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We h eH)velop a new instrument combining a scanning probe microscope (SPM)

and a ay scattering platform for ambient-pressure catalysis studies. The two
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inst ent§ are integrated with a flow reactor and an ultra-high vacuum system that
a

-ﬁ
Q:émounted easily on the diffractometer at a synchrotron end station. This makes
- .
1t.p

ible to perform SPM and X-ray scattering experiments in the same instrument

w ukder identical conditions that are relevant for catalysis.
N
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Publishihg INTRODUCTION

In recent years, operando catalysis research has witnessed the development of a number of
experimental surface-science techniques for application under harsh conditions, approaching
those of industrial catalysis. Examples are X-ray photoelectron spectroscopy (XPS)!, X-

TNanning tunneling

have been developed

ray scattering techniques®?, transmission electron microscopy (

microscopy (STM)%®, and atomic force microscopy (AFM)?, ‘wihi

to investigate a wide array of relevant catalytic systems, from single-crystal model

1
catalysts to supported nanoparticles. Each of these tec a’jﬁe&cpntributes only a specific

_—
component to our understanding of heterogeneous icatalysis.““In view of the complexity

of catalytic processes, techniques have to be co@ne i _order to arrive at a sufficiently
complete description of the working mechani%a‘aatalyst. Unfortunately, combining
-

information from different techniques is notﬁ%.iiL rward since a catalyst under operating
conditions is a dynamical system that eM numerous other factors, such as reactor

}rytechnique introduces constraints that often

geometry, sample size, gas flow rates, etc.

hisgly the same environment.

make it difficult to study catalys

This paper describes the in egrgQ f
scattering platform in a gas ﬁowm combined with an ultra-high vacuum (UHV) system
that can be mounted o a‘ﬂf\%e:,ctometer. With this experimental set-up we can directly

in
i scanning probe microscope (SPM) with an X-ray
C

(=

awith real-space information obtained with the microscope.

Independently, th

derstanding surface 10713,

ructures in operando conditions Nonetheless, both techniques

possess a n Qof limitations that can be circumvented by combining the two techniques

Orfe of the Hahitations of the generally employed X-ray techniques such as surface X-ray
diffraction (é(RD) and grazing incidence small angle X-Ray scattering (GISAXS) is that
these ar% averaging techniques, i.e. they rely on the addition, coherent or incoherent, of
Tﬂ?tgls originating from a large volume of scatterers'*'>. For in situ catalysis experiments
this volume consists of a collection of nanoparticles or a large single-crystal surface area.
In the interpretation of these averaging experiments, the assumption is usually made that
the entire area illuminated by X-rays exhibits the same characteristics. This assumption,

however, is not always justified. In the case of nanoparticles, signal averaging results in a
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PubliShi'lI[g] volution of the signals originating from the individual particles. These are impossible
to disentangle without additional information. A frequently employed work-around for this
limitation is to analyze the nanoparticle ensemble before and after the catalysis experiment
with a measurement technique such as scanning electron microscopy (SEM). This way, the

size distribution of the nanoparticles can be measured accurately. %wever, because the dis-

tribution changes during the catalytic activity of the nanoparti es,)the onnection between

the X-ray data and the particle distribution can be still diffigul make.
In contrast, because STM and AFM only probe a sma afnsa ofighe catalyst, these results

. tliere is no guarantee that the

do not suffer from averaging effects. But, as mentioned.be
—~

cond lsml ation of SPM is that it only

imaged area is representative of the entire surface. A

probes the top atomic layer, while interesting phaghiomena might be occurring below. Finally,

even though STM and AFM images display clear, at@—scale features, it is challenging to
extract quantitative structural informatiO\'zctly rom the images.

The limitations of the two classes oﬂtq\was, real space and reciprocal space, can be

largely overcome by combining thei in a“single instrument. For example, for a catalyst

composed of nanoparticles the cﬂ:n

tion about their size distribution, spatial ordering, and internal structure. By gathering the

ibn will make it straightforward to obtain informa-

SPM and X-ray data in the sa mp under the same experimental conditions, one can
be certain that they re Cfb\sisely the same state of the model catalyst.
The use of SPMAechn

eg at synchrotron beamlines is well established. AFM and

£
STM are used zf compbinafion with synchrotron radiation for combined imaging and

\NS M-X-ray combination presented here, integrated with a UHV

spectroscopy 627,

chamber a gas flow reactor, enables the application of this combination of techniques

offheteregeneous catalysis.

