
Chapter 6

Submicron X-ray Diffraction

6.1 Introduction

Most of the “real” materials are heterogeneous on a “mesoscale” of tens
of nanometers to tens of millimeters. Material properties depend critically
on i) mesoscopic structures such as grain sizes, phases, texture, strain/stress,
impurities, etc., and ii) mesoscopic evolution such as grain growth, deforma-
tion, creep, fracture, etc. Understanding of the microstructures and their
associated properties is essential to the successful use of real materials. Over
several centuries scientists have successfully developed various techniques to
uncover the details of microstructures.

Leveraging the advantage of synchrotron radiation technologies, new ex-
perimental tools and methodologies are being developed to join the list of use-
ful microscopic examination tools. Aside from the traditional X-ray diffrac-
tion of powder samples, polycrystalline materials, and single crystals, a num-
ber of new techniques have been initiated and exploited for their potential
applications to the “real” material problems. Among these advancing tech-
nologies, the micrometer to even nanometer sized beam for 3D structural
microscopy is gaining international recognition. This technique takes ad-
vantage of the third-generation synchrotron radiation sources for their high
brilliance and high flux in high energy X-rays. It uses either polychromatic or
monochromatic synchrotron X-rays with Kirkpatrick-Baez (K-B) mirrors as
a focusing device. Diffraction images are recorded on a 2D CCD camera and
the depth resolution can be obtained using a differential aperture traversing
along the surface of the specimen. Analyzing images taken at different wire
positions via a dedicated image reconstruction algorithm yields information
at different depths, thus enabling 3D information to be constructed.
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The differential-aperture X-ray microscopy (DAXM) method outlined
above is general and applicable to single crystals, polycrystalline materials,
composite materials, deformed materials, and functionally graded materials,
etc. Two seminal papers based on this technique are described below. White
beam Laue patterns from X-ray microbeams can provide local structures, ori-
entation, and elastic strain tensors with a 3D submicron spatial resolution.
This is demonstrated by B. C. Larson, et al., in Nature 415, 887 (2002).
Monochromatic DAXM techniques have been developed recently as well for
measuring absolute 3D lattice parameters. This is illustrated by Lyle E.
Levine, et al., in Nature Materials 5, 619 (2006). These capabilities provide
a direct link to theory, simulations, and modeling of the microstructures of
actual materials and their evolution on mesoscopic length scales.

The user community of materials research in Taiwan has proposed to
build a dedicated beamline at the TPS for applications of micro/nano X-
ray beam diffraction in material analysis, especially of “real” materials of
practical interests. Construction of this beamline will be finished at the end
of 2014 and it is scheduled to open to users early in 2016.

6.2 Scientific Opportunities

With X-rays of a high brilliance and a low emittance at the TPS, a fo-
cused X-ray submicron beam enables new techniques for material investiga-
tions with a submicron spatial resolution. The scanning submicron beam
setup and geometry provide 1D, 2D, and 3D scans (with depth resolution
underneath the sample surface) of a sample, and can alternate between poly-
chromatic (Laue) and monochromatic modes. Elliptical Kirkpatrick-Baez
(K-B) reflecting mirrors will be used to focus the X-ray beams in both modes.
Beam diameters of ∼100 nm are expected to be routine. In the white-beam
mode, a complete Laue diffraction pattern, which can be analyzed with an
automated indexing program, can be recorded by a high frame rate pixel
array detector. These Laue patterns provide real-space mapping of the lo-
cal lattice structure, crystal orientation, and strain tensor in real time. In
the monochromatic mode, energy scanning X-ray patterns provide trace el-
ement identification, high q parameter measurements, and determination of
the absolute d-spacing for full strain tensors. In the following examples, we
will illustrate how X-ray microdiffraction can be used to retrieve structural
information and cast new insights into material structures.
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1D mode: nanowires or nanorods

The availability of a 100 nm beam size means that X-ray scattering ex-
periments can now be performed on low-dimensional nanostructures. The fo-
cused beam enables one to map anisotropic strain or microstructural changes,
e.g., domain boundaries along the length of a single nanorad or nanowire. In
addition, the scanning setup also provides information on a range of nanos-
tructures with different physical or mechanical properties from a single sam-
ple that consists of a dispersion of sizes.

2D mode: thin film materials

Conventional X-ray diffraction with millimeter sized beams has played
an important role in providing fundamental knowledge of thin film growth
for many decades. Focused X-ray beams now enable a more comprehen-
sive structural characterization of thin film systems. Film inhomogeneity is
an inherent feature which often plays an important role in determining the
physical properties. Measurement of micro-diffraction can provide a spatially
resolved description of local variations in orientation and residual strain.

3D mode: bulk and polycrystalline materials

Because of a high penetration of X-rays into a sample, the ability to
spatially reconstruct depth-resolved X-ray diffraction has enabled the devel-
opment of 3D X-ray diffraction microscopy. This allows one to map non-
destructively the 3D structure inside polycrystalline materials with a high
resolution. For example, understanding of elastic and plastic strains gener-
ated by deformation is of particular importance and a long-standing challenge
in materials science. It is well known that deformation in ductile materials
often results in dislocation of cell structures with a micrometer size. However,
the dislocation interactions and mechanism responsible for formation of cell
structures are not well understood. Lyle E. Levine, et al., in Nature Materials
5, 619 (2006), have used 3D X-ray micro-diffraction in the monochromatic
mode to measure the internal elastic strains in individual dislocation cells
in deformed copper. Besides, in-situ polychromatic 3D micro-diffraction has
been used to investigate grain growth in polycrystalline bulk aluminum by
J. D. Budai, et al., in Thin Solid Films 516, 8013 (2008). As shown in Fig-
ure 6.1(a), the X-ray micro-beam was scanned across a hot-rolled aluminum
alloy. The differential aperture X-ray microscopy technique was employed to
map the orientation of a 10 µm × 10µm × ∼100 µm volume. Figure 6.1(b)
shows the orientation map of the hot-rolled sample (200 ◦C), where different
colors represent different grains (∼5−10µm). The sample was then annealed
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at higher temperatures (250 − 365 ◦C), cooled to the room temperature, and
its crystal structure for the same volume was remeasured. Figure 6.1 panels
(c-f) show the evolution of the microstructure within a single 2D slice, indi-
cating that the grains grow larger with increasing temperature. In addition,
the local imperfections and strain distribution can also be measured in 3D.

and shape of a single grain during recrystallization of deformed
Al. They find that, rather than a steady increase in grain size and
shape, grain growth proceeds in abrupt movements of different
boundary segments. They believe that irregular movements are
due to inhomogeneities such as variations in dislocation density
or different misorientation angles for Al boundaries. In a
materials system of large practical importance, Offerman et al.
[47,48] have used the 3DXRD microscope to study the kinetics
of the austenite to ferrite phase transformation in carbon steel.
By observing individual grains, they gained new insights into
the nucleation and growth of the ferrite grains. For example,
they concluded that the activation energy for ferrite nucleation
is ~100 times smaller than the value expected from thermo-
dynamic models. Detailed experimental measurements such as
these are important for providing guidance in the development
of more accurate models of nucleation and grain growth.

At the APS, we have used in-situ polychromatic 3D
microdiffraction to investigate 3D grain growth in polycrystal-
line Al [49]. Since controlling grain sizes and texture is an
important goal of thermal processing, grain growth in bulk
materials has been studied extensively for well over a century.
Now, X-ray microscopy allows us to non-destructively image
the evolution of individual grains and grain boundaries in the
interior of polycrystals. As shown schematically in Fig. 6a, the
X-ray microbeam was scanned near the edge of a sample of hot-
rolled (200°C) 1xxx series aluminum (~1% Fe,Si) obtained
from Alcoa. The DAXM (Pt wire) technique was used to map
the orientation of each 1 μm3 voxel in a particular
10 μm!10 μm!~100 μm volume. The diffraction peaks in
the reconstructed patterns were sharp, indicting significant
recrystallization during hot-rolling (200 °C). As shown in
Fig. 6b where different colors represent different grains, the
typical grain size was initially of order ~5–10 μm. The sample
was then annealed, cooled to room temperature and the
microstructure for the same volume was remeasured. Measure-
ments after annealing steps at successively higher temperatures
(350°, 355°, 360°, and 365 °C) resulted in 3D orientation maps
corresponding to ‘snapshots’ of the evolution of the grains
inside the sample during thermal annealing. Fig. 6(c–f) shows
the evolution of the microstructure within a single 2D slice as
the grains grow larger with increasing temperature. Software

has been developed to analyze grain boundary misorientations
and boundary planes, identify boundary types such as twins or
coincidence orientations, and generate Rodrigues space repre-
sentations. It is important to note that, since point-to-point data
with high angular resolution is obtained, we are also able to map
local imperfections such as the GND density. The energy
associated with such intragranular defects can represent an
important driving force for boundary migration and must be
considered in theoretical models. Experimentally, we observe
both high-angle and low-angle boundary migration. These
measurements demonstrate that previously unavailable, non-
destructive, high-resolution 3D grain growth measurements can
now be obtained. This type of data represents the input needed
for quantitatively testing the validity of theories and computer
models of 3D grain growth in polycrystal materials, and these
tests are currently in progress.

5. Conclusions and future directions

Advances in high-brightness synchrotron sources and
precision X-ray optics have enabled rapid progress in the
development of spatially-resolved X-ray microscopy techni-
ques. Here, we have described the scanning, polychromatic
(white) microdiffraction facility developed at the XOR-UNI
beamline 34ID at the APS. This beamline uses Kirkpatrick–
Baez (K–B) mirrors to focus undulator radiation to a typical
beam diameter of ~0.5 μm, and can be operated in polychro-
matic (white) or monochromatic modes. In polychromatic
mode, Laue diffraction images are analyzed to obtain the local
crystal symmetry, lattice orientation, and the strain tensor. The
fact that white Laue diffraction does not require sample rotations
in order to excite Bragg peaks is a significant advantage
whenever the sample crystal structure or orientation is not
known. Once a Laue pattern is indexed, monochromatic mode
provides absolute values for the local lattice parameters.
Submicron spatial resolution is obtained in all 3 dimensions.
The beam diameter determines the resolution laterally, while a
differential-aperture X-ray microscopy (DAXM) technique has
been developed to achieve submicron spatial-resolution along
the direction of the beam path. It is important to note that the
spatial resolution represents a point-to-point measurement from

Fig. 6. (a) Schematic of 3D microscopy of polycrystal Al. (b) Initial 3D orientation image of hot-rolled (200 °C) Al after a low temperature anneal of 250 °C for 1 h.
Colors indicate different grains. (c–f) Microstructure in a 2D slice after annealing at successively higher temperatures (350 °C, 355 °C, 360 °C) for 1 h each. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

8019J.D. Budai et al. / Thin Solid Films 516 (2008) 8013–8021

Figure 6.1: (a) Schematic of 3D microscopy of an aluminum polycrystal.
(b) Initial 3D orientation image of hot-rolled (at 200 ◦C) aluminum. (c-f)
Microstructures in a 2D slice after annealing at higher temperatures (250 −
360 ◦C).

Future opportunities at the Taiwan Photon Source

Due to the low emittance of the TPS and the state-of-the-art focusing
mirrors, the beam size is expected to be 100 nm × 100 nm (FWHM) in rou-
tine operation. The new design of the differential aperture combined with
scanning probe microscopy (SPM) provides a higher depth resolution. The
spatial resolution is expected to be about 100 nm × 100 nm × 15 nm, which
allows one to examine nanoscale local structures of materials. Combined with
an X-ray phase-contrast image, it will be an ideal tool to map imperfections
and strain distribution buried in bulk materials or complex devices, e.g., a
flip chip package. In addition, we can use scanning electron microscopy to
observe the surface morphology and further position the sample to where we
are interested in for measurement.

The following are some potential issues we can explore with microdiffrac-
tion at the submicron X-ray diffraction beamline at the TPS:
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• Strain and orientation distributions in IC package materials with real-
time X-ray images

• Correlation between residual strain behavior and crystal orientation in
metal oxide thin films

• Strain distribution and growth mechanism in functional nanorods or
nanowires

• Real-time phase transformation and orientation evolution of rapidly
annealed thin films

• Structural and phase mapping and characterization of combinatorial
materials

• The role of metal impurities in performance degradation of the poly-
crystalline silicon solar cells

• Real-time structural characterization of thin films during deposition

6.3 Photon Source

Laue diffraction requires a light source with a wide bandpass. Bending
magnet sources, wigglers, and tapered undulators are possible candidates. A
small source size and a low beam divergence will benefit submicron/nano-
focusing required by the DAXM technique. Beam divergences of the bending
magnet sources and wigglers are much larger than those of undulators. Thus
an undulator which is capable of being tapered is a suitable choice for this
beamline.

In Phase I, the TPS will offer a 3.0 m long undulator IU22 with 137 mag-
net periods and a provision for tapering. Table 6.1 shows the key parameters
of the TPS. The key parameters of the IU22 undulator are listed in Table
6.2. The maximum of the deflection parameter is 1.48.

