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The Tender X-ray Beamline (TEX), using a bending magnet as a light source,
is the first beamline of the High Energy Photon Source (HEPS) to undergo
commissioning. It covers an energy range from 2.1 keV to 11 keV. Dynamic
diagnostic tools have been installed and can measure the photon flux, energy
resolution and position stability. By use of these tools, TEX was found to achieve
a photon flux of up to 9 x 10" photons s ', with an energy resolution of 5904 @
3203.6 eV and position stability lower than =3 pm (horizontal) x 15 pum
(vertical). In this paper, the diagnostic process of the beamline and its perfor-

mance will be introduced in detail.

1. Introduction

The Tender X-ray Beamline (TEX) at the High Energy
Photon Source (HEPS) in China (Jiao et al., 2022; Jiao & Pan,
2022; Sun & Li, 2024) is specifically designed for X-ray
absorption spectroscopy (XAS) (Griinert & Klementiev, 2020;
Chantler et al., 2024) in the energy range 2.1-11 keV. This
energy range is particularly suitable for analyzing the K-edge
absorption of elements with atomic number 15-31 and the L-
edge absorption of elements with atomic number 38-71. These
elemental analyses support energy and environmental
research, including soil biogeochemistry, catalyst surface or
interface mechanisms, and microbe-metal interaction
mechanisms. Beyond environmental and energy applications,
TEX can also be applied to biomedicine, chemistry and
materials science. However, beamlines with energies as low as
2.1 keV are uncommon because of the stringent requirements
of vacuum environments or 1 atm He environment in the
chamber.

X-ray absorption fine structure (XAFS) spectroscopy
experiments need precise energy scanning and a smooth flux
spectrum at the sample position to ensure the accuracy of
absorption spectroscopy measurements. The beamline adopts
a bending magnet as the light source and employs a conven-
tional  collimation—-monochromatizating—focusing  optical
design and layout. This optimized design enables good energy
resolution and reliability performance, making the beamline a
robust platform for synchrotron radiation studies.

2. Beamline description

The optical layout of TEX is given in Fig. 1. The source is a
bending magnet with a field of 1 T and a critical energy of
23.9 keV. A series of fixed masks define an acceptance angle of
1.7 mrad x 0.2 mrad (H xV) for the beamline. The bending
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Figure 1

Schematic view of the TEX beamline, showing the collimating mirror
(CM), double crystal monochromator (DCM), toroidal focusing mirror
(TM) and harmonic suppression mirror (HSM).

magnet source has a total power of 1145 kW. Within an
acceptance angle of 2 mrad x 1mrad (H x V), 366 W is
collected, while 279 W is collected within a narrower aperture
of 1.7 mrad x 0.2 mrad (H x V). Angular power distribution
in the vertical direction of the source is shown in Fig. 2. The
overall design of the beamline includes a collimating mirror,
Si (111) monochromator, focusing mirror and harmonic
rejection mirrors.

The first optical component in the system is a vertically
collimating mirror (CM) positioned at a distance of 33.6 m
from the light source. Fabricated using a silicon substrate with
a boron carbide/platinum (B4C/Pt) bilayer coating, this mirror
has a grazing incidence angle of 7 mrad to the optical path.
Downstream of the collimating mirror is a fixed-exit double
crystal monochromator (DCM) (located at a distance of
36.8 m from the light source) with water cooling, which
employs Si (111) crystals for energy dispersion in the vertical
plane, enabling precise energy resolution control. The DCM
was produced by KOHZU (Okui et al., 2022). Its maximum
speed is 1° s~ (applicable to 4-11 keV), but the mechanical
stability will not be stable enough at high angle conditions. For
low energy (<4 keV), the operating speed needs to be reduced
to 0.25° s to ensure system stability. A toroidal focusing
mirror (TM) with grazing incidence angle of 7 mrad is located
at a distance of 40 m from the light source. It employs a
focusing design with a horizontal compression ratio of 2:1 to
minimize the aberration. It focuses the monochromated beam
in both directions, ultimately forming an experimental focus at
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Figure 2
Angular power distribution in the vertical direction of the source.

a distance of 60 m from the light source. Two meters upstream
of the sample point is the harmonic suppression mirror
(HSM), a system composed of two parallel plane mirrors. Each
mirror contains three layers of coating (B4C, Ni and Pt) with
working energy ranges corresponding to 2.1 keV—4.4 keV,
4.0 keV-7.8keV and 7.5keV-11keV, and 7 mrad of the
grazing incidence angle.

The layout of the experimental station is given in Fig. 3. The
end-station consists of two parts: a vacuum chamber and the
EXAFS setup.

A vacuum chamber is at the focal spot of the TM (at the end
of the beamline), and the beam size at the focus spot is
0.127 mm x 0.124 mm (HxV) @ 10 keV. It can achieve a
vacuum degree below 1 x 107*Pa for total electron yield
(TEY) and partial fluorescence yield (PFY). The vacuum
chamber is manufactured according to standard high vacuum
chambers, so it can also achieve a strictly helium-sealed
environment. When the pumping valve is closed, and the
vacuum chamber is filled with helium at 1 atm pressure,
relevant in situ experimental research can be carried out. PFY
measurements are primarily employed when the mass
percentage of the target element in the sample is relatively low
(typically <1%). Under such conditions, the TEY method
suffers from poor signal-to-noise ratio, making data inter-
pretation challenging. In contrast, the PFY method enables
acquisition of high-quality XAFS spectra. It uses a seven-
channel silicon drift detector system (SDD; Rayspec) with the
effective area of each sensor sensitive region of 30 mm? for the
vacuum chamber. Its electronics are Xspress3X.