, we describe the design and performance of the combined SPM and X-
instrument. A complete view of the set-up is presented in Figure 1. Our
désign i%based on the ReactorSXRD setup?® that has been developed previously at the
7B93\eamline of the European Synchrotron Radiation Facility (ESRF) for in situ study of
catalyst surfaces by surface X-ray diffraction®” and on the ReactorSTM” and ReactorAFM?
set-ups that have been developed earlier at Leiden University. It combines a UHV system
for sample preparation procedures with a flow reactor in which gas pressures up to 1 bar and

sample temperatures up to 1000 °C can be achieved. The SPM part of the new instrument
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Publishiisgntegrated with the flow reactor. This enables us to image catalytically active systems in

situ, in real space with the SPM, and in reciprocal space using the X-rays.

II. DESIGN

As the basis for our design, we have used the ReactorSXRD,

eb)mt has been devel-

oped previously for high-pressure, high-temperature SXRD fients on model catalysts.
This instrument satisfies all requirements for in situ X-r Mg experiments?®. Here,
we first summarize the special features of this set-up nd n diseuss its combination with
the SPM unit. For further details of the ReactorSXR de81%1 and performance, we refer to
Ref. 26. “

In short, the ReactorSXRD instrument consigts o %HV chamber and a flow reactor.
The UHV chamber is formed by a large-diam mw between two horizontal flanges. The
bottom flange is connected to the dlff er and contains a central pillar onto which

rolled manner. In this way, one can choose for a

the sample holder is mounted. Using m or drlve and a set of spindles, the top flange
can be translated up and down j \

geometry with the top ﬂange n an r'position in which the sample is fully in the UHV
environment, while an evaporat sotrrce and an ion gun are aligned with the surface; this
configuration is used for'sa preparation. With the top flange in the lower position, a
seal structure betw: nﬂple support and the top flange makes a nearly UHV-tight
separation betwe t reaytor volume and the UHV chamber. In this configuration, the

sample is surr und\N(a emispherical dome of an X-ray-transparent material. Gas tubes

, of which we independently control the composition, the pressure, and
the figw rate ower relatively large ranges.

Eqr —myS scattering experiments, we use a beryllium dome, in view of its excellent

1smis§ion for X-rays. We have developed an alternative, dedicated aluminum dome for
T'hs (am ined X-ray and SPM experiments. A miniature SPM unit has been constructed
that can operate in a chemically harsh, high-temperature, high-pressure environment. It is
mounted on top of the aluminum dome.

The geometry of the combined instrument has been kept completely modular, which

enables us to exchange components easily and switch between STM, AFM, or SXRD modes

4
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Publishinfgcperation.
In the remainder of this section, we will provide a more detailed description of the part
of the set-up that is shown in Figure 2, which contains the essential new elements, such as

the aluminum dome and the SPM part.

A. X-ray-transparent dome 3\

The dome is made by 3D printing of aluminum. T e%ckness is 1 mm, which

results in a transmission coefficient of 0.6 at 24 keV. }‘1_9‘ e thickness currently restricts

the X-ray experiments to hard X-rays with energies ahove 1%1(6 . Construction of a thinner

beryllium dome would allow one to also use lofver-energyX-rays. The SPM part of the
instrument is mounted on top of the dome an ach@ towards the sample surface along
the central axis of the dome and the sample.“The shape of the SPM part is kept as slender
as possible so that scattered X-rays ca eﬂkﬂ?t e surface without being blocked by SPM
i h%%p t to the sample surface, and over a 130°-range
of azimuthal angles. The dome s¢rves agfthc reactor and has a volume of 60 mL. The SPM
part that sticks into the dom@
B. Mechanical desé@e scanning probe microscope
£

The basic corfﬁgur ion of the SPM part of the system is the same as that of the Reac-

components up to an angle of 40° w

effective reactor volume to 40 mL.

torSTM and the ReastorAFM that have been described in detail in Refs.”?. Central to the
design is auc 'hical piezo element that is used for the X-, Y-, and Z-motion. The same
piezo elefagntdserves as the actuator of a stick-slip translation stage for the coarse approach
of thd tip or the quartz tuning fork with tip to the surface. This motion is performed by a