The wavelength of the untapered undulator radiation, λ, is given by

λ =
λu

2nγ2

(
1 +

K2

2
+ γ2Θ2

)
, (6.1)

where λu is the magnetic period length, n is the number of the odd harmon-
ics, γ is equal to 1957E, where E is the electron energy in GeV, K is the
deflection parameter of the undulator, and Θ is the observation angle with
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Table 6.1: Key parameters of the TPS.

Maximum energy 3.0 GeV

Beam current > 500 mA

Circumference 518 m

Straight section 7 m (18), 12 m (6)

Undulator > 5

Natural Emittance < 2 nm·rad

Natural energy spread 0.09%

Horizontal beta function (βx) 5.46 m

Horizontal dispersion function (ηx) 0.09

Horizontal beam size (σx) (rms) 120 µm

Vertical beta function (βy) 1.65 m

Vertical beam size (σy) (rms) 10 µm

respect to the orbit.

Figure 6.2 shows the relation between the deflection parameter K and the
energy of the undulator radiation. Each curve in the figure corresponds to a
specific odd harmonic number. The leftmost curve corresponds to harmonic
number 1, the rightmost to harmonic number 13, and the others to harmonic
numbers in between sequentially. K is determined by the magnetic period
length and the magnetic field, which is in turn determined by the magnetic
gap of the undulator. The smaller the gap, the bigger the K. For a given
K under a given gap of the undulator, one can find out the spectral peak
photon energies for various odd harmonics from this figure.

The relation between the energy and the wavelength is given by

ε = 1239.8 (eV)/λ (nm). (6.2)

When the undulator is operated in the untapered mode, K is a constant
according to the fixed gap of the undulator.

The source size and divergence of the X-rays can be determined by

Σx,z =
√
σ2
x,z + σ2

r , (6.3)
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Table 6.2: Key parameters of the IU22 undulator.

Device type In-vacuum undulator

Magnetic period length 22 mm

Number of magnetic periods 137 (142)

Number of magnetic poles 272 (284)

Magnetic length 3.0 m (3.2 m)

Total length (flange to flange) 3.8 m

Gap range* 7 mm − 50 mm

Peak field at 7 mm Gap 0.72 T

Gap changing speed 0.0005 mm/s − 0.45 mm/s

Taper configuration

Max. taper : 2 mm

Central gap : 8 mm

Narrow-end gap min. : 7 mm

Wide-end gap max. : 9 mm

∗A provision for lowering the gap to 5 mm is tentatively included
in the design. Whether this will be implemented hinges on its
impact on the electron beam dynamics of the storage ring as a
whole.

and

Σ′x,z =
√
σ′2x,z + σ′2r , (6.4)

where σx,z and σ′x,z are the size and divergence of the electron beam, respec-
tively. The quantities σr and σ′r can be calculated by

σr =
1

2
√

2π

√
λL , (6.5)

and

σ′r =

√
λ

2L
, (6.6)

where L is the total length of the undulator which equals to N × λu, N being
the number of the magnetic periods of the undulator. The energy dependent
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Figure 6.2: The deflection parameter K versus the peak undulator photon
energy for various odd harmonic numbers, n = 1 being the leftmost curve
and n = 13 being the rightmost curve. The maximum of K is 1.48.

source size and divergence are shown in Figure 6.3.

An approximation of the flux in the central cone is given by

Fn = 2π(σ′r)
2 × ∂2fn

∂θ∂ψ
, (6.7)

where ∂2fn
∂θ∂ψ

is the on-axis peak intensity of the nth harmonic and given by

∂2fn
∂θ∂ψ

[photons·s−1·mr−2·(0.1%BW )−1] = 1.744× 1014N2E2[GeV ]I[A]Fn(K).

(6.8)
Fn is

Fn(K) =
K2n2

(1 +K2/2)2

{
Jn−1

2

[
nK2

4(1 +K2/2)

]
− Jn+1

2

[
nK2

4(1 +K2/2)

]}2

,

(6.9)
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Figure 6.3: IU22: the source size and divergence.

where J is the Bessel function. Figure 6.4 shows the photon flux in the cen-
tral cone.

The approximation of the peak brilliance is

Bn =
Fn

(2π)2ΣxΣzΣ′xΣ
′
z

. (6.10)

The approximated brilliance is shown in Figure 6.5.

Tapering

For a perfect undulator, the magnetic field B is a sinusoidal function of
distance along the beam propagation direction y.

B(y) = B0 sin(2πλuy). (6.11)

For an undulator operating at a gap G, the first order approximation of the
peak field on-axis can be expressed by

B0 = B1 exp(−πG/λu). (6.12)
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Figure 6.4: Total flux in the central cone

Equation 6.12 is an approximation, but sufficient for estimating the energy
spread due to gap-tapering. The deflection parameter K is given by

K = 0.934λu[cm]B0[T]. (6.13)

From equations 6.1 and 6.2, the energy of the nth harmonic is

εn[keV] = 0.950
E2[GeV]

n(1 +K2/2)λu[cm]
. (6.14)

The change of energy resulting from gap variation between the two ends of
the undulator can be estimated by

∆E

E
≈
(

K2

1 +K2/2

)
πG

λu
. (6.15)
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Figure 6.5: The peak brilliance of the IU22.

Figure 6.6 shows the ∆E/E of the tapered IU22. As can be seen from
the figure, ∆E/E increases with the deflection parameter. A large K will
provide more usable diffraction points, thus is beneficial to the diffraction
experiments. A large K also benefits the flux as Fn(K) increases with K
(equation 6.8). In fact, a larger K means a higher magnetic field. Thus a
high magnetic field insertion device is preferred for this beamline.

The beam divergence is also changed by the taper. The change of the
divergence is a consequence of equation 6.1, when more than one value of K
is present. The change of the divergence is approximately given by

Θ =
1

γ

√(
2nγ

λu

)
λ− 1− K2

min

2
. (6.16)

The above equation can be simplified as

Θ =
1

γ

√
K2

0 −K2
min

2
. (6.17)
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Figure 6.6: The bandpass of the tapered IU22.

K0 is

K0 =

(
2nγ

λu

)
λ0−1 , (6.18)

where λ0 is the wavelength seen by an observer at Θ = 0 when the undulator
is not tapered. Figure 6.7 shows the change of the beam divergence with K.
Here the first order approximation of the magnetic field is assumed. It shows
Θ ≈ 120µrad when the gap taper is 2.0 mm at the maximum K of 1.48.
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6.4 Beamline Optical Design

The optical layout of the beamline is shown in Figure 6.8. The key com-
ponents are an undulator with a provision for a tapered configuration, a
four-bounce channel-cut monochromator (4BCM), and a submicron focusing
system. The source is a 3 m-long undulator with 137 periods and the maxi-
mum magnetic field is 1.05 T. The gap of the undulator can be tapered by
2 mm to produce a polychromatic beam with a reasonably even distribution
of spectral intensity across the photon energies for Laue diffraction[3]. The
4BCM is used to select the working energy in the energy scanning mode. In
order to reduce the thermal deformation to an acceptable level, while allow-
ing the beamline optical layout dictated by the required performance goal
to lie within the prescribed length, the 4BCM is chosen to be at 62 m away
from the source. In the polychromatic mode (Laue mode), the grooves at the
bottoms of the first and the last crystals can allow the polychromatic beam
to pass through, the details of which will be presented in the next section.

The submicron focusing system is composed of a toroidal focusing mirror
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(TFM) and a pair of Kirkpatrick-Baez (K-B) mirrors in tandem. The K-B
mirror pair consists of a vertical focusing mirror (VFM) and a horizontal
focusing mirror (HFM). The TFM is situated at 35 m from the source. It
horizontally focuses the source to a point at 38 m. Then, the HFM focuses
the image point at 38 m to the sample position at 69.0 m. In the vertical
direction, the TFM images the source to infinity and the VFM focuses the
beam to the sample position. Considering the working distance and the de-
magnification, the VFM is placed at 68.8 m and the HFM at 68.9 m. The
physical layout of the beamline is shown in Figures 6.9 and 6.10. The hutch
layout is shown in Figure 6.11.
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6.5 Beamline Detailed Design

6.5.1 Monochromator

General description

In order to establish cross-references between data derived from the Laue
diffraction and the energy scanning experiments, the focal points of the
monochromatic and polychromatic beams must be coincident. This means
the optical paths of the two beams must be the same after the monochroma-
tor. Since the axes of the input beam and the output beam of the 4BCM are
inherently coincident, if perfectly aligned, this ensures that the monochro-
matic beam rendered by the 4BCM and the straight through polychromatic
beam will be coincident. Therefore the 4BCM is chosen for our optical de-
sign. The conceptual drawing of the 4BCM is displayed in Figure 6.12, which
shows 2 pairs of crystals arranged in a mirror symmetry. Light beam emerg-
ing from the last crystal falls onto the same axis as that of the incident beam
to the first crystal.

Side view of the first channel-cut

Rotation Point

Bragg Angle=4o

2mm

Rotation Point

Bragg Angle=4o

Monochromatic X-ray
White Beam

Figure 6.12: Conceptual drawing of the 4BCM

Figure 6.13 shows the operation of one crystal pair of the 4BCM. In
any given moment, orientation of the second crystal pair will be in a mirror
position to the first pair. When the pair is rotated to a certain nonzero Bragg
angle, as indicated by the dotted and dashed lines in the figure, it functions
as a monochromator. When the rotation angle is set to zero, as indicated
by the hatched areas in the figure, it will allow the incoming light to pass
through a groove carved out of the first crystal unhindered. This is better
viewed in Figure 6.14, which shows the cross-sectional views of the crystal
pair transverse to the light propagation axis. When the 4BCM is at the zero
rotation angle, the polychromatic beam can pass through the grooves in the
first and the last crystals, as if the 4BCM isn’t present.
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2mm

60mm

36mm

Rotation Point

4mm

4mm

Bragg Angle=0o–20o

16mmMis-cut < 0.02o

Side view of the first channel-cut

Figure 6.13: The 1st channel-cut pair

60mm

36mm

Rotation Point

4mm
4mm

16mmMis-cut < 0.02o

38mm

20mm 6.0mm

4mm± 0.004mm

18mm

16mm

12mm

34mm
2mm

With the monochromator
at zero angle,
the beam should be in
in the center of this groove.

Figure 6.14: Dimensions of the 1st channel-cut pair

Position, heat load, acceptance and cooling

In order to increase the stability of the focal point, thermal deformation of
the monochromator should be reduced to a level as small as possible. Due to
the fact that the focusing system only accepts a small fraction of the source
radiation, the useful acceptance of the monochromator is limited to 120µm
× 300µm (H × V). Under such a condition, the incoming power is 0.65 W
and the peak power density is 16.9 W/mm2 when the ring current is at 0.5 A.
We have analyzed the positional dependence of the thermal deformation[5, 6]
of the monochromator. The normalized thermal deformations are 1, 0.125,
and 0.0156 for the monochromator placed at 30 m, 60 m and 120 m, respec-
tively. Obviously, placing the monochromator far away from the source can
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effectively reduce the thermal deformation. Considering the beamline space
limitation and the thermal deformation, the monochromator is optimally
placed at 62 m from the source.

We have also performed simulations of the thermal deformation of the
monochromator by the finite element analysis for different cooling schemes.
The results of the simple side cooling schemes for the first crystal are summa-
rized in Table 6.3. The crystal dimension is chosen to be 20 mm× 20 mm×
20 mm (L × W × H). At the minimum working energy of 7 keV, the slope
error of the first crystal is 0.12 µrad and the vertical spot size increases by
less than 10 nm when cryogenic cooling by closed-loop liquid nitrogen is ap-
plied. For water cooling, the slope error of the first crystal is 0.69 µrad,
and the vertical spot size increases to 151 nm due to the cylindrical shape
of the thermal deformation. It is possible to compensate for the thermal de-
formation by slightly tuning the grazing angle of the vertical focusing mirror.

Although cryogenic cooling by closed-loop liquid nitrogen produces a
much smaller slope error, thus a better optical performance, than that of
water cooling, the former suffers from a major disadvantage. The commer-
cially available closed-loop liquid nitrogen supply generates a low frequency
(a few tenths to a few hertz) pump vibration, which, when transmitted to
the sample, can adversely interfere with data collection. On the other hand,
the chilled water of the water cooling scheme is supplied by a refrigerator
which doesn’t produce a low frequency vibration.

An alternative to the above two cooling schemes is direct Peltier cooling of
the monochromator crystals. In this scheme, the Peltier thermocouple chip is
attached via a layer of soft metal directly to the crystal to be cooled. The heat
generated at the thermocouple junctions is in turn carried away by a chilled
refrigerant, which is supplied by a refrigeration system that doesn’t produce
a low frequency vibration. We have obtained information from Tamura at
the ALS regarding a successful implementation of this scheme at the 12.3.2
beamline of the ALS.

The direct Peltier cooling can provide a lower temperature for the crystal
being cooled than the water cooling scheme, thus a better optical perfor-
mance of the monochromator. In addition, it’s devoid of the low frequency
vibration that interferes with data collection, as in the case of closed-loop
liquid nitrogen cooling. Therefore we opted for the direct Peltier cooling
of the monochromator crystals. Simulation of its cooling efficiency and the
consequent optical performance of the monochromator is still ongoing, and
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hence does not appear in Table 6.3.

