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The Shanghai Synchrotron Radiation Facility (SSRF) is the first third-generation synchrotron
facility in China and operated at an electron energy of 3.5 GeV. One of the seven beamlines in the
first construction phase is devoted to soft x-ray spectromicroscopy and is equipped with an
elliptically polarized undulator light source, a plane grating monochromator, and a scanning
transmission x-ray microscope end station. Initial results reveal the high performance of this
beamline, with an energy resolving power estimated to be over 10 000 at the argon L-edge and a

spatial resolution better than 30 nm. © 2010 American Institute of Physics.

[doi:10.1063/1.3491837]

I. INTRODUCTION

Many scientific research areas require chemical analysis
with submicron spatial resolution. However, well-established
chemically sensitive methods such as infrared spectroscopy
or nuclear magnetic resonance spectroscopy lack high spatial
resolution. By contrast, electron microscopy has excellent
spatial resolution but has minimal elemental or chemical sen-
sitivity. Furthermore, its use is often prohibited for radiation-
sensitive samples due to the strong radiation damages in-
duced by the electrons. X-ray spectromicroscopy is a
technique using high brilliant tunable synchrotron radiation
and allows for both spatial resolution and chemical sensitiv-
ity. This technique exhibits a sub-100 nm resolving ability in
space, as determined by the zone plate and a chemical dis-
tinguishing ability determined by the beamline monochro-
mator via near edge x-ray absorption fine structure
(NEXAFS) spectroscopy. So far, several such scanning trans-
mission x-ray microscope (STXM) instruments have been
built in different synchrotron radiation facilities (e.g., ALS,
CLS, BESSY, SLS) and have eventually become important
tools for scientific research.'™”

The Shanghai Synchrotron Radiation Facility (SSRF) is
the first third-generation synchrotron in China and operates
at an electron energy of 3.5 GeV and with a beam current of
200 mA. The soft X-ray Spectromicroscopy Beamline
(BLO8U) is the only soft x-ray beamline among the seven
beamlines in the first construction phase. It consists of an
APPLE-II type, elliptically polarized undulator (EPU), two
mirrors [a cylindrical mirror before and a toroidal mirror
after the plane grating monochromator (PGM)], an entrance-
slitless PGM [two gratings: 800 1/mm Pt coated (optimized
for 250-750 eV); 1200 I/mm Au coated (optimized for
275-2000 eV)], and an experimental station equipped with a

“Author to whom correspondence should be addressed. Electronic mail:
tairenzhong @sinap.ac.cn.
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STXM. To satisfy the requirements for most users, the pho-
ton energy was chosen to range from 250 to 2000 eV, thereby
covering the K-edge of C, N, O, F, Na, Mg, Al, and Si, and
the L edges of P, S, Cl, K, Ca, Fe, Cu, and Zn, which are
important in biological science, environmental science, and
polymer and material science.* ! In addition, the light
source is an elliptical polarized undulator, which allows for
more opportunities to study polarization-dependent materi-
als. The end station was designed to have a small beam spot
down to 50 nm and be able to measure the transmitted
NEXAFS, the 2D and the 3D scanning transmission image,
and the total electron yield.

Il. BEAMLINE LAYOUT

The layout of the beamline is shown in Fig. 1. A 4.2 m
long APPLE-II type elliptically polarized undulator with 100
mm periods is used to produce high brilliant soft x-ray pho-
tons with variable polarization. By shifting these two diago-
nal rows longitudinally with respect to the fixed rows, the
polarization state of the emitted photons can be tuned to be
circular, elliptical, or linear (horizontal or vertical). The pho-
ton energy is chosen by changing the gap distance between
the upper and lower pairs of magnetic rows. The first and
third harmonics basically cover the needed photon energy
range. Figure 2 shows a representative emitted spectrum with
the EPU gap set at 55.49 mm, corresponding to an energy of
250 eV for the first harmonic. The 7th harmonic was ob-
tained in this experiment, but the 9th or 11th harmonic can
be reached in practice. A theoretical curve is fitted to the
data, showing that the lower harmonic closely matches the
theoretical values. By contrast, the higher-order harmonic
exhibits some discrepancies because of the phase error,
which describes the phase distribution of emissions from
each undulator pole.