'hd)f that moves inside a polyetherimide (PEI) tube and is pulled against isolated

coutact &ils embedded in the inner wall of that tube, by a CoSm magnet. In this way, the
?ﬁée@rovides the required electrical connections to the tip or the tuning fork with tip. The
system is configured such, that the piezo element is not in contact with the gas atmosphere
inside the dome. Only the PEI tube with the slider and the tip or tuning fork with tip
is exposed to the dome’s atmosphere (see Figure 2). The piezo element and the wiring of

the microscope remain in a separate housing that is evacuated prior to the experiment to
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PUbliShiiﬂlg] oderate vacuum. Feedthroughs in the top of this housing connect the wiring of the
microscope to external cables that are guided away in order not to block the in- or outgoing
X-rays (indicated by red arrows in Figure 2).
The complete SPM unit including the aluminum dome has a height of 20 cm (see Figure
2). This compact SPM design naturally leads to high mechanic(’f{ resonance frequencies,
which is beneficial for making the instrument minimally sensitive to external vibrations.
Switching between STM and AFM modes is straightforward 4as erely requires replacing
the slider carrying the probe — either the tip or the qua z‘%g\fork with tip — and the
electronics that connect to the probe. - T~
The mechanical loop that determines the sensitivity of <She microscope to external vi-

brations includes the sample, the sample holder fthe holder’s supporting structure, the top

flange of the UHV chamber, the aluminum dﬁq&t‘@ase plate on which the piezo tube
is mounted, the piezo element itself, the aluminumytube, the slider and, finally, the tip or
combination of tuning fork with tip. I or&minate all flexibility in this loop, the top
flange of the UHV chamber has to ‘r‘:lkﬁ@ly lowered?S. Unfortunately, this reduces the

leak from the reactor volume to %}\E V/chamber effectively to zero, so that we cannot use

the mass spectrometer on that chamb r gas analysis simultaneously with SPM imaging.

We have solved this by attachingsan additional UHV chamber with residual gas analyzer to

the exhaust gas line of

e ctor.

In order to isolaté the ?e'hscope as much as possible from external, mechanical, and
acoustical vibratiohs, the pwhips connected to the reactor exhaust, the turbomolecular pump
of the UHV ¢ mkNd of the gas manifold are all placed outside the experimental hutch.
The roughi umps backing up the turbomolecular pump and pumping the gas flow from
the reactér exhaustare connected with 10 m long, plastic bellows via a lead mass, separating
most of the '{3 vibrations. The other pumps also have 10 m plastic bellows, but are
direct] *on&cted to the gas manifold and the connector plate.

\? “Control electronics

The microscope is controlled by SPM electronics from Leiden Probe Microscopy BV,
which features a digitally controlled fast analog scan generator and a high-bandwidth analog

feedback system for high-speed imaging. As a complicating factor, the feedback settings of


http://dx.doi.org/10.1063/1.4968804

! I P | This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record. |

Publishitigs system are controlled by several analog potentiometers, requiring direct access to the
electronics. Therefore, it was necessary to place the entire SPM control system inside the
control room, at a distance of 20 m from the microscope in the experimental hutch. One of
the consequences of this large distance is the extra capacitance of 1 nF per electrode on the

n§ . use a differential

piezo element, introduced by the long cables to the high-voltage azd{ lifiers. In STM mode,
the bias voltage is applied to the sample via the thermocouple x\[g

cable to bridge the 20 m to a separate amplifier, close to thediffsaétometer. This amplifier
is designed to reject the common noise on the differential XMK

53 , Wwhich results in a low-noise
ires eliminates the possibility of

bias voltage on the sample. The use of the thermocouple
measuring the temperature during imaging. This sh u?i nest e a problem since we avoid
changing temperature during STM or AFM imaging, a sample would otherwise drift
out of the range of the piezo element. In ST mocie:)we use a preamplifier close to the
microscope to convert the tunneling currentyinto ayvoltage. Again, differential cabling is
used to connect this voltage over the 20 D:\(e SPM electronics in the control room.
For the AFM mode, we use the same eleetrical read-out circuit as the ReactorAFM?Y. A
Zurich Instruments HF2LI lock-in a hiéhis placed in the experimental hutch, close to

g@ M control system via four 20 m long BNC cables

carrying the relevant signals fro\tﬂ'hforce Sensor.