The second crystal of the monochromator will utilize direct Peltier cooling
also. The third and the fourth crystals, having much less heat loads than the
first two crystals, will be cooled by a copper braid attached to the second
crystal.

Table 6.3: Brief summary of the finite element analysis of thermal deforma-
tion of the monochromator and ray-tracing at the energy of 7 keV. ∆ is the
slope error of the first crystal. I0 is the normalized monochromatic flux at
the sample position. ∆E is the bandpass of the monochromator.

Cooling ∆(rms) Spot size
Io

∆E
Type (µrad) (nm2) (eV)
Ideal 0 52× 62 1 0.79
Water cooling 0.69 50× 151 0.91 0.78
Cryogenic cooling 0.12 52× 70 0.96 0.78

Crystal and acceptance

This beamline will be operated in the energy range of 7−25 keV, and
the requirement of the resolving power is better than 5000. Si(111) is used
as the diffraction plane, because it’s easy to grow large-sized Si crystals that
have a very low level of imperfections like impurities and dislocations, and
the crystal properties are well studied.

The gap between the two surfaces of the channel-cut crystals is deter-
mined by the beam acceptance. The acceptance of the beamline is limited
by the Kirkpatrick-Baez mirrors and is 1.74 µrad× 4.36 µrad (H × V). The
maximum beam height (amax) which can pass through the crystal can be
calculated by

amax = 2 · g cos θB , (6.19)

where g is the gap between the two surfaces and θB the Bragg angle. In prin-
ciple, a 200 µm gap is sufficient. However, considering the ease of machining,
we chose a gap of 4 mm.
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Adjustment mechanisms of the crystals

Reduction in the number of adjustment mechanisms of the crystals is a
feasible strategy to increase the stability of the focus. Ray tracing[4] has been
performed to find the alignment tolerances of the six degrees of freedom for
the desired beam stability. The yaw can be neglected because of its high tol-
erance (±5◦). A sufficient crystal width can obviate the x-translation, thus
taking this degree of freedom out of the picture. Similarly, the y-translation
can also be neglected. The most important three degrees of freedom are the
pitch, the roll, and the z-translation. If the demand for the positional devi-
ation of the focus is 10 nm, the alignment tolerances are 30 nrad, 500 nrad,
and 2 µm for the pitch (∆θ), the roll (χ) and the z-translation (along the
surface normal), respectively.

4BCM specifications

The general specifications of the 4BCM are listed below:

• Energy range: 7−25 keV (Si(111)).

• Bragg angle rotations: 0◦−20◦ with encoders.

• Two rotation centers are on the second and the third surfaces.

• Height of the incident beam: 1350 mm.

• Maximum beam size at 62 m: 0.15 mm× 0.5 mm (H × V).

• Adjustments of the two channel-cut pairs: z and roll - all motorized
with encoders.

• Crystal dimensions: shown in the drawing.

• Cooling: direct Peltier cooling, with the thermocouple junctions cooled
in turn by a refrigerant (input power: 0.7 W, density: 16.9 W/mm2).

• Chamber specifications:

– Chamber on a granite block.

– Chamber material: 304L stainless steel.

– Chamber adjustment mechanisms: xc, zc, yaw(ϕc), roll(χc).

– Ultimate pressure: < 5× 10−8 Torr.

– Baking compatibility: 120 ◦C in 24 h.

– Leak rate: 10× 10−10 Torr · `/s of helium.
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Specifications of the adjustment mechanisms Based on the optical
simulation, we drew up the specifications of the adjustment mechanisms
shown in Tables 6.4 and 6.5.

Table 6.4: Specifications of the 4BCM chamber’s adjustment mechanisms

Motion Range Accuracy Resolution

xc ±50 mm ±10 µm 5 µm

zc ±10 mm ±10 µm 5 µm

ϕc ±2◦ ±0.01◦ 0.001◦

χc ±2◦ ±0.01◦ 0.001◦

Table 6.5: Specifications of the Bragg angle rotations and adjustment mech-
anisms of the channel-cut crystal pairs

Motion Range Accuracy Resolution stability

Bragg angle rotations

θB1 0◦–20◦ 1 µrad 1 µrad 50 nrad

θB2 0◦–20◦ 1 µrad 1 µrad 50 nrad

1st and 2nd channel-cut pairs

z1 ±10 mm 1.0 µm 0.5 µm 1 µm

χ1 ±1◦ 1.0 µrad 0.5 µrad 0.5 µrad

Specifications of the channel-cut crystals

• Diffraction plane: Si(111)

• The two channel-cut crystals must be cut from the same crystal, with-
out severing the mechanical linkage between the two.

• The mis-cut must be better than 0.02◦.

• The dimensions are shown previously in Figure 6.14 in page 256.
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6.5.2 Focusing System

General description

The focusing system is composed of one toroidal focusing mirror (TFM)
and a pair of Kirkpatrick-Baez mirrors[10]. The toroidal mirror is placed at
35 m from the source with the surface normal of the mirror centroid lying
horizontally. It focuses the source horizontally to 38 m and images the source
to infinity in the vertical direction. The Kirkpatrick-Baez mirror pair is
composed of one vertical focusing mirror (VFM) and one horizontal focusing
mirror (HFM). The VFM is placed at 68.8 m and the HFM is at 68.9 m.
The HFM images the focal point at 38 m to the sample position at 69.0 m.
In the vertical direction, the VFM directly focuses the source to the sample
position.

Positions of the mirrors

The positions of the mirrors are determined by the de-magnification. The
source size is about 290 µm×13 µm (H × V, FWHM). Our goal is a 100 nm
light spot at the sample position. The required de-magnifications to achieve
such a goal are 2900 and 130 for the horizontal and the vertical directions,
respectively. The overall de-magnification M is calculated simply by

M =
p1

q1

× p2

q2

=
p1

q1

× L− p1 − q1 − q2

q2

, (6.20)

where p1 is the objective distance of the TFM, q1 the image distance of the
TFM, p2 the objective distance of the HFM/VFM, and q2 the image distance
of the HFM/VFM. Figure 6.15 shows the de-magnification versus the image
distance of the TFM for different image distances of the HFM/VFM. Figure
6.16 shows the de-magnification versus the image distance of the TFM in
the range of 0 − 25 m. Figure 6.17 shows the de-magnification slowly varies
with p1 in a range from 20 m to 45 m. Optimizing the photon flux at the
sample position under the constraint of the overall de-magnification M , we
have placed the TFM at 35 m from the source and q1 = 3.5 m. Considering
the working distance, we have placed the VFM at 68.8 m and the HFM at
68.9 m.

Grazing angle and coating

The critical angles of popular coatings are shown in Table 6.6. The work-
ing energy of this beamline is 7−25 keV. The candidates of coating materials
are Ir and Pt.
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Figure 6.15: De-magnification versus the image distance of the TFM for
different image distances of the HFM/VFM.
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Figure 6.16: De-magnification versus the image distance of the TFM in the
range of 0–25 m.
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Figure 6.17: De-magnification versus the objective distance of the TFM.

Table 6.6: Diffraction limit and critical angles.

Coating
ρ θc@7 keV θc@25 keV D(FWHM)

(g/cm3) (mrad) (mrad) (nm)

Ru 12.4 9.96 2.79 31.6

Rh 12.4 9.96 2.79 31.6

W 19.3 12.4 3.48 25.3

Ir 22.6 13.5 3.77 23.4

Pt 21.4 13.1 3.67 24.0

Au 19.3 12.4 3.48 25.3

Mirror length

According to the parameters listed in Table 6.7, the slope difference rela-
tive to the mirror center is calculated and shown in Figure 6.18. If the grazing
angle is 3.0 mrad at the mirror center, the grazing angle of the HFM will be
larger than 4.0 mrad when its length is longer than 8 cm. In Figure 6.19,
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we can find that the reflectivity of the Pt-coating is 10% at 25 keV for the
grazing angle of 4 mrad. That means the mirror length can not be increased
at will. Considering the working distance and a useful flux at the sample
position, a compromise is to set the length of the HFM at 4 cm. Based on a
similar consideration, we have chosen a length of 10 cm for the VFM. Due to
the overriding requirement of strong focusing, the K-B mirror pair inevitably
can only intercept a very small portion of the incoming photon flux, on the
order of one thousandth.

Table 6.7: Specifications of the mirrors.

TFM VFM HFM

Location from the ID source 35 m 68.8 m 68.9 m

CA (clear aperture) (mm) 300× 30 100× 10 40× 10(L×W )

p/q (mm) 35 000/3000 68 800/200 30 900/100

R (meridional curvature) 1.842 km 132.95 m 66.45 m

ρ (sagittal curvature) 209.9 mm > 1 km > 1 km

Facing Horizontally Upward Horizontally

Shape Toroid Plane-ellipse Plane-ellipse

θg (grazing angle) (mrad) 3.0 3.0 3.0

Coating Pt Pt Pt

∆m (meridional slope error)
(µrad, rms)

1.0 0.05 0.05

∆s (sagittal slope error)
(µrad, rms)

< 5 < 1 < 1

Roughness 5 Å 1 Å 1 Å

Adjustments

TFM The TFM is used for the first stage focusing. It focuses the beam to
a point 38 m away from the source, where a slit is located. The beam size
at this focal point is 30 µm × 460 µm (H × V, FWHM). The slit opening
is 100 µm× 500 µm (H × V). Since the slit is located at the designed focus
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Figure 6.18: The slope difference relative to the mirror center.
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Figure 6.19: Reflectivities of Pt, Ir, and Rh at 25 keV.
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of the TFM, at which adjustments of the TFM will target, in principle the
slit position doesn’t require routine adjustment once it has been set dur-
ing beamline commissioning. Therefore adjustment mechanisms for this slit
have no stringent requirements. The specifications of the TFM’s adjustment
mechanisms are shown in Table 6.8.

Table 6.8: Specifications of the adjustment mechanisms for the TFM.

Axis Range Resolution Repeatability Stability

X ′ ±10 mm < 5 µm < 10 µm < 10 µm

Z ′ ±2 mm < 1 µm < 2 µm < 2 µm

ϕ′ ±100 µrad < 1 µrad < 2 µrad < 1 µrad

θ′g ±2◦ < 1 µrad < 2 µrad < 2 µrad

Kirkpatrick-Baez mirrors At the sample position, the flux, the spot size,
and its position are adjusted by the six degrees of freedom of the Kirkpatrick-
Baez mirrors (K-B mirrors). The ray tracing results of the K-B mirror pair
are shown in Tables 6.9, 6.10, 6.11, 6.12, 6.13, 6.14, 6.15, and 6.16.

In the tables, ∆x and ∆z are the horizontal and vertical deviations of the
focal positions, respectively, and relative flux refers to the flux at the sample
position. The spot size includes only prediction of geometrical optics, and
the slope error is 0.1 µrad (r.m.s.).

In principle, the x-translation (normal to the beam propagation direction)
has a negligible influence on the optical properties at the sample position, so
its ray tracing results are not shown here.

When the mirror moves in the z direction, the object distance p, the
image distance q, and the impinging point y will change.

∆p =
∆z

sin θg
.

The relation between the movement of the mirror (∆z) and that of the im-
pinging point( ∆y) is:

∆y =
∆z

tan θg
.
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Table 6.9: Pitch of the VFM

Pitch (µrad)
Relative

flux
Spot size (nm2) ∆z ∆x

−0.294 1.00 53× 129 98 nm 0 nm

−0.147 1.00 53× 84 49 nm 0 nm

−0.059 1.00 53× 114 20 nm 0 nm

−0.029 1.00 53× 112 10 nm 0 nm

0 1.00 53× 124 0 nm 0 nm

+0.029 1.00 53× 119 −10 nm 0 nm

+0.059 1.00 53× 114 −20 nm 0 nm

+0.147 1.00 53× 105 −49 nm 0 nm

−0.294 1.00 53× 129 −98 nm 0 nm

Table 6.10: Pitch of the HFM

Pitch (µrad) Spot size (nm2) ∆z ∆x

−1.0 65× 127 0 nm 99 nm

−0.5 56× 127 0 nm 49 nm

−0.2 53× 114 0 nm 20 nm

0 53× 126 0 nm 0 nm

+0.2 53× 126 0 nm 20 nm

+0.5 53× 126 0 nm −49 nm

+1.0 56× 126 0 nm −99 nm
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Table 6.11: Roll of the VFM

Roll (µrad)
Relative

flux
Spot size (nm2) ∆z ∆x

−100 1.00 51× 32 +0.2 nm +31 nm

−50 1.00 52× 31 +0.1 nm +15.5 nm

−5 1.00 54× 32 0 nm +1.6 nm

0 1.00 54× 31 0 nm 0 nm

+5 1.00 54× 31 −0.1 nm −1.5 nm

+50 1.00 57× 32 −0.2 nm −15.3 nm

+100 1.00 60× 33 −0.3 nm −31 nm

Table 6.12: Roll of the HFM

Roll (µrad)
Relative

flux
Spot size (nm2) ∆z ∆x

−100 1.00 55× 32 +30 nm +0.83 nm

−50 1.00 54× 32 +15 nm +0.43 nm

−5 1.00 53× 31 +1.5 nm +0.04 nm

0 1.00 54× 31 0 nm 0 nm

+5 1.00 53× 31 −1.4 nm −0.05 nm

+50 1.00 53× 32 −15 nm −0.43 nm

+100 1.00 53× 32 −30 nm −0.86 nm
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Table 6.13: Yaw of the VFM