A four-jaw aperture (slit 1) located at 20 m from the
source point was employed to define the acceptance angle of

© 2010 American Institute of Physics
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FIG. 1. Schematic layout of the BLO8SU beamline. The SHADOW ray-
tracing result shows the beam spot at the exit slit.

the beamline, that is =0.04 mrad in the horizontal and ver-
tical directions. The slit also functions to absorb most of the
heat load and to protect the downstream optical elements.
The key instrument of the beamline is the plane grating
monochromator,'>™* before which a cylindrical mirror was
used to produce a parallel beam in vertical and deflect the
incoming beam horizontally by 3.44°. This mirror was Au
coated and side-water cooled, and also played a role in cut-
ting the higher harmonic radiation (>2000 eV). The PGM
(SX700 type) is operated in collimated mode. This device is
ideal for downstream optics and makes photon tuning easier
just by changing its included angle while keeping its incom-
ing and outgoing axes the same. To guarantee mechanical
accuracy during grating switching, the two gratings were de-
signed to be fabricated on one substrate. An internally water-
cooled scheme was adopted for the premirror to protect the
surface from the high heat load during photon tuning (rota-
tion). The plane mirror substrate size is 80 mm wide, 450
mm long, and 75 mm thick. It is composed of two pieces that
are permanently bound together. The water channels (32
channels combined into four groups of eight channels each
with a channel width and height of 1 and 5 mm, respectively)
are in the faceplate. The hot wall thickness is about 1.5 mm.

——theoretical
»»»»» experimental

Gap=55.49mm
1st energy=250eV

H slit1 size:80*80urd2-
slit2 size:50*50pm?2
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FIG. 2. (Color online) An EPU spectrum curve measured with grating 2
(1200 1/mm) using a photodiode after the exit slit. The four-jaw aperture (slit
1) and exit slits (slit 2) were 1600 um X 1600 um and 50 wm x50 wm,
respectively. The EPU gap was set at 55.49 mm, which corresponds to the
first harmonic energy of 250 eV.
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The nominal water flow rate is up to 1.2X 107 m?3/s (1.9
U.S. gallons/min), which leads to a pressure drop of approxi-
mately 193 kPa (28 psi) inside the mirror. The Cg value of
this PGM was designed to be adjustable from 1.8 to 2.5,
which makes it possible to select the desired mode, such as
higher flux, higher harmonic suppression, and higher energy
resolving power. The beam offset and mechanical precision
were designed to be 30 mm and better than 0.42 arc sec,
respectively. The last optical element was a toroidal mirror,
which refocuses the beam simultaneously in the horizontal
and vertical directions at the exit slit (slit 2). The exit slit also
acts as a secondary light source for the zone plate at the end
station, and its width determines the spatial resolution of the
microscope. All the measurements were carried out at a con-
dition of 50 by 50 um exit slit width, if not particularly
emphasized. The SHADOW ray-tracing result in Fig. 1
shows the influence of the aberrations from optical elements.
Calculations were done using the —1 order diffraction of the
1200 I/mm grating at 250 eV.

A commercial STXM (produced by Xradia) was perma-
nently installed at the end station, consisting of a focusing
optics module, sample module, and detector module. For
STXM, the beam size at the zone plate was chosen to be two
times larger than the zone plate width (200 wm) to maintain
phase matching. The STXM chamber is isolated from the
upstream ultrahigh vacuum with a 100 nm thick Si3;N, win-
dow. The focusing optics module consists of a XYZ stage
stack and holds the zone plate used to focus the x-ray beam.
A smaller XYZ stage stack supporting the order-sorting ap-
erture (OSA) is located on top of the zone plate stage stack
between the sample and zone plate. The OSA is used to
block out unwanted diffraction orders from the zone plate.
The sample is mounted on top of a high-resolution pi-
ezostage. During regular STXM image acquisition, the pi-
ezoscanner is used to raster-scan the specimen through the
focus produced by the zone plate. A laser doppler displace-
ment measuring system (LDDM) measures the relative posi-
tion of the focusing optics and the sample module in the x-
and y-directions with <1 nm resolution. The detector mod-
ule consists of a motorized XYZ stage stack. A mounting
platform on top provides space for three detectors (x-ray de-
tector, photodiode, and visible light microscope), which can
be inserted in or moved out from the beam with the control
software. The x-ray detector is a scintillator-photomultiplier
tube. The scintillator converts the x rays into visible light,
which is then detected with the photomultiplier tube (PMT).
The counts from the PMT are then amplified and processed
by the motion controller as the detector input during the
scans.