N

IIl. PERFORMANCE
4

the microscope. It is connected t

The modu L‘t>y\o&Khis system works well. With the top flange of the UHV system in

, the UHV side is sealed off from the reactor volume, which can be opened

can b¢ done o timescale of minutes. Via the gas lines, the reactor volume can be pumped
dowm, towa n)oderate vacuum, prior to raising the top flange and connecting the reactor
with the\UHV chamber. The complete assembly fits well on the diffractometer and can be
Wt& easily around all diffractometer axes, without problematic situations arising from
the connecting cables and capillaries. As will be demonstrated below, the X-ray scattering
performance of the instrument is not compromised by the combination with the SPM part.
As expected, the SPM resolution is modest but atomic steps are imaged routinely with the

instrument. So far, we have only used the instrument in the STM mode. The performance

7
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Publishiofgthe AFM will be the subject of future work.

The performance of the SPM scanner was tested in air at room temperature on a table
top catalysis chamber. This chamber has the same type of sample holder and mechanical
loop as the ReactorSXRD chamber, but it was supported by a vibration isolation system,

so that it was only exposed to a low level of vibrational noise. Th %}‘:his configuration
a

results in a better SPM performance compared to mounted in Q\e rSXRD chamber.
e

Under these favorable conditions, the STM images of Au(114) sheg:
n$pa 1 of Figure 3). The holes

{ on“the surface. As the right-

d clear step resolution

and structures can be distinguished on the terraces (left-

observed in the terraces are caused by the presence of su
_—

hand panel of Figure 3 shows, when the vibration isolation sys:te is removed and the set-up

is mounted on the diffractometer, the SPM imag@till e
vibrational eigenmodes of the mechanical loop\%i‘ljxl, in particular the one at 370 Hz,

provide a dominant contribution to the i %%T ese mechanical resonances are excited
mainly by the vibrations of the floor o h& aboratory building.

t
The first full test of the syste m?}tk(ﬂffractometer under catalytic conditions was

performed in STM mode with a Kl;tl sitig a Pd(100) surface. We cleaned the surface in

ibit step resolution. Some of the

the UHV chamber by repeated cycles 00 eV argon ion bombardment and annealing at

1150 K. After this we lowered the top-flange to seal off the reactor volume from the UHV
chamber. We then used four different techniques to inspect the sample, namely STM (Figure
4), X-Ray Reflectivi &R:‘L‘Sﬁgure 5), SXRD (Figure 5), and GISAXS (Figure 6). For
the X-ray measu nngl,e’ photon energy was set to 24 keV. We show measurements at
three stages i t{anKosure of the Pd surface to different mixtures of CO and O,, all at a
total gas p refof 1.1 bar and a sample temperature of 300 °C; (i) under initial, reducing

conditionfs in A flowwof 30 ml/min CO and 40 ml/min O, (ii) after oxidation of the surface

in 3 nil/min /and 55 ml/min O, and (iii) after subsequent reduction in 20 ml/min CO
a d@l&%nsn Os.

n thé)initial mixture of CO and O with flows of 30 ml/min CO and 40 ml/min O, the

%1& surface is flat as illustrated by the reflectivity curve and the crystal truncation rod

(red curves) in both panels of Figure 5 (the intensity between the crystal truncation rods

scales with smoothness). We proceeded by exposing the surface to a mixture of CO and

Oy with flows of 3 ml/min CO and 55 ml/min O,. In this environment the surface became

oxidized and developed significant roughness, as is illustrated by the STM image in the

8
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Publishiheg hand panel of Figure 4. The two blue curves in Figure 5 show the presence of roughness
by the steep decay of the intensity away from the Bragg peaks and the negligible intensity
between the Bragg peaks'®?%3Y A similar effect can be recognized in the GISAXS pattern
in the left-hand panel of Figure 6 and the blue curve in the right-hand panel of Figure 6 (a
wide pattern means a rough surface). The gas mixture was change%gain, now with flows of
20 ml/min CO and 38 ml/min O,. Under these conditions the image shows a different
surface topography than in the previous conditions which we asetibe to a reduction of the

surface. This was confirmed by the disappearance of the diffzac signal of the oxide (not

shown). Both the reflectivity curve and the [1 0 1] rod receyér their initial shape as can be