Yaw
Relative

flux
Spot size (nm2) ∆z ∆x

−2◦ 1.00 54× 536 +15.5 nm +1.1 nm

−1◦ 1.00 54× 115 +0.2 nm +0.39 nm

−0.5◦ 1.00 54× 39 −1.2 nm +0.02 nm

0 1.00 54× 31 0 nm 0 nm

+0.5◦ 1.00 55× 40 −3.5 nm −0.7 nm

1◦ 1.00 55× 114 −5.3 nm −0.1 nm

+2◦ 1.00 55× 532 −20.7 nm −1.8 nm

Table 6.14: Yaw of the HFM

Yaw
Relative

flux
Spot size (nm2) ∆z ∆x

−5◦ 1.00 914× 38 +0.6 nm +24 nm

−2◦ 1.00 114× 32 +0.3 nm +3.3 nm

−1◦ 1.00 53× 31 +0.1 nm +0.6 nm

−0.5◦ 1.00 53× 32 +0.1 nm +0.03 nm

0 1.00 54× 31 0 nm 0 nm

+0.5◦ 1.00 53× 31 −0.1 nm −0.8 nm

1◦ 1.00 53× 32 −0.1 nm −1.9 nm

+2◦ 1.00 114× 33 −0.2 nm −5.5 nm

+5◦ 1.00 832× 40 −0.6 nm −29 nm
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Table 6.15: y-translation of the VFM

∆y′(µm) Spot size (nm2) ∆z ∆x

−100 54× 226 +318 nm 0 nm

−50 54× 110 +159 nm 0 nm

−20 54× 50 +64 nm 0 nm

−10 54× 36 +32 nm 0 nm

0 54× 31 0 nm 0 nm

+10 54× 37 −31 nm 0 nm

+20 54× 51 −63 nm 0 nm

+50 54× 112 −158 nm 0 nm

+100 54× 224 −317 nm 0 nm

Table 6.16: y-translation of the HFM

∆y′(µm) Spot size (nm2) ∆z ∆x

−100 204× 31 0 nm 314 nm

−50 122× 31 0 nm 157 nm

−20 69× 31 0 nm 62 nm

−10 65× 31 0 nm 31 nm

0 54× 31 0 nm 0 nm

+10 54× 31 0 nm −31 nm

+20 55× 31 0 nm −63 nm

+50 95× 31 0 nm −157 nm

+100 194× 31 0 nm −313 nm
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When the grazing angle is 3.0 mrad, the ∆z is equivalent to 333 times of the
y-translation. Consequently, ∆q ≈ −∆y. Due to a very small grazing angle,
the spot size has a very small change. The influence of the z-translation
can be treated as that of the y-translation, so the ray tracing results of the
z-translation are neglected here.

Based on the above results, the specifications of the adjustment mecha-
nisms are evaluated and shown in Tables 6.17 and 6.18.

Table 6.17: Specifications of the adjustment mechanisms for the VFM.

Axis Range Resolution Repeatability Stability

x′ ±10 mm < 5µm < 10 µm < 10 µm

z′ ±225 µm < 50 nm < 100 nm < 50 nm

ϕ′ ±100 µrad < 1 µrad < 2 µrad < 1 µrad

θ′g ±2◦ < 1 µrad < 2 µrad < 2 µrad

∆θ′g ±50 µrad < 50 nrad < 100 nrad < 50 nrad

Table 6.18: Specifications of the adjustment mechanisms for the HFM.

Axis Range Resolution Repeatability Stability

X ′ ±10 mm < 5 µm < 10 µm < 10 µm

Z ′ ±60 µm < 50 nm < 100 nm < 50 nm

ϕ′ ±100 µrad < 1 µrad < 2 µrad < 1 µrad

θ′g ±2◦ < 1 µrad < 2 µrad < 2 µrad

∆θ′g ±50 µrad < 50 nrad < 100 nrad < 50 nrad

Thermal deformation

Thermal deformation of the mirrors induced by the synchrotron radiation
can be described by

∆θ = ∆θbending + ∆θbump , (6.21)
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where the thermal bump is

∆θbump = 1.43G
t2

2L

α

κ
Ps , (6.22)

and the thermal bending is

∆θbending = G
α

κ
L× Pt , (6.23)

where G is the cooling geometry factor, α the thermal expansion coefficient,
κ the thermal conductivity, L the length of the mirror, t the thickness of the
mirror, Ps the power density, and Pt the total power. Here we assume the
geometry factor is 0.001. Table 6.19 shows the thermal deformations of the
three mirrors when K = 1.7 and a 200 µm-thick diamond window is installed
at the beamline.

The specifications of the meridional slope errors (∆m’s) of the TFM, the
VFM, and the HFM are 1.0, 0.05, and 0.05 µrad, respectively. (Please refer
to Table 6.7 in page 264). These are the conditions of the optical surfaces
for the respective mirrors in the absence of synchrotron radiations. On the
other hand, when exposed to the synchrotron radiations, the deformations
of the three mirrors become 24.3, 0.217, and 0.458 µrad (as seen in Table
6.19 in page 273), a factor of 24.3, 4.3, and 9.2 times larger than the re-
spective meridional slope errors when the mirrors are in the dark. We are
therefore faced with a task to find a suitable cooling scheme to bring the
thermal deformations of the mirrors to a degree on a par with their respec-
tive dark meridional slope errors. In terms of the cooling geometry factor G,
this means we need to reduce G by a factor of ten, from 0.001 to 0.0001.

Through the finite element analysis of the cooling schemes, it turns out
that chilled-water cooling is sufficient for the TFM, but not for the VFM
and the HFM. This is due to the fact that the latter two have a much more
stringent slope error requirement (0.05 µrad) than the former (1.0 µrad).

As discussed earlier in conjunction with cooling of the monochromator
(see page 257), cryogenic cooling utilizing closed-loop liquid nitrogen can
minimize the thermal deformation of the Si substrate, but low frequency
vibration induced by the refrigerator pump is a serious drawback. Direct
Peltier cooling, on the other hand, doesn’t suffer from such a drawback, and
thus is probably a feasible solution to achieve the cooling geometry factor of
0.0001 for the VFM and the HFM, as the interface temperature can be as
low as −30 ◦C.
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Table 6.19: Absorbed powers, power densities and thermal deformations of
three mirrors.

TFM VFM HFM

Input power (W) 27.6 0.29 0.257

Absorbed power (W) 4.6 0.033 0.027

Power density (W/mm2) 3.53 0.623 0.546

Thermal bump (µrad) 0.39 0.209 0.458

Thermal bending (µrad) 24.3 0.058 0.019

Total deformation (µrad) 24.3 0.217 0.458

Specifications

The specifications of the TFM, VFM, and HFM are listed previously in
Table 6.7 in page 264. The specifications of their adjustment mechanisms are
listed previously in Tables 6.8 (page 266), 6.17 (page 271), and 6.18 (page
271).

6.5.3 Slits

This beamline has four major slits. Their openings and positions are
listed in Table 6.20.

Table 6.20: Positions and openings of the slits.

Position Opening (H × V )

Slit-1 33 m 50µm× 500µm

Slit-2 38 m 100µm× 500µm

Slit-3 61 m 100µm× 500µm

Slit-4 68.97 m 600µm× 600µm
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6.5.4 Diagnostic X-ray photon beam position monitors

Two X-ray photon beam position monitors (PBPMs) will be installed as
diagnostic tools. One is located at 31.5 m and the other at 59.5 m from the
source. The PBPM at 31.5 m is to monitor the movement of the source and
the one at 59.5 m is to sense the beam movement caused by the change of
the TFM’s orientation.

Each of the PBPMs comprises 4 blades situated around a circle, through
the center of which the light axis passes. The adjacent blades are separated
by 90 degrees with respect to the center, as shown conceptually in Figure
6.20. The tips of the blades are immersed in the periphery of the light beam,
indicated by the yellow area outside of the central zone colored blue. Note
that the shape of the cross section of the light beam at a given position is
a function of the ID source and the optics it has already traversed, and in
general is not a circle. Therefore the blue and yellow circles in Figure 6.20
are meant to be conceptual only. Photoinduced signals from the 4 blades are
computed via two algebraic equations to yield the two-dimensional position
of the centroid of the photon beam.

45o actuator 45o actuator

45o actuator

45o actuator

CVD Diamond blade

useful area
(blue)

Horizontal and Vertical stages

Figure 6.20: Conceptual drawing of the 4-blade drive beam position monitor.

The maximum power density of the beam center at the first PBPM is
31.363 kW/mrad2, and the maximum total power is 84 W at this place.
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With such a large power density, a blade accidentally placed inside the X-ray
beam center can be easily destroyed. To prevent this from happening, a limit
switch will be installed in the supporting shaft of each blade.

Each of the 4 blades is made of metal-coated CVD diamond, a side view
of which is shown in Figure 6.21. The CVD diamond substrate of the blade
is 240 µm-thick. Both sides of the blade (the surface facing the reader and
the opposite of it, as seen in the figure) are coated with metal. One side is
coated with titanium with a thickness of 500 − 1000 nm. The other side is
divided into 2 bands, one of which is coated with titanium, and the other a
tri-layer metal coating. The outer layer is a 1 − 2 µm gold layer, followed
by platinum and titanium layers. The platinum and titanium layers serve
to provide adhesion between the gold layer and the diamond substrate. The
gold layer is in direct contact with the copper clamp, which carries away the
heat of the blade. The purpose of the gold layer is to provide a large contact
surface between the copper clamp and the blade, as the malleable gold can
be easily compressed to fill the microscopic interstices between the two.

Figure 6.21: Conceptual drawing of a metal-coated CVD diamond blade,
dimensions in mm.

Photoionization of the bulk titanium by an X-ray photon generates an
electron-ion pair inside the metal layer. The electron thus generated migrates
to the conduction band. The conduction band, being conductive, provides
little hindrance to the thermalizing electron. Once thermalized, the electron
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on average is separated from its positive parent ion by a large distance, the
so-called thermalization distance. Henceforth the electron-ion pair under-
goes Brownian motion in their Coulomb field, with two eventualities: one
is recombination of the two to form a neutral atom, the other the escape of
the electron to infinity. When more than one electron-ion pair are present,
a third fate − non-geminate recombination, i.e., combination of the electron
with a non-parent ion to form a neutral atom is possible.

Photoionization of a surface titanium atom by an X-ray photon will emit
an electron into the vacuum or into the bulk metal. The former has an es-
cape probability of one. The latter may scatter through the bulk and then
escape to the vacuum, or scatter and then thermalize in the bulk. In either
case the escape probability will be less than one. For one of the near-surface
titanium atoms, as its distance from the surface gets larger, the probabil-
ity of the photoionized electron escaping into the vacuum without scattering
gets smaller, and the probability of its thermalization in the bulk metal gets
larger. Consequently, as the distance of the emitting atom from the surface
gets larger, the escape probability of the photoelectron gets progressively less
than one.

For an ensemble of photoionization events to manifest themselves as an
observable bulk current, the escape probability isn’t everything. Even when
the escape probability is one, as in the case of gas phase photoionization, in
the absence of an applied field, the charge-separation vectors may very well
cancel each other out. Hence an applied field is required to align the charges
into a directional flow to form an observable bulk current.

The escape probability of a photoionized electron in the condensed phase
is a function of the thermalization distance and the applied electric field.
For a given applied field, the greater the thermalization distance, the greater
the escape probability, with one being its maximum. Since thermalization
distances of photoelectrons inside metals are large, escape probabilities of
these photoelectrons are also quite high. Upon contact with the current-
measuring probe of an electrometer, the weak voltage difference between the
probe and the chamber ground is sufficient to sweep the electrons emitted
into the vacuum and thermalized in the bulk metal along the electric field to
form an observable bulk current. We will refer to this mode of photocurrent
collection as the native mode.

Photoionization of the CVD diamond, which is an insulator, engenders
photoelectrons with a much smaller average thermalization distance, and



6.5. BEAMLINE DETAILED DESIGN 277

hence a much smaller average escape probability for the photoelectrons in
the bulk. As such, the weak voltage difference between an electrometer probe
and the chamber ground is insufficient to produce a substantial observable
bulk current. But upon application of a moderate electric field, one that is
much stronger than what’s present between the electrometer probe and the
ground, the escape probability escalates rapidly with an increasing applied
field, resulting in an observable bulk current. We will refer to this mode of
photocurrent collection as the applied-field mode.

In the native mode, the bulk photocurrent derives mostly from the tita-
nium coatings, and not much from the CVD diamond substrate. Low energy
photons from adjacent bending magnet and scattered beams are absorbed
mostly by the titanium coating, while higher energy X-ray photons are capa-
ble of reaching the CVD diamond underneath. Therefore the photocurrent
generated in the titanium coating has a certain amount of spurious signal un-
related to the X-rays. As a result of this, the X-ray beam position decoded
in the native mode may be skewed due to contamination by unrelated lower
energy photons.