lll. COMMISSIONING RESULTS

A. Photon flux at sample

The photon flux at the sample (focusing position) was
characterized by an AXUV100G photodiode. The lower en-
ergy photons ranging from 250 to 750 eV used the first har-
monic, while the higher energy photons from 750 to 2000 eV
used the third harmonic radiation from the EPU. Figure 3
shows the measured photon flux normalized to a beam cur-
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FIG. 3. (Color online) The photon flux at the sample normalized to a beam
current of 200 mA with an exit slit of 50X50 um? (solid) and 70
X 70 um? (open).

rent of 200 mA. A photon flux larger than 10® photons/s
was achieved over the entire range, except at the carbon
K-edge due to carbon contamination of the optical compo-
nents. The transmission efficiency of the STXM was esti-
mated to be 0.6% at 400 eV and 3% at 1800 eV including the
loss of the SisN, window, the absorption, and the diffraction
efficiency of the zone plate with its outmost zone width of 30
nm.

B. Energy resolving power

An ion chamber was designed and fabricated to evaluate
quantitatively the energy resolving power for the beamline
by measuring the shell excitation spectrum of various gases
(Ar,N,)."*'" The gas pressure in the ion chamber was 2
% 107 Torr and the voltage between the anode and cathode
was 28 V. The photocurrent was measured with a Keithley
6485 picoammeter. Figure 4(a) shows the Ar L, 5 absorption
edge. The Ar L, ; absorption edge 2p§/12—>nl and ZpI/12—>nl
Rydberg states and the fine structures 2ps, —4s, 3d, 4d, 5d,
6d, 7d and 2p,,, —4s, 3d, 4d, 5d, 6d, 7d were observed. In
addition, the 7d peaks were clearly present in the spectra.
The observed spectral line is a convolution between Lorent-
zian and Gaussian profiles (Voigt profile). The Gaussian
broadening for the profile is usually attributed to the beam-

a) T T T T T T T b) T ' T X T T
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FIG. 4. The excitation spectra of Ar and N, gas measured using the first
grating (800 lines/mm groove density) with cg=1/2.5.
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FIG. 5. (Color online) Theoretical curve and experimental data of energy
resolution.

line instruments, whereas the Lorentzian is generally taken
as the natural linewidth. The energy resolving power of the
beamline was estimated by

E/AE=E/T, (1)

where the Gaussian broadening is denoted as I'.
The 2p§/12H4s peak of argon was fit using the Voigt
profile,
A2 n2T,
=yo+A—F——
YR B0 T2

2

£ ~t

xf 0 d i, (2)
0 X=X
N CEA

\E—L
G G
where the Lorentz width I'j is 111 =3 meV (Ref. 18) and
the Gaussian width I' is 24 =3 meV. Therefore, the resolv-
ing power can be readily calculated to be 10 100.

The shell excitation spectrum of N, is shown in Fig.
4(b). The N, (N 1s, v=0)— (7%, v’=1) transition energy
of 401.10 eV reported by Sodhi and Brion'® was used as the
reference for the incident photon energy. As shown in Fig.
4(b), the structures attributed to N, (N 1s, v=0)
— (., v':v'=0-5) transitions were clearly resolved. The
Lorentz and Gaussian widths were set to be equal for the six
peaks. By fitting the experimental curve with Voigt func-
tions, we obtained a Lorentzian width of I'|=115*+4 meV
(Ref. 20) and a Gaussian width of ['q=54*1 meV.

It is difficult to get an exact energy resolving power at
higher photon energy because no suitable gas can be used.
Nevertheless, the Si K-edge spectrum of SisN, was used to
be as a rough guide of this value. This was done by fitting the
differential curve of the 100 nm thick Si3N, transmission
spectra with Voigt function. The Lorentz width and the

§ -

l““u " .Js!;r==:

FIG. 6. Image of the test pattern sample scanned by STXM with a scanning
range of 5 um X3 um and a scanning step of 15 nm. The inner circle
demonstrates a spatial pattern of 30 nm.
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FIG. 7. (Color online) The spatial distribution of oxygen in the preoxidized
PAN fiber cross-section using STXM.

Gaussian width are 1.4 eV and 747 meV, respectively, and
the resolving power could be rather roughly estimated to be
above 2400 at 1840 eV (Si K-edge).