seen in Figure 5. The GISAXS pattern for this ga mixtur)e hows a smoothening of the

surface as can be seen from the decrease in scafftered. i ity at high values of ¢ in the

right-hand panel of Figure 6. Summarizing, frem eL- ‘S)TM images shown in Figure 4b we

see that the roughening of the surface is irﬁ:{é@eou& This is information one cannot
at

obtain from X-ray data. However, the X-ra upply more information on the average

roughness, as cannot be obtained frgm a loeal surface probe as is STM.
In Figure 6, we show two GISA atterns of the Pd(100) surface. The right-hand
panel in Figure 6 shows two cuts t h'these patterns with the intensity against parallel

momentum transfer g at a ﬁx%value, corresponding to the Yoneda peak. For the
sﬁki(z ml/min CO and 38 ml/min O,, the intensity decays more

interpreted as the result of the smoothening of the metallic

reduced surface, with fl

slowly with gj. Thigfcan
£ . . .
surface!?29:30, ezle v the increased surface mobility after the removal of the oxide3!.
Like most Numents, our SPM is sensitive to thermal drift. To a large extent,

this is due to“the€onstruction of the sample holder, which has not been designed to expand

ally'and with a fixed height of the surface plane when the temperature is increased.
éscale for the system to reach steady imaging conditions with a drift rate
beloyy nm/min, after a large, e.g. 100° C, change in sample temperature, is 3 hours.

angesSin temperature distribution induced by gas-composition changes are within the
‘bhﬁrma window of the microscope, provided that the heat capacity of the gas mixture does

S
net change too much.

The time it takes to switch from X-ray measurements to SPM operation is mainly de-
termined by the speed of the coarse approach mechanism of the tip. The approach can be

time consuming since the initial distance between the sample and the tip apex is unknown,
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Publishisrigthat the entire approach trajectory has to be traversed in small, sub-micrometer steps.
After each approach step, a sensing procedure is performed to establish whether the tip is
already close enough to the surface. Alternatively, we can use the X-ray beam to accurately
measure the distance between the tip and the sample, reducing the approach time from hours
to minutes. After the SPM measurements have been completed, t?g slider can be retracted
and X-ray measurements can recommence. Since the sample r ins aligned during SPM
measurements, no realignment has to be performed.

We have performed preliminary simultaneous STM a %\Qﬂectivi‘cy measurements

castrements is really possible

that have demonstrated that the combination of the_ tw
AY

at the same time. However, the photoelectrons generated by the incident X-rays provide a
significant contribution to the current measurec@f the " S#M tip. When the X-ray beam
intensity is increased, as is necessary for SX meﬁ‘arements, this current contribution
becomes dominant with respect to the tun Tl%rrent and makes it difficult to use the
measured current as the control signal for thesSTM imaging. This difficulty can be reduced
greatly by replacing the STM tip byga tair\rn;ae, coaxial tip configuration, in which most
of the photoelectron current is c ture}y’d\separate outer electrode (shield). This forms a
rather involved addition to the e}i;&}%t 1 set-up but it opens completely new experimental

possibilities, which we have expﬁﬁecenﬂy and will report in a future publication.

IV. CONCLUS 1®OUTLOOK
4

We have d

Véw mstrument for combined synchrotron X-ray scattering and scan-
ning probese éments for in situ catalysis studies. This new instrument allows us to
perform ‘@,_redl-spase characterization of the surface topography and a determination of
the sdrface structure under identical high-pressure, high-temperature catalytic conditions.
Both, s mi% tunneling microscopy and atomic force microscopy can be performed. This

in truméjlt contributes to the understanding of fundamental reaction processes by making it

ssible to follow the evolution of the structure and morphology of active catalytic systems
res\ponse to the temperature and gas environment to which they are exposed.