As the PBPM ages, the blade surfaces may accumulate unintended ad-
sorbed materials. These adsorbates may possess different photoemission effi-
ciencies than that of titanium. Since the native mode derives more photocur-
rent from the surface photoemission, its value is more sensitive to unintended
modification of the surfaces by adsorbates. Furthermore, different blades may
accumulate adsorbates to different degrees, resulting in different amounts of
photocurrent alteration, thus a distorted decoded X-ray beam position over
time.

In the applied-field mode, collection of photocurrent from photoelectrons
initially produced in the CVD diamond becomes ever more efficient as the
electric field increases. Since most of the X-ray photon energy is deposited
in the CVD diamond substrate, rather than in the titanium coatings, as the
applied field increases, the true X-ray photon signal quickly overwhelms the
spurious signal generated in the titanium coating, resulting in a truer X-ray
beam position once the signals are decoded. As the applied field further
increases, the escape probabilities for all the cases described above asymp-
totically approach one. In other words, in an extremely high applied electric
field, relative contributions to the photocurrent from the CVD diamond sub-
strate and the titanium coatings are almost out of the sway of their respective
escape probabilities, as they are all close to one, but instead will approach
the apportionment of photoionization events in each, and therefore reflect
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the energy deposition patterns of the absorbed photons, be it X-rays or low
energy contamination photons.

The energy cascade path of an absorbed X-ray photon may involve emis-
sion of Auger electrons. Photoelectrons and Auger electrons may also impact
on and ionize an atom to produce secondary electrons. The above analysis of
an observable bulk current applies similarly to Auger electron-ion pairs and
secondary electron-ion pairs.

An ancillary benefit of the applied-field mode is the high frequency re-
sponse it entails on the PBPM signal processing system. When a high applied
electric field is used in this mode, the photocurrent can be much larger than
that in the native mode. Since the response time of an electrometer shortens
as the input signal intensity increases, the electrometer output signal using
the much stronger photocurrent in the applied-field mode as the input can
better reflect the fast fluctuation of the photon flux, whereas the electrometer
output using the weak photocurrent in the native mode as the input will pro-
duce a washed-out temporal profile of the photon flux. The high frequency
response is beneficial in diagnosing a fast changing instability of the undula-
tor source. It also enables a fast electromechanical control of the TFM based
on the rapid feedback from the PBPM, when a fast fluctuation of the source
occurs. Fast adjustment of the TFM in response to the fast fluctuation (or
flutter) of the beam source will dampen its adverse effect (blurring) on the
Laue diffraction images.

We will operate the PBPMs in the native mode initially, and advance
later to the applied-field mode.

The general specifications of the PBPM are listed below:

• Type: 4 metal-coated diamond blades.

• Working energy: the PBPM at 31.5 m is for a white beam, and the one
at 59.5 m is for a white beam attenuated by the TFM.

• Height of the incident beam: 1350 mm

• X-ray beam position resolution: better than 1 µm.

• Dark current: small than 1 nA.

• Vacuum operating condition: better than 5× 10−9 mbar.
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• Bake-out temperature: 120 ◦C.

• Leak rate: 1× 10−9 mbar·`/s.

• Motion control:

– The movements of the four diamond blades are independent.

– As the extent of the central lobes of the beam in any given direc-
tion perpendicular to the beam axis at the two PBPMs is of the
order of 100 µm, precise maneuver of the blades on the peripheries
of the central lobes requires that the resolution of each movement
be better than 1 µm, and the repeatability be better than 2 µm.

– The positions of the diamond blades should not interfere with each
other.

– The four diamond blades as a set should be able to execute x-
translation and z-translation. Such translations are used to align
the PBPM with respect to the beam center.

– The resolutions of the x- and z-translations should be better than
5 µm, and their repeatabilities should be better than 10 µm.

– All movements are driven by 5-phase stepper motors with limit
switches (normally closed).

– All motions will be controlled using EPICS.

• Precision of blade travel limit switches: 1 µm.

• Long term stability of the movements: better than 1 µm (peak to peak).

• Electrical connection: the detector head should be connected to a cur-
rent amplifier with a shielded cable.

• Cooling: water cooling.

• Ports: The system should include at least one port for input beam, one
port for output beam, a viewport to observe the diamond blades, one
port for four thermocouple feedthroughs, and a spare port.

The general specifications of the diamond blades are listed below:

• Material: optical grade CVD diamond.

• Dimensions: shown in Figure 6.21 in page 275.

• Thickness: 240µm.
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• Thermal conductivity: > 1800 W/mK.

• Roughness of the surfaces to be coated with metals: better than 10 nm.

• Wedge of the above 2 surfaces: smaller than 0.2◦.

• Coating: One side: 100 nm Ti, 200 nm Pt, 2µm Au; the other side:
1000 nm Ti.

6.5.5 Expected Performance

Energy resolution

The bandpass of the 4BCM is dominated by the Darwin width of the
crystal, so ∆E/E shown in Figure 6.22 is almost constant. The energy
resolution is shown in Figure 6.23. To appraise the structures in these figures,
we have done spot checks at these structures by doubling the number of trials
of Monte Carlo simulations. If the second set of data displays an opposite
trend, or a much diminished structure, than that of the first set, it is a good
indication that the structure is spurious. It turns out that the structures in
these two figures are spurious, resulting from a limited number of trials of
Monte Carlo simulations.

7 9 11 13 15 17 19 21 23 25

Energy (keV)

10−5

10−4

10−3

Δ
E
/E

Figure 6.22: ∆E/E as a function of the photon energy E at the sample
position.
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Figure 6.23: Energy resolution as a function of the photon energy E at the
sample position.

Spot size at the sample position

The total spot size at the sample position can be estimated by

St =
√
S2
i + S2

p + S2
d , (6.24)

where Si is the intrinsic spot size, Sp the contribution to the spot size from
the slope error, and Sd the contribution to the spot size from diffraction.
The total spot size is shown in Figure 6.24. The red line and the black line
are the geometrical spot sizes predicted by SHADOW. As SHADOW did not
implement optical simulations based on diffraction optics, the total spot size
shown in the figure was calculated via equation 6.24. Sd is estimated by the
following equation:

Sd =
1

2
× 0.8895

λ

NA
, (6.25)

where NA is the numerical aperture, and can be found by a utility of SHADOW
- PLOTXY. Taking the contribution of diffraction into account, the spot size
is 104 nm × 110 nm at 7 keV and 51 nm × 51 nm at 25 keV. From spot
checks of the structures in the figure by doubling the number of Monte Carlo
simulations, we have concluded that these structures result from a limited
number of trials of Monte Carlo simulations, and are spurious.
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Figure 6.24: Total spot size and geometrical spot size calculated using
SHADOW.

Monochromatic flux at the sample position

As can be seen from Figure 6.4 in page 246, many photon energies may
be produced by more than one harmonic of the undulator. Take 25 keV as
an example, it can be produced by harmonic numbers 9, 11, and 13, each
at a different deflection parameter K and undulator gap (see Figure 6.2 in
page 244). It is also clear from Figure 6.4 that for a given photon energy, the
highest harmonic number outputs the highest intensity. For a given photon
energy, the higher the harmonic number, the higher the deflection parameter
K, as is evident in Figure 6.2. Since the higher the K, the smaller the gap, it
simply means that for a given energy which can be produced as an undulator
spectral peak under several undulator gaps, the smallest gap produces the
most intense light at that energy.

Figure 6.25 is a plot of the simulated monochromatic photon flux provided
by an untapered undulator at the sample position as a function of photon
energy. At each photon energy, the undulator is chosen to be at the smallest
gap (hence the highest harmonic and the highest K) capable of producing
that photon energy in a spectral peak. The flux simulations then proceed



6.5. BEAMLINE DETAILED DESIGN 283

by following the light path through the TFM, the monochromator, the K-B
mirrors, a 200µm thick diamond window, and two 250µm thick Be windows
installed upstream at the beamline. From spot checks of the structures from
9 to 25 keV in the figure by doubling the number of Monte Carlo simulations,
we have concluded that these structures result from a limited number of trials
of Monte Carlo simulations, and are spurious. The rise of flux from 7 keV to
9 keV is real though.
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Figure 6.25: Monochromatic flux at the sample position, with a 200µm thick
diamond window and two 250µm thick Be windows installed upstream.

Polychromatic flux at the sample position

The polychromatic flux is provided by tapering of the undulator, and de-
pends strongly on the average value of the deflection parameter K and the
degree of taper. Since only one central gap is allowed for tapering of the
undulator, we are obligated to examine the suitability of this gap in the ID
design stage. There were also concerns that the degree of polychromaticity
might vary substantially across the beam profile.

Figure 6.26 displays the simulated polychromatic flux at the sample posi-
tion for an untapered IU22 undulator with a gap of 8 mm. The peaks jutting
above the baseline are various odd harmonics of the undulator.
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Figure 6.26: Polychromatic flux at the sample position as a function of pho-
ton energy. The undulator is untapered at a gap of 8 mm.

Figure 6.27 displays a set of flux curves at the sample position for a ta-
pered IU22 undulator with a central gap of 8 mm, and gaps at the two ends
of 7 mm and 9 mm. The flux curves correspond to placing the centroid of the
first mirror of the K-B mirror pair on the axis of the photon beam (offset

V
:

center), and by various amounts of offset from the axis (offset
V

from 1 mm
to 10 mm). The calculations are based on ID magnets made of Nd-Fe-B.

Comparing Figures 6.26 and 6.27, one can see that when the gap is ta-
pered, strong harmonic spectral peaks typical of an untapered undulator are
crushed, with their intensities spreading out over the energy spans in between
the harmonics. Although some residual structures remain in the spectra, the
evenness (or “whiteness”) of the spectra are deemed sufficient for good Laue
experiments by the user group. These simulations thus serve to certify that
the above taper configuration is adequate for this beamline.

These results further indicate that the degree of polychromaticity doesn’t
vary substantially across the beam profile, and the photon flux focused by
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Figure 6.27: Polychromatic fluxes at the sample position, with the centroid
of the first mirror of the K-B mirror pair intercepting the incoming beam on
the axis (offset

V
: center), and at various offsets from the axis (offset

V
from

1 mm to 10 mm).

the K-B mirrors onto the sample are not very sensitive to the alignment
precision of the K-B mirrors.

6.6 End Station Instrumentation

6.6.1 Overview

Based on requirements presented in a letter of intent, the potential users
need a submicron resolution X-ray microscopy in 2D and 3D for crystalline
orientation, strain-stress distribution, elements map, X-ray fluorescence, and
absorption spectroscopy applied to bulk materials, thin films, and micro- or
nanostructures. Besides, they also expect to study in-situ processes such as
sample growth; samples with applied electric current; samples exposed to
gases, under pressure, being heated, and after puncture.
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In this section, we will report the design results of the end station and
point out which functions are built into the experimental chamber.

6.6.2 Design of the End Station

Basically, design of this end station is based on the layout and concept of
the 34-ID-E end station at the Advanced Photon Source (APS). The major
difference between our implementation and theirs is that our end station is
based on a high vacuum chamber, whereas that of the APS is an in-air sys-
tem. The conceptual design of our end station is depicted in Figure 6.28.
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Figure 6.28: Conceptual design of the end station

We will use an achromatic K-B mirror pair (pre-shaped and Pt-coated)
to focus incoming X-rays down to a size of 100 nm at the sample position.
A large-area pixel array detector (PAD) such as a PILATUS series detector
abutting the vacuum chamber will be used to collect the Laue diffraction
image directly above the sample stage. A small PAD detector behind the
sample and outside the vacuum chamber will be used to obtain the inten-
sity distribution of transmitted X-rays. In contrast to APS 34-ID-E, we will
use a scanning electron microscope (SEM) instead of a telescope to examine



6.6. END STATION INSTRUMENTATION 287

small regions of interest on a sample. We will also provide a set of manipu-
lators with a sub-nanometer resolution in 26 axes to control motions of the
sample and the scanning profiler plate (including 4 3-axis manipulators, 1
goniometer, 2 rotary stages, a 9-axis sample stage, and 2 translation stages,
details of which will be provided later). These manipulators will be housed
in the vacuum chamber close to the SEM assembly. Each of the 26 axes is
equipped with an encoder to form a closed-loop feedback system. Together
they provide the 3D profiler-scan of DAXM and other motions required by
users for special experiments.

6.6.3 Major Components and Specifications of the End
Station

As shown in Figure 6.29, this end station has three ion chambers, two (A,
B) in front of the experimental chamber and the other (C) in between the
experimental chamber and the PILATUS 100K detector. These ion cham-
bers are used to monitor the flux of the incident X-rays, to perform X-ray
absorption spectroscopy (when B and C are used), and to obtain the sample
image (when C is used in conjunction with sample position scanning). The
large in-vacuum X-ray detector attached to the experimental chamber, PI-
LATUS3 6M, is used to collect the back-reflected Laue diffraction pattern.
The smaller PILATUS 100K detector is used to record the transmitted X-
ray image, which will help us find nanostructures of interests encapsulated
within a crystal or other materials.

The experimental chamber is designed to operate in environments rang-
ing from a near ambient pressure one to a high vacuum one, so that it can
be used to study samples which will be destroyed by a vacuum, such as wet
specimens, as well as those which will not.