The solid lines in Fig. 5 show the theoretical calculation
without consideration of the thermal deformation due to the
high heat load. It is easily found that the thermal deformation
degrades the energy resolution severely at lower photon en-
ergy range. If this influence was considered to be equivalent
to a heat-load-induced slope error for the premirror in the
monochramator, then this induced slope error can be esti-
mated to be 1.2 urad by fitting the experimental data, as the
dotted line shows. This value is consistent with the ANSYS
analysis.

C. Spatial resolution

The focusing element (the zone plate) was made by Xra-
dia. It has a radius of 200 wm, an outmost zone width of 30
nm, and a central stop diameter of 20 wm. The electroplated
zone material is gold and is located on a 100 nm SizNy
substrate. The transmission efficiency of the focusing sys-
tem, including the zone plate and the OSA, was measured to
be about 2% at an energy of 401 eV. A test sample provided
by Xradia was scanned with an energy of 870 eV and a beam

Rev. Sci. Instrum. 81, 103502 (2010)

current of 170 mA. With a fine scanning step of 15 nm, the
fine image of the center area of the sample was measured
(Fig. 6). The inner circle can be clearly seen, including the
finest strips that have a width of 30 nm, demonstrating that
the spatial resolution is better than 30 nm. In this measure-
ment, the exit slit size was set to be 20 um X 20 um.

IV. PRELIMINARY EXPERIMENT

After a few months from its commissioning, the beam-
line was already in operation and some experiments had been
performed. With its excellent ability for chemical analysis
and submicron spatial resolution, we have obtained some
preliminary experimental results.

A. Two-dimensional scan and point spectrum

Figure 7 shows the spatial distribution of oxygen ele-
ments in the preoxidized PAN fiber cross-section.”! The typi-
cal STXM transmission image of sample was scanned in two
dimensions over the range of 13 um X 13 wm, with a step
of 50 nm and a dwell time of 10 ms at 532 and 533.5 eV. The
energies were selected as being before and after the absorp-
tion edge of oxygen, respectively, and were based on the
K-edge NEXAFS spectra of oxygen [Fig. 7(b)], which were
measured with a one-dimensional point spectrum scan over
an energy range of 520-545 eV and with a step 0.15 eV. The
final result [Fig. 7(a)] was obtained by subtracting the energy
with a contrast imaging technique, thereby highlighting the
oxygen distribution due to the absorption difference in the
preoxidized PAN fiber cross-section.

B. Scan stack

Figure 8 shows results from a study of automobile ex-
haust particles by STXM.* A single particle was chosen as a
typical example as shown in the top right corner. Using stack
scan in the range of 2 um X2 um with step of 50 nm and
dwell time of 2 ms, we scanned the energy from 396 to 416

absorption (a.u.)

18" 402

400 405
energy (eV)

0.2um

FIG. 8. Results from stack scan experiments on an automobile exhaust particle, which was determined to have four components by PCA and CA. The

NEXAFS spectra and distributions of the four components are shown.
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eV with a step of 0.12 eV to produce a series of energy stack
images. Conventional principal component analysis (PCA)
and cluster analysis (CA) revealed that there were four clus-
ters in the sample: the background, the surface of automobile
exhaust particle, the middle layer of the particle, and the
center of the particle. There are some differences between
the inside and outside of the automobile exhaust particle. The
surface of the particle shows sharper peaks at 401.7 eV and
405.7 eV corresponding to the components of nitrates; by
contrast, the inside of the particle shows wider o™ resonances
at 406 eV corresponding to the ammonium and also absorbs
at 396.5 eV due to the organic nitrogen compounds. The
NEXAFS spectrum of the middle layer was similar to that of
the inside layer over the energy range 407—415 eV and simi-
lar to the surface layer over the energy range 396—407 eV.
The middle layer is a transitional region between the inner
and outer layers and mainly consists of nitrates and organic
nitrogen compounds.

V. SUMMARY

A high performance soft x-ray beamline was success-
fully constructed at SSRF, which allows experiment carried
out with both high spatial and high energy resolutions. By
using a variable-included-angle plane grating monochro-
mator with two gratings, the photon energy can cover from
200 to 2000 eV. The energy resolving power was also quan-
titatively estimated, showing this value can be better than
10 000 at low photon energy. The spatial resolution was mea-
sured to be better than 30 nm. Unfortunately the circular
polarization for EPU has not been characterized due to the
time restriction for commissioning, which is anticipated to be
conducted soon.
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