We have constructed the instrument in a modular fashion, combining the previously
developed ReactorSXRD system for synchrotron X-ray studies with the technology of our

ReactorSTM and ReactorAFM systems previously developed for SPM studies under cat-

10
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Publishi:mlg‘ ic conditions, in a very compact fashion. The "bolt-on” SPM unit developed here can
be combined also with other reactor configurations, such as the table-top catalysis chamber,

used in some of the SPM performance tests.
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FIG. 1. Cross—s?(lona viexy/ of the complete SXRD 4+ SPM system. The top flange of this

chamber can b nslated vertically. When the flange is at its lowest point, (a), the chamber is in
measurement ¢ L'éuration. The sample is enclosed by the dome-shaped reactor, which is sealed
off from uhv /) rt of the system. The X-ray beam now has a pathway to the sample. A
quadr pT)Te sswspectrometer is used to measure the composition of the gas that leaves the flow
rehctor exhaust capillary. When the flange is in the highest position, (b), the chamber is
in the UY}\/ preparation configuration. The SXRD system in Figure (b) is shown 90° rotated with
Eeq to the view of Figure (a). The sample is exposed to UHV and is available for preparation
purposes (ion bombardment, deposition, etc.). The SPM part is placed on top of the dome-shaped

reactor, which is shown in more detail in Figure 2.
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FIG. 2. Schematic cross section (left) and pho h (right) of the X-ray-transparent aluminum

dome that defines the reactor volume. \hy '2 s section, the sample is indicated together with
incident and reflected X-rays (red \& The SPM part of the system is mounted on top of
the dome and partially reaches™ dome. The STM tip or the AFM tuning fork with tip

are located on the central axis of the“dome and the sample. A flexible seal separates the high-
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e distinguished. The images have dimensions of 1000 x 1000 nm?

and 640 x 6 espectively and were taken with sample bias voltages of 0.5 and -1.0 V and
y

tunnelingdcurr .05 and 1.4 nA, respectively.
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FIG. 4. Pd(100) surface scanned by Ntup in STM mode. The two images show the

S
surface in a mixture of CO and O, at%ér\and 300 °C. The left-hand image is measured in
a flow of 3 ml/min CO and 55 l&%{ . The right-hand image shows the same region, after
changing the gas mixture in the% a flow of 20 ml/min CO and 38 ml/min Os. The surface
has transformed radicall a{tﬁanging the gas mixture which we ascribe to a reduction of the
oxide on the surface. e}el rofiles in the two lower panels show more or less the same region
on the surface. T%hei vafations in the right panel have been reduced by roughly a factor two

with respect t se ifighe left panel. Both images have dimensions of 400 x 400 nm? and were

taken with 4 sample bias voltage of -0.2 V and a tunneling current of 0.1 nA in acquisition times

of 105 s. / /
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FIG. 5. X-ray reflectivity curve (left) and [1 0 1] crystal truncatio o‘aright) of Pd(100) during
exposure to three different Os and CO mixtures at a temperature of300 @ and at a pressure of 1.1
bar. The reciprocal lattice units (r.l.u.) are based on the s a@u&c 1 of the Pd(100) surface

with two axes parallel to the surface (|@;| = |@2| = ao/2) and perpendicular to the surface

(|d@3| = ag) where ag = 3.89 A. The intensity of the reflectivigy cirve decreases very fast from low

L values upwards in the oxidized regime (blue curvejiindicating increased surface roughness. A

;

small shoulder in the crystal truncation rod resulting fgom diffraction of the oxide is visible at 0.4

r.l.u. confirming that the sample is oxidize iN of 3 ml/min CO and 55 ml/min Og. After
switching to a flow of 20 ml/min CO and 3% 05 this peak disappears and the intensities

both the reflectivity curve and cryst

considerably upon reduction. \

N
&

ncation rod, indicating that the surface has smoothened

measured in the initial flow of 30 g(»ex’md 40 ml/min Oy are almost fully recovered for
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FIG. 6. Two GISAXS patterns of the Pd(100) surface at a te p%ture 300 °C and at a pressure

of 1.1 bar in a gas mixture of Oz and CO. The images ate.n ‘uhin a flow of 3 ml/min CO
and 55 ml/min Og in the left-hand panel and a flow of ml/r%n CO and 38 ml/min O3 in the
center panel. The GISAXS images have been proces%)vit the BINoculars software®2. The white

horizontal and vertical bands are inactive areas in the Maxipix detector. The panel on the right

shows cuts through both patterns at the locaﬁﬁ\% oneda peak at g, = 0.085 At (indicated
in the two images by the horizontal black &i&fﬂow of 3 ml/min CO and 55 ml/min Oy (blue
d3

symbols) and for a flow of 20 ml/min 1/min Oz (green symbols). The rings visible at

.
q = 0.1 A1 and 0.2 A~ result fr scattering of the reflected X-ray beam from the aluminum

window. \\
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