Inside the chamber, as shown in Figure 6.30, one will find two major in-
struments, the K-B mirror system and the sample stage system. The K-B
mirror system is housed in a small subchamber hermetically sealed against
the main experimental chamber and evacuated to an ultrahigh vacuum to
protect the K-B mirrors. The synchrotron beam penetrates a beryllium win-
dow and falls upon the first crystal of the K-B mirror pair, which focuses
the beam horizontally and projects it onto the surface of the second crystal,
which in turn focuses the beam vertically. The K-B mirrors are mounted on
alignment mechanisms and connected to cooling devices inside the subcham-
ber. The details of the K-B mirror subchamber will be described in a section
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Figure 6.29: The end station diagram of the submicron X-ray diffraction
beamline

detailing the experimental chamber below.

The focused X-ray beam emerging from the K-B mirror subchamber will
be incident upon the sample stage system. This system consists of a 9-axis
hexapod-like platform and a 17-dimensional manipulator assembly. Being
high vacuum compatible and capable of being operated in air, the stages in
this system nonetheless prefer a vacuum environment, as elements in air may
cause corrosion of the moving surfaces, thus degrading their performance.

As indicated earlier, the diffracted light from the sample will propagate
through an inverted pyramidal cone on the top of the experimental chamber,
and be collected by the in-vacuum PILATUS3 6M detector. Both the K-B
mirror subchamber and the sample stage system are mounted on a single
platform made of Invar inside the experimental chamber (not shown in Fig-
ure 6.30). The low thermal expansion of Invar insures that, once aligned, the
relative position between the K-B mirrors and the sample will stay fixed upon
a minor change in temperature, so that the sample will not drift out of the
X-ray focus. One port of the experimental chamber is connected to a load-
lock for sample transfer from a preparation chamber or a growth chamber
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Figure 6.30: Instrumentation setup inside the experimental chamber.

to the experimental chamber. Ports are also provided for electrical and op-
tical feedthroughs for positioners and a laser alignment system. All pumps
and ion getters are installed below the chamber. The entire experimental
chamber is mounted on an alignment mechanism to align the chamber with
respect to the incident synchrotron beam. The alignment mechanism in turn
is supported by an optical bench with dimensions of 3 m, 1.5 m, and 0.5 m
in length, width, and height, respectively. In order to minimize vibrations
of the optical bench caused by the surrounding environment, we will install
an active vibration-cancelling system in the pedestals of the optical bench as
shown in Figure 6.29, to cancel out the vibration and achieve an ultra-high
stability required for the microbeam setup.

In order to find structures ranging in size from tens of nanometers to a
few micrometers, we will utilize an SEM to scrutinize the sample. Once a
target area is found, the SEM will guide the scanning profiler to it. The com-
mercially available in-line SEMs, in which the electron gun and the detector
are coaxial, are all too bulky, as they will obstruct the incoming synchrotron
X-rays. We therefore opted to use separate electron gun and electron detec-
tor to constitute an SEM. We can either detect the back-scattered electrons
or secondary electrons from the sample to form the SEM image. Currently
we are thinking of using both. For detection of back-scattered electrons, a
detection element shaped like an annular or semiannular ring close by the
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sample will suffice. For detection of the secondary electrons emitted from the
sample, a detector fitted with an electron lens will be used. Furthermore, in
order to decrease its profile so as to fit in the cramped space, the commercial
SEM electron gun we chose has a limited degree of differential pumping, thus
restricting its use to a UHV instead of a rough vacuum environment.

Two large-area X-ray fluorescence detectors operated in unison will be
used to analyze the chemical element distribution in a sample. The reason
for using two fluorescence detectors is simply to double the detection solid
angles.

In summary, an SEM composed of an electron gun and an electron detec-
tor, accompanied by a set of two X-ray fluorescence detectors, will be used
to acquire surface images and perform chemical element mapping for sample
pre-search. The SEM will also play the roll of a seeing eye to help the 4
sample probing and handling manipulators navigate across the specimen.

To meet the requirements of DAXM and some other in-situ measure-
ments, we have designed a special 17-dimensional manipulator assembly as
shown in Figure 6.31. This assembly has a sample stage and four sample
probing and handling stages (stages 1 to 4) located on the same platform.
Stage 1 is an SPM stage (to be described in detail later) dedicated to the
DAXM experiment. It includes a goniometer to adjust the Pt-profiler, which
functions as a differential aperture, for orthogonality and parallelism with
respect to the X-ray beam and the sample, respectively. The detailed infor-
mation and working principle of the differential aperture will be described
later.

In order to provide flexibility for experiments, we have reserved three
stages (stages 2-4) for diverse applications. For example, users may need
to study the mechanical properties of thin films or nanostructures such as
nanorods or nanowires. For this application one can install a tungsten or
diamond tip as an ”indenter” on one of the stages to cause a local defor-
mation on the substrate, and measure the diffraction before and after the
deformation. The tip can be guided easily by the SEM and navigate to a
desired area. Users in optoelectronic material fields may be interested in the
relationship between photoluminescence and the strain-stress distribution of
a device in operation. To probe this relationship, one of the three stages
can be fitted with a fiber aperture suspended very close to the luminescence
source to collect the spectrum or distribution map. One of the remaining
stages may host a conductive tip to apply a current to a device under study.
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Stage 1

Stage 2Stage 3

Stage 4

Sample!
stage

Hexapod-like 
manipulator

Cantilever of 
SPM probe 

holder

Figure 6.31: Scheme of the 9-axes hexapod base and 17-dimentional manip-
ulator assembly.

In the meantime, Laue diffraction can be measured by stage 1 to reveal the
difference between the quiescent state and the active state when the device is
powered by a current. In addition to probes, the stages may also be used to
secure implements used to impose stress to a sample. The SEM will play a
very important role in guiding the tips to the correct positions as illustrated
in Figure 6.32.

The sample stage in the middle of the 17-dimensional manipulator as-
sembly consists of x-, y-, and z-axis manipulators, and an endless rotation
stage, which can be used to adjust the sample position easily and to choose
different diffraction patterns recorded by the detector through rotation of the



292 CHAPTER 6. SUBMICRON X-RAY DIFFRACTION

Figure 6.32: An SEM image of positioning two tips on a sample surface
(Magnification factor = 70x)

specimen. The center of the rotation stage has a clear aperture for transmis-
sion of the image of X-rays passing through the specimen. The setup of four
sample probing and handling stages combined with an SEM, which has a su-
perior magnification to reveal tiny structures in a sample, can provide similar
flexibility as that of the APS in-air setup. In summary, this end station will
have the following key parameters and goals:

• Working distance: ≥ 70 mm (from the edge of the 2nd mirror of the
K-B mirror pair to the sample surface).

• Flux: ≥ 2× 109 photons/sec (monochromatic mode for all operation
energies).

• Resolving power: ≥ 7000 (monochromatic mode for all operation ener-
gies).

• Focus size: ≤ 100 nm× 100 nm (H× V).

• Depth resolution: better than 40 nm (profiler run in step-mode).
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• Sample probing and handling stages catered to the specific needs of the
users.

• A large magnification ratio to allow observation of tiny structures in a
sample (Max. 100,000X at a 35 mm probing distance).

The detailed specifications of each component are described in the following
sections.

Experimental Chamber

The experimental chamber is illustrated in Figure 6.29. It consists of 49
ports for different applications: 2 DN43CF ports for two fluorescence detec-
tors, 1 DN16CF port for incoming X-rays, 1 DN160CF port for connecting
the experimental chamber to the preparation chamber, 1 DN100CF port for
the transmitted beam to an image detector, 1 DN200CF port for a diffraction
detector, 1 DN63CF port for an SEM electron gun, 1 DN43CF port for SEM’s
secondary electron detector, 32 DN40CF ports for electrical feedthroughs to
connect to the K-B mirror pair and sample stage positioners, 3 DN63CF view
ports, 3 ports of different CF sizes for a pump and ion getters, and 3 DN63CF
ports reserved for lasers or light in/out of the chamber. The main chamber is
1200 mm long and 800 mm wide with a wall thickness of 30 mm. The height
of the chamber, not including the pyramidal cone on its top, is about 800 mm.

As mentioned earlier, the slender profile of the SEM electron gun im-
posed by the cramped space leads to a rather limited differential pumping
capacity of the electron gun. As such, when the SEM is used, the working
vacuum pressure of the experimental chamber should be maintained below
1× 10−7 Torr. When this is not possible, as in the case of a study using a
wet sample, the SEM’s roll as a seeing eye then will be taken up by the small
PAD PILATUS 100K.

The K-B mirror subchamber hermetically sealed against the experimental
main chamber will be kept at a relatively low working vacuum pressure down
to 1× 10−9 Torr, in order to avoid radiation damage to, and thus prolong
the lifetime of, the K-B mirrors. A beryllium window on the K-B mirror
subchamber will deliver the outgoing X-rays to the sample stage and prevent
the ablated particles from the sample surface to reach the K-B mirrors and
degrade their performances. The X-ray entrance port of the K-B mirror
subchamber is connected via a welded bellows to the entrance port of the
experimental main chamber. Another port of the K-B mirror subchamber (a
utility port) is connected via a welded bellows to a port of the experimental
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main chamber, to which a three-way chamber is attached. One port of the
three-way chamber is connected to a pumping system for the K-B mirror
subchamber, the other is fitted with electrical and cooling water feedthroughs
connected to the alignment mechanisms and cooling conduits of the K-B
mirrors.

Sample Stage System

As mentioned earlier, the sample stage system comprises a 9-axis hexapod-
like platform and a 17-dimensional manipulator assembly. The latter is sup-
ported by the former. They are assembled from different types of positioners
made by SmarAct as follows.

The 17-dimensional manipulator assembly (as shown in Figure 6.31) con-
sists of a sample stage and four sample probing and handling stages situated
around the four corners of the sample stage. Two SLC-1740S positioners and
an SLC-1715S positioner combined with an endless rotary positioner (SR-
2812-S) form the sample stage with a large working range in the azimuthal
plane and a small zenithal travel. Each of the four sample probing and han-
dling stages is constructed of 3 SLC-1720S positioners. One of these stages
is an SPM stage for alignment and calibration of the differential aperture.
This stage has an additional goniometer (SGO-60.5) added to it. With the
ease of site location afforded by the SEM, and the flexibility and versatility
of the sample probing and handling stages, the 17-dimensional manipulator
assembly aims to provide a set of tools ideally suited for repeated probing
and sample handling tasks.

The 9-axis hexapod-like platform under the 17-dimensional manipulator
assembly provides 6 degrees of freedom (3 translational and 3 rotational)
to the latter, and allows the sample to be positioned to the X-ray focus
defined by the K-B mirrors. All positioners of the sample stage system
are high vacuum compatible and equipped each with an encoder. Detailed
information regarding the above-mentioned positioners can be found at the
SmarAct website (http://www.smaract.de).

SPM Stage

The main propose of the scanning probe microscopy (SPM) stage is to
guide the metal scanning profiler close to the sample surface and to improve
the depth resolution of the 3D Laue diffraction microscopy. In order to reach
this goal, the SPM stage should satisfy at least these requirements:
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• Integration with the SEM system.

• Main structure of the SPM stage away from the sample to allow passage
of reflected X-rays from the sample to the Laue diffraction detector.

• In-situ swap of probing tips.

• To offer coarse scan and fine scan.

The detailed parameters and specifications of the SPM stage are listed in
Table 6.21.

Table 6.21: The parameter table of the SPM head

XY Scan Range
1.4µm× 1.4µm

(Scan mode)

5µm× 5µm

(step mode, used for DAXM
profiler-scan)

Z Scan Range
Similar to the step mode of

the XY range

XYZ sensor resolution (Closed-Loop)
Sub-nanometer (with an
integrated nano-sensor)

Coarse Positioning Range 5 mm

Coarse Positioning Min. Step Size 50 nm

Coarse Positioning Absolute Accuracy
5µm

(over 5 mm step mode range)

UHV Compatibility 2× 10−9 mbar

Load-Lock Compatibility
Sample and SPM tip/sensor

replacement via load-lock

SPM Tip/Sensor

Tunneling tips

/ Quartz tuning fork

/ Cantilever AFM sensor
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Differential Aperture

Based on the need of users in the field of thin film research, we have
improved the designs of others to reach a depth-resolution for 3-D Laue
diffraction microscopy down to 50 nm or less. Instead of a wire of a circular
cross section, a scanning profiler with a trapezoid cross section hovering over
the sample will serve as a differential aperture. It will be made of high-Z Pt
with a thickness ca. 50µm along the direction of the surface normal of the
sample. The scanning profiler will be riding on the SPM stage, which will
be able to position it to 15µm above the sample surface. To aid the pre-
cise positioning of the profiler, an AFM cantilever bolted on the same base
plate as the profiler is used to gauge the distance between the profiler and the
sample surface. Under this condition, the estimated vertical resolution of the
sample can reach≈ 6 nm. For a detailed schematic please refer to Figure 6.33.

