly, in an experiment for which the
signal-to-noise is statistically limited by the number of
photons, using a beamline with a smaller source angu-
lar divergence would be desirable since it is compatible
with the use of a narrow slit.

For many beamlines, using a narrow slit of height
0.4-0.5 mm is not efficient in the use of a synchrotron
X-ray source, as 80-90% of the flux is discarded (the
half intensity points in the profile shown in Fig. 1 are
about 4 mm apart). In transmission experiments one
can make full use of the beam and still retain the
advantage of a narrow slit (to minimize the glitch
amplitude problem) by using two vertical arrays of slit
detectors for I, and I,. Consider two vertical array
detectors with 10 slits, each 0.4 mm high. The two
detectors must be carefully oriented so that the corre-
sponding slits in the two detectors are aligned. Then
the detector array has ten independent channels, and
can collect data 5-10 times faster than a single chan-
nel. When averaging is required, which is usually the
case (except for standards), such an array detector

would greatly speed up data collection. Each channel
would have a high energy resolution and inhomo-
geneities in one part of the sample (i.e. a large pinhole)
would only show up in only one or two channels. We
are presently developing such detectors and will report
on them at a later date.

A more complicated solution for achieving higher
energy resolution across the X-ray beam makes use of
the fact that AE/Ay has a different sign for upward
and downward reflecting double monochromators.
Thus one could use two double crystal monochroma-
tors, one in the upward and the other in the downward
reflecting mode (the combination is referred to as a
dispersive mode), to minimize the total AE/Ay. Such
combinations have been used in the past ten years to
improve the energy resolution in X-ray absorption
measurements [9-12]. Our glitch study shows that there
is an added bonus in using a pair of double monochro-
mators; the intensity of glitches is greatly reduced.

Finally we point out that all the glitches change with
pin-hole position in the same way; thus if a means is
found to correct for one glitch, it should also correct
the other glitches at the same time. In our previous
paper we discussed minimizing the glitch amplitude by
collecting two traces, one with the sample inverted
about a horizontal axis. Then in a weighted sum of
these two traces, the glitches will have opposite signs,
and will nearly cancel. This can also be done in Fig. 4
by averaging two traces with a proper weight so that
the average pin-hole position equals to zero. In this
way, the amplitudes of the glitches can be reduced by
75%-95%. The above result, that all glitches vary in
essentially the same way, indicates that using two traces
as above, would minimize the glitch amplitude over an
entire EXAFS scan.
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