Figure 6.33: Schematic of a scanning profiler plate for 3-D Laue diffraction.
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Scanning Electron Microscope

For research fields of nanoscale materials, morphological information is
important and desired. Therefore, we will provide an SEM in our end station.
In general, secondary electrons emitted within several nanometers across the
surface are collected to map out the surface topography. With a K-B mirror
pair close to the sample stage and the solid angle of the diffracted X-rays
reserved for the collection cone of the large PAD, the space around the sam-
ple stage is at a premium. To accommodate the size of the sample stage,
the collection solid angle of the PILATUS3 6M PAD (to be described later),
and the small distance between the sample and the K-B mirrors, the SEM
electron gun will be placed at a 90 degree horizontal angle away from the
incident X-ray beam, and a 45◦ take-off angle from the horizontal plane. As
the zenithal axis of the sample stage is tilted away from the incoming X-ray
axis by 45 degrees in the vertical plane, the SEM electron gun thus oriented
will aim at the sample surface in a direction away from its surface normal.
Moreover, the working distance from the sample surface to the SEM electron
gun head is pushed to 35 mm, away from its design optimum of 10 mm. The
schematic of the SEM electron gun and SEM’s secondary electron detector
in relation to the sample stage system, the X-ray beam, and the PILATUS3
6M PAD is shown in Figure 6.30.

In this end station, we will use a UHV SEM electron gun (e-CLIPSE
Plus) from Orsay Physics. Its specifications are listed in Table 6.22. The up-
per panel of Figure 6.34 shows a 3-D drawing of an e-CLIPSE Plus electron
gun. Recently we have proven that the SEM can achieve an acceptable image
with a magnification of 100,000 at a 35 mm working distance, as shown in
the lower panels of Figure 6.34.

Large Pixel Array Detector (for Laue Diffraction)

For diffraction experiments in this end station, we need a “large” area de-
tector to obtain Laue diffraction patterns. The PILATUS detector, a novel
X-ray detector developed at the Paul Scherrer Institute (PSI) for the Swiss
Light Source (SLS), is chosen for this purpose. PILATUS detectors are two-
dimensional hybrid pixel array detectors, which operate in a single-photon
counting mode. A hybrid pixel that features single photon counting com-
prises a preamplifier, a comparator and a counter. Electrons generated in
each pixel of the sensor by the incoming X-rays are amplified by a preampli-
fier and sent to a comparator. If the amplified charges exceed a predefined
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Table 6.22: Specifications of the Orsay Physics e-CLIPSE Plus SEM electron
gun. WD denotes the working distance from the sample surface to the head
of the SEM electron gun.

Parameter Specification

Electron energy range 200 eV − 30 keV

Beam current 5 pA − 100 nA

Performances of resolution, 4 nm at 5 pA

V = 25 keV, WD = 12 mm 8 nm at 100 pA

12 nm at 500 pA

20 nm at 1 nA

50 nm at 10 nA

Performances of resolution, 10 nm at 50 pA

V = 10 keV, WD = 12 mm 20 nm at 200 pA

30 nm at 500 pA

50 nm at 2 nA

threshold, a digital signal will be generated by the comparator and sent to a
counter. This way one can obtain a complete digital storage and read-out of
the number of detected X-rays per pixel without any read-out noise or dark
current.

How “large” a Laue X-ray detector do we need? The APS 34-ID-E end
station and our end station have similar X-ray bandwidths in the polychro-
matic mode. In order to solve the structure orientation and stress distribution
derived from a Laue diffraction pattern, both end stations need to acquire
Laue diffraction patterns of a similar minimum solid angle. To cover this
solid angle, they used three detectors. As to our design, considering the
de-magnification of the K-B mirror pair and the resultant divergence of the
diffracted light from its focus at the sample surface, we need to place the
PAD at 43 cm away from the sample to obtain the best angle resolution,
as the diffraction spot size becomes comparable to the detector pixel size at
this distance. As such, to cover the required minimum solid angle, we need
a detector with an active area larger than 43× 43 cm2. The PILATUS3 6M
detector fits the above requirement.
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Figure 6.34: Schematic of the SEM electron gun to be installed in the experi-
mental chamber (upper), and four SEM images at a magnification of 100,000x
under different testing conditions for the SEM electron gun (lower). WD in
the picture margin indicates the working distance from the sample surface
to the SEM electron gun head.

Furthermore, we need to consider at what frame rate one can obtain a
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complete set of 3-D Laue diffraction data in a reasonable amount of time. For
a general 3-D Laue diffraction reconstruction, we may divide a sample con-
ceptually into 50×50×600 cubicles, the first two partitions along two lateral
dimensions and the last along the vertical (depth) dimension. A complete
set of Laue diffraction patterns will therefore consist of 1.5 million images,
one for each cubicle. In light of the limited amount of beam time allotted
to a user, one day is considered a reasonable time period to acquire such a
complete set of data. It comes out that under the condition of one frame per
cubicle, the frame rate of a detector should be around 20 Hz to achieve such
a goal. Of course, the cubicle scanning mechanism should also be able to
provide such a speed or frequency, or it will become the bottleneck of data
acquisition. The PILATUS3 detector, with a frame rate up to 20 Hz, fits the
bill.

Apart from the PAD frame rate consideration, the fluxes of the incoming
and diffracted X-rays are also of paramount concerns for 3-D Laue diffraction,
as they determine the statistical quality of data. X-rays at the low end of the
energy range of this beamline are absorbed considerably by air. If the conical
section linking the PAD to the experimental chamber is in air, the diffracted
X-rays at the low end of the energy range will sustain a severe attenuation
by air, to the tune of more than 90 percent, and data quality suffers as a
result. To prevent this from happening, we have chosen the “in-vacuum”
type PILATUS3 detector. Its front face is constructed of UHV-compatible
materials, and can be bolted directly to a UHV chamber. The specifications
of the in-vacuum PILATUS3 6M PAD are shown in Table 6.23.

Small Pixel Array Detector (for Absorption Image)

To explore interesting areas of a specimen, we plan to use a pixel array
detector to obtain phase contrast absorption images of sample features, espe-
cially features buried underneath the surface. Based on the current technol-
ogy, the best commercial product is the PILATUS 100K detector (See Table
6.24). It is based on the newly developed CMOS hybrid-pixel technology
operating in the single-photon-counting mode with a high dynamic range, as
the PILATUS3 6M model mentioned above. In contrast to the PILATUS3
6M, which is water-cooled and has a 20 Hz frame rate, the PILATUS 100K
detector is air-cooled and has a much higher frame rate at 300 Hz.
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Table 6.23: Specifications of the PILATUS3 6M detector

Number of detector modules 5× 12

Sensor thickness [µm] 1000

Sensitive area (width × height) [mm2] 423.6× 434.6

Pixel size [µm2] 172× 172

Number of pixels in total 2463× 2527 = 6 224 001

Dead area / gap between modules 8.5%

Defective pixels < 0.03%

Maximum frame rate [Hz] 20 Hz

Readout time [ms] 0.95

Point-spread function 1 pixel (FWHM)

Power consumption [W] 570

Dimensions (W × H × D) [mm3] 590× 603× 455

Weight [kg] 92

Module cooling Water cooled

Electronics cooling Air cooled

External trigger / gate 5 V TTL

Vacuum compatibility < 1× 10−6 bar

X-ray Fluorescence Detector (Large-Area SDD Detector)

In order to track the element distribution in materials, we will use a large-
area silicon drift detector (SDD) by Bruker Instruments (XAS 5100LN) to
collect fluorescence from different elements in a sample. To achieve the best
signal-to-noise ratio, the model with the largest cross section among the four
offered by Bruker Instruments was chosen, since for a given flux of excitation
source, be it X-rays, electrons, or some other fundamental particles, the
larger the cross section, the higher the count rate, thus a higher signal-to-
noise ratio, as illustrated in Figure 6.35. The detailed specifications of the
detector are listed in Table 6.25.
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Table 6.24: Specifications of the PILATUS 100K detector.

Sensor Reverse-biased silicon diode array

Sensor thickness [µm] 450

Pixel size [µm2] 172× 172

Dynamic range [bit] 20 (≥ 1 : 1, 000, 000)

Quantum efficiency

5 keV:> 80%

8 keV:> 99%

15 keV:> 55%

Frame rate [Hz] 300

Point-spread function 1 pixel FWHM

Software interface Compatible to EPICS/SPEC/C/C++

Figure 6.35: Count rate as a function of excitation beam current for SDD
fluorescence detectors of 4 different cross sections.
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Table 6.25: Specifications of the large-area SDD fluorescence detector.

Active area [mm2] 80

Count rate [cps] > 600, 000

Throughput [cps] > 300, 000

Energy resolution 133 eV at Mn K-alpha

Cooling (vibration control) Peltier cooling without a fan

Sensor packing
Vacuum enclosed sensor and

UHV chamber compatibility (CF40)

Analysis element range From Be to Pu

Operating angle 0 to 45 degrees
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UV-VIS-IR Luminescence Monochromator

In order to provide optical information of a sample and compare it with
that from diffraction, one needs to detect and analyze luminescence sig-
nals emitted by a sample. Because several complicated compound materials
which contain secondary phases possess wide luminescence energy ranges,
a monochromator spanning a range from ultraviolet to near infrared wave-
lengths is required. In addition, a minimum vibration, a high spectral reso-
lution, and a high efficiency are also desired features.

A Princeton Instrument SP-2558 monochromator with a focal length of
500 mm is selected for this purpose. It contains a turret to house three grat-
ings. At any given moment during spectral measurement, only one of the
gratings will be in the optical path. The monochromator’s exit focal plane
has an opening 27 mm wide (along the energy dispersive arc) and 14 mm
high, onto which a CCD-based multichannel array detector is mounted. The
photon energy scan is effected by rotation of the grating, which casts incre-
mentally energy-shifted bands of light along the dispersive plane onto the
multichannel array detector. For each rotational orientation of the grating, a
frame of energy-dispersed light is recorded by the multichannel array detec-
tor. Combining signals from pixels in different frames corresponding to the
same photon energy will yield a spectrum of the dispersed light. The major
specifications of the SP-2558 monochromator are listed in Table 6.26.

Table 6.26: Specifications of the Princeton Instrument SP-2558 monochro-
mator

Focal length (mm) 500

Aperture Ratio f/6.5

Mechanical scan range 0 − 1400 nm

Entrance slit 10µm − 3 mm (motorized)

Exit focal plane size 27 mm wide × 14 mm high

Grating mount Triple grating turret

Grating size 68 mm× 68 mm

Three gratings have been chosen for this monochromator. Their specifi-
cations are shown in Table 6.27. For survey scans which don’t need a high
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resolution, we have chosen a grating with a coarse groove density (50 grooves
per millimeter) and a blazed wavelength at 600 nm to cover the whole wave-
length range from 300 to 1,200 nm. As can be seen in Table 6.27, the photon
energy dispersion of this grating across the exit focal plane (1057 nm) is more
than enough to cover the entire spectral range (900 nm) of this monochroma-
tor. Thus, to record a luminescence spectrum using this grating, no scanning
(i.e., rotation) of the grating is required. This comes handy when concomi-
tant microscopy and luminescence experiments are being carried out, as there
will be no grating-movement induced vibration detrimental to the microscopy
experiment. In addition, the stationary grating unencumbered by the need
of a slow grating scan, lends itself to a high speed spectrum output up to
100 frames per second, so that one can perform fast, synchronous microscopy
imaging and luminescence measurement, say, at a speed of 20 Hz, across a
sample surface.

Table 6.27: Specifications of three gratings used in the luminescence
monochromator.

Grooves / mm 50 1200 1200

Blazed wavelength (nm) 600 300 750

Dispersion across the
exit focal plane (nm)

1057 38 38

CCD Resolution 1.578 nm
0.058 nm;
1.61 cm−1

at 600 nm

0.058 nm;
1.61 cm−1

at 600 nm

For purposes of high-resolution luminescence and Raman spectroscopies,
two gratings with a fine groove density (1200 grooves per millimeter) and
blazed separately at wavelengths of 300 and 750 nm are also provided. To-
gether, these three gratings satisfy both needs of a quick survey and a high
resolution scan of a luminescence spectrum. The composite efficiency curves
(the grating efficiency multiplied by the CCD quantum yield) for these grat-
ings are plotted in Figure 6.36.

To minimize vibration imparted to the experimental chamber, the monochro-
mator with its grating driving motor is placed several meters away from the
experimental chamber of the end station. The luminescence signals are piped
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Figure 6.36: The composite efficiency curves (the grating efficiency multiplied
by the CCD quantum yield) of Princeton Instrument’s 3 gratings and its CCD
detector.

to the entrance slit of the monochromator by optical fibers.

Charge-Coupled Device (CCD)

In order to detect the luminescence signals, a Princeton Instrument PIXIS
100BR Peltier-cooled charge-coupled device (CCD) is chosen. It employs the
back-illuminated deep depletion technique to achieve a high efficiency.

The PIXIS CCD includes 1340×1000 pixels, each of a size of 20×20µm2,
to record luminescence dispersed across the exit focal plane of the SP-2558
monochromator. To obtain a higher-resolution spectrum, the detector is to
be used as is. To perform a rough (low energy resolution) elemental map-
ping across a sample, one can modify the control software and sum up counts
from contiguous multiple pixels into bins to improve data statistics and thus
speed up data acquisition. With a judicious choice of the bin size, one may be
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able to obtain a quick survey scan while still preserving these bins’ elemental
specificities. The detailed specifications of the PIXIS 100BR CCD detector
are listed in Table 6.28.

6.6.4 Data Storage

As mentioned earlier, two PAD detectors, PILATUS3 6M and PILA-
TUS 100K, will be used to record Laue X-ray diffraction patterns and X-ray
transmission images, respectively. Due to its enormous number of pixels, PI-
LATUS3 6M in particular will produce a copious amount of data. Provisions
need to be made to transfer data from detector computers to a data storage
cluster, further to user computers.

The tally of data from the PILATUS3 6M detector operating at full speed
is as follows:

Data / Image = 24 MB

Data / Set = 50 (X) × 50 (Y) × 1000 (Z) × 24 MB = 60 TB

Data / Day = 24 MB × 20 Hz × 3600 s × 24 h ≈ 41 TB

Data / Cycle Run (60 days / cycle) = 41 TB × 60 days ≈ 2.5 PB

Table 6.28: Specifications of the Princeton Instrument PIXIS 100BR CCD

Detection technique
Back-illumination

deep-depletion

CCD format 1340 pixels × 1000 pixels

Pixel size 20µm× 20µm

Cooling technique
Thermoelectric (Peltier effect)

(−80 ◦C)

Dark current (e−/(p · sec)) 0.03

Read-out speed
16-bit,

2 MHz pixel reading rate,
and 100 Hz frame output rate
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The PILATUS3 6M detector has 6,224,001 pixels. In terms of pixel num-
ber, it’s 3.3 times as large as that used at the APS 34-ID-E end station. A
RAW image file from the APS setup has a size about 7.2 MB, so that of the
PILATUS3 6M detector should have 24 MB for one shot. The frame rate of
the PILATUS3 6M detector is 20 Hz, 4 times as fast as that used at the APS
34-ID-E end station. For PILATUS3 6M to operate continuously without
interruption for 3D reconstruction for a period of one week, the total RAW
data size will be 24 × 20 × 3600 × 24 × 7 = 290,304,400 MB (290 TB). (APS
case: 7.2 × 5 × 3600 × 24 × 7 = 21,772,800 MB (21.8 TB), and they offer
data storage spaces of 64 TB at the end station and 500 TB on a cluster).

6.6.5 Differential Aperture X-ray Microscopy (DAXM)

According to the design, this end station is used mainly for 3-dimensional
microdiffraction experiments. The detailed processes are described below.
The intense polychromatic beam source can either pass directly to the fo-
cusing mirrors or rendered monochromatic by a special rotating 4-bounce
crystal monochromator. The K-B mirrors focus the the polychromatic beam
to a 100 nm by 100 nm size at the sample position. Samples are mounted on
plates that can be viewed with an SEM prior to experiments. Samples are
positioned by a high precision three-axis translation stage to expose a de-
sired sample region to X-ray microdiffraction. A pixel array X-ray detector
is located directly above the sample to measure the Laue patterns scattered
by multigrains of the sample irradiated by the X-ray beam.

To simplify explanation for the data acquisition algorithm, we will switch
to the APS setup as an example. In this setup, a 50 µm-diameter wire serving
as a differential aperture is scanned across the sample surface while hovering
a few hundreds of micrometers above it. Figure 6.37 shows the geometry for
polychromatic microbeam Laue diffraction measurements. After recording a
Laue pattern with the wire at position (n), the wire is stepped to position
(n + 1) where the second image is collected. The differential intensity, I(n)
- I(n+1), in each pixel of the detector can be assigned to depth segments
along the beam axis using the position of the wire and the positions of the
individual pixels of the detector. The differential intensities are then used to
reconstruct each of the Laue spots from each subgrain volume. Wire profil-
ing and computer reconstruction of Laue diffraction patterns as a function
of depth generate a series of individual depth-resolved Laue patterns.

Typical Laue patterns generated by a microbeam are displayed in Figure 6.38
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Figure 6.37: A schematic of differential aperture X-ray microscopy. A poly-
chromatic microbeam hits a sample and gets scattered into a CCD or pixel
array area detector.

(Barabash, et al., in Phys. Stat. Sol. (b) 243, 1508 (2006) and Budai, et al.,
in Nature Mater. 2, 487 (2003)). After resolving the depth-dependent Laue
patterns, the key step is to index the diffraction patterns (J. S. Chung and
G. E. Ice in J. Appl. Phys. 86, 5249 (1999)). Indexing is automated by com-
paring the angular differences of reflections between measured and simulated
patterns based on the geometry of microdiffraction system and setup. These
step-by-step orientations and crystal structures with ∼ a hundred nanome-
ter resolution can be further obtained. The precise angles between indexed
reflections also determine the deviatoric strain tensor that quantifies the dis-
tortion of the unit-cell shape. The energy of at least one reflection must be
measured or scanned to obtain the absolute d-spacing of the reflection in
order to examine the hydrostatic (dilatational) strain and full strain tensors.
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6.6.6 Infrastructure for Beamline and End Station

All beamline control and data management will be based on Experi-
mental Physics and Industrial Control System (EPICS). EPICS is a set of
open source software tools, libraries, and applications developed collabora-
tively and is used worldwide to create distributed real-time control systems
for scientific instruments such as particle accelerators, telescopes, and other
large scientific experiments. We will provide users with LabVIEW- and C
language-based GUI interfaces for changing and displaying control parame-
ters and performing experiments.

6.6.7 Hutches

The beamline physical layout and a bird’s-eye view of the optical and
experimental hutches are shown in Figure 6.39. The X-ray monochromator
and the experimental chamber system will be housed in hutches with suitable
temperature control and will use granite tables of the same height to minimize
vertical drift between the monochromator and the experimental chamber due
to temperature variation. All fans and chillers for temperature control will
be placed on vibration-damping surfaces and sequestered in another room to
reduce vibration.
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6.7 Radiation safety

In design of the safety system, personal safety and equipment protec-
tion are given rigorous scrutiny. The sources of hazard considered include
bremsstrahlung, synchrotron radiation, and toxic materials used in experi-
ments.

Currently, we have completed ray-tracing of the bremsstrahlung radiation
shown in figure 6.40. Drawings of the hutches and the infrastructure includ-
ing cooling water, compressed air, liquid nitrogen supply, electrical power,
and associated pipings are still under development. Radiation shieldings of
the beamline are evaluated by our radiation safety group.
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6.8 Schedule

Construction Schedule
Year

Main Items
2011 2012 2013 2014 2015 2016

TPS Installation

TPS commissioning

Conceptual Design for 
Beamline and Endstation

Detail Design for Beamline

Detail Design for Endstation

Procurement for Main 
Components & Hutch

Procurement for Main 
Components of Endstation

Installation for Main 
Components & Subsystem

Source、 Beamline and 
Endstation Commissioning

Open to Public Users

Figure 6.41: Construction Schedule.

6.9 Commissioning plan

Commissioning of the submicron X-ray diffraction beamline will be di-
vided into four parts: (I) the undulator source, (II) the beamline, (III) the
end station, and (IV) test runs using standard samples. These will be dis-
cussed below.

6.9.1 Tapered Undulator Source

Once the undulator has been installed and operated at different gaps and
the electron orbit in the storage ring has reached its design target, we will
begin commissioning of the beamline. With the monochromator installed in
the beamline, we will do the following:

• For a fixed gap, we will measure the X-ray spectrum. From it one
can deduce the effective magnetic field corresponding to each gap, and
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compare it to the calculated value. Deviation between the two will
provide the Accelerator Division at the NSRRC with valuable data to
aid in their assessment of the mechanical and magnetic performances
of the undulator.

• For a fixed energy of X-rays set by the monochromator, we will find
the maximum transmitted flux by varying the undulator gap. The
procedure will be repeated for different energies to produce a tuning
curve (energy vs. gap) for the undulator.

The following are specific items of measurement for the IU22 source:

• For the conventional mode: Gap vs. energy, flux spectra, source size
and divergence, stability

• For the tapered mode: Gap vs. flux spectrum, source size and diver-
gence, stability

6.9.2 Beamline Optics

Commissioning of the beamline optics will focus on the focal spot size and
working distance, beam position stability after alternate switchings between
the polychromatic and the monochromatic modes, and thermal drifts and vi-
brations of structure elements. Reproducibility of the beam position depends
strongly on ambient temperature control and mechanical stabilities of optics
such as the monochromator and the K-B mirrors. Key optics with demand-
ing specifications such as the monochromator and the K-B mirrors will be
examined meticulously and adjusted accordingly to ensure that the goal of
design performances of the beamline will be reached. In addition, a small X-
ray area detector combined with other spectroscopic apparatus and/or beam
position monitors will be used to analyze the long-term thermal, vibrational,
and mechanical stabilities of the optics. Performances of basic elements of
the beamline in terms of undulator source characteristics, photon flux on a
sample, and efficiency will also be measured. For examination of the beam
spot size, a nanoslit/reflector developed by the APS microdiffraction group
will be used [W. Liu, et al., Review of Sci. Instr. 76, 113701 (2005)]. The
∼ 20 nm wide pseudo-slit can profile the beam every 200 µm, so that the
focal size can be quickly located and precisely examined. The following are
specific items for beamline commissioning.

• Synchrotron beam stability

• Thermal control and stability of optics and the experimental hutch
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• First focusing mirror (including mechanical and thermal stabilities,
beam position measurement, long trace profiler, spot size at 38 m,
flux at 38 m, etc.)

• Monitoring of the polychromatic beam position

• Monochromator (including mechanical and thermal stabilities, beam
position measurement, rocking curve, flux, energy resolution, etc.)

• K-B mirrors (long trace profiler, spot size at the sample position, flux
at the sample position, stability, etc.)

• L-slit

• Undulator and monochromator synchronization

• Beam size and focal length measurement

• Photon flux and efficiency measurement

6.9.3 End Station

Commissioning of the end station will focus on the performance and re-
liability of the integral microdiffraction system and energy calibration of the
X-ray detectors. The differential aperture is the most important compo-
nent for the DAXM technique, which determines the depth resolution of the
image, and the test of which will be time consuming. The stability of the
differential aperture is of a particular concern, since the original position
of the differential aperture, which serves as the reference of the whole mi-
crodiffraction system, must be unchanged after hundreds, even thousands of
sequential scans. Quantum efficiencies of the X-ray detectors will be ascer-
tained. Together with experimentally determined undulator spectrum, the
energy-dependent pixel counts of the X-ray detectors can be calibrated and
corrected. The stability and reliability of the differential aperture and the
monochromator in the on-the-fly mode will be checked. The effects of thermal
drift and vibration on the differential aperture and the sample stage will be
assessed. The following are specific items for the end station commissioning.

• Alignment of the SEM focus to that of the X-ray beam

• Microdiffraction system (calibration and geometry setup)

• Energy calibration for X-ray area detectors

• Differential aperture (parallelism and stability)
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• Optical telescope (beam position marker)

• Polychromatic beam images of the X-ray detectors

• Differential aperture and monochromator fly scan test

• Data storage, data transfer, and calculation test

6.9.4 Test Runs on Standard Samples

A strain-free Si single crystal with a 4 µm thickness will be used as a
standard sample for system test, which is similar to the calibration procedure
of the APS 34-ID-E end station. The procedure of test runs is as follows:

• First, the polychromatic mode is employed to measure the standard
Laue pattern of the Si single crystal. All diffraction spots within the
detector solid angle should be recorded, as shown in Figure 6.42 (left).

• All diffraction spots can be found and indexed by a microdiffraction
software program. The energies, deviations of peak angles, and crystal
orientation of the peaks will be calculated, as shown in Figure 6.42
(right).

• To confirm the calculated data, the system will be switched to the
monochromatic mode. We will check at least 5 peaks to confirm the
veracity of peak indexing via monochromatic energy scans. The errors
of peak indexing can be reloaded to the program to refine the geometry
of the microdiffraction program.

• After that, a new Laue pattern of the Si sample will be re-measured.
We will do strain refining to check the quality of the measurement.
For a strain-free Si sample, the calculated deviatoric strain should be
within the strain resolution of the system, i.e., 1× 10−4.

• To test the strain resolution, the spatial resolution and the long-term
stability of this beamline, 3D scans of Si single crystals and/or poly-
crystalline metals will be performed. Compared with the APS 34-ID-E
end station, we aim to achieve a higher strain resolution of 1× 10−4

(2× 10−4 for APS), a faster collection rate at 20 frames/s (5 frames/s
for APS), and a higher spatial resolution of 100 nm (300 nm for APS).
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Figure 6.42: Laue diffraction pattern of a 4 µm thick Si single crystal (left)
for system calibration.

6.10 Construction Team

The manpower for the beamline construction is listed below:

• Construction Leader: Dr. Hsin-Yi Lee, NSRRC

• Construction Surveyor and Mechanical Engineer: Mr. Cheng-Chi Chen,
NSRRC

• Optics: Dr. Chi-Yi Huang, NSRRC

• End Station: Dr. Ching-Shun Ku and Dr. Shih-Nan Hsiao, NSRRC;
Prof. Ling Lee, THU.

• Technical Advisor: Mr. Chien-Hung Chang, NSRRC

• Control System: Mr. Chin-Yen Liu; Mr. Chia-Feng Chang and Mr.
Hsin-Wei Chen, NSRRC

• Infrastructure: Mr. Jwei-Ming Juang and Dr. Chao-Chih Chiu, NSRRC
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