Downstream of the chamber is a four-blade slit to define the
beam size for EXAFS experiments. Downstream of the slit
is the EXAFS measurement system, which is located 1.5 m

Figure 3
Schematic view of the experimental station.
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Structure of (a) the diagnostic system and (b) the negative-pressure ionization chamber.

downstream of the focal spot. The beam size in the EXAFS
setup is Smm x 0.5mm (H x V). It allows for absorption
spectroscopy experiments using the transmission method and
fluorescence yield. The transmission method is primarily used
for XAFS studies and can be performed under ambient
conditions (in air). It houses three ionization chambers (1, 2
and 3) aligned along the beam axis. The SDD detector
(Rayspec, UK) and a Lytle ionization chamber (in house)
were placed between ionization chamber 1 (AVS, USA) and
ionization chamber 2 (AVS, USA).

3. Beamline performance

In order to determine the performance of the beamline, a
beamline diagnostic system was designed. This system was
located downstream of the HSM and consists of a low-pres-
sure ionization chamber and a silicon photodiode, shown in
Fig. 4, which can realize dynamic monitoring of the beamline.

The low-pressure noble-gas ionization chamber is primarily
made up of a chamber, upstream and downstream windows,
electrode plates and working gas. The ion chamber is widely
used to determine the photon flux (Samson, 1964) and for
XAS (Ho, 1998), in particular to verify the total instrumental
resolution of the beamline (Domke et al., 1992). The negative-
pressure ionization chamber’s electrode is composed of two
sawtooth plates that are insulated from each other. It monitors
the compensating currents S1 and S2. The relative difference
in current, (S1—S2)/(S1+S2), is proportional to the position
deviation of the beam, while S1+S2 represents the intensity of
the light source. The modified configuration uses 25 pm-thick
beryllium windows at both the entrance and exit of the ioni-
zation chamber, with adjustable operating pressure main-
tained between 50 and 5000 Pa. This optimization ensures
consistent photon absorption efficiency of 15-20%. Further-
more, by employing two pairs of mutually orthogonal elec-
trode plates, the position deviations of the beam in two
directions can be measured, to realize dynamic monitoring of
the light intensity signal and position information of the beam
(X horizontal, Z vertical).

The beam passes through the negative-pressure ionization
chamber and enters the silicon photodiode. The silicon

photodiode can measure the photon flux compared with the
negative-pressure ionization chamber. The results of the
beamline commissioning are presented below.

3.1. Photon energy range

To verify the energy range (2.1 keV-11keV), powder
samples of YF; and WS, were placed at the sample holder,
and TEY spectra were measured for the Y L3-edge (2080 eV)
and the W Ls-edge (10207 eV). The experimental results,
shown in Fig. 5, demonstrate that the energy coverage meets
the design requirements.

3.2. Energy resolution

Under a given Bragg angle, the resolution of the beamline is
typically characterized by the ratio of energy width (E/AE)
(Erko et al., 1996). Essentially, in XAS experiments, the total
resolution (AE ) of an element’s absorption edge is limited
by both the natural width of the core level (I') (Krause &
Oliver, 1979) and the beamline bandwidth (AE). To char-
acterize the energy resolution of the beamline, it was experi-
mentally verified by measuring absorption spectra of argon
and sodium thiosulfate pentahydrate (Na,S,05-5H,0).

The absorption spectrum of argon (Lytle et al., 1984) was
measured using an ionization chamber with a pressure of
500 Pa and a step size of 0.1 eV. As shown in Fig. 6, which
shows the white line peak observed in the XANES spectrum
of argon at 3203.6 eV, the theoretical width of this peak is
the sum of the natural linewidths of the K and N levels,
i.e. 'y + I'y. Since the natural linewidth I'y of argon gas is
much smaller than I'x (0.68 eV), it can be neglected (Krause
& Oliver, 1979). Thus, the theoretical width of the white line
peak for argon gas is 0.68 eV. However, the experimentally
measured white line peak width (AE ) is 0.87 eV, which is
significantly larger than the theoretical width. This discre-
pancy is due beamline broadening. According to the formula

AEt%)tal = AE*+ 17, (6]

the beamline bandwidth AE can be calculated to be 0.54 eV.
Consequently, the resolution of the beamline at 3203.6 eV is
approximately 5904.
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of Na25203~5H20.

Similarly, the TEY absorption spectrum of Na,S,03-5H,O
was measured. As shown in Fig. 6, the theoretical width of the
pre-edge peak (2472 eV) is 1.29 eV (Song et al., 1995). The
experimentally measured total broadening (AFEq) is
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Figure 7
Rocking curve of the monochromator at 10 keV.

1.35 eV. According to formula (1), the instrumental broad-
ening of the beam can be calculated to be 0.397 eV. This
corresponds to an energy resolution of 6227 at 2472 eV.

A rocking curve of 10 keV was measured through the
second crystal, and the measured full width at half-maximum
was 37.3 prad, which was basically consistent with the theo-
retical value (38 prad), as shown in the Fig. 7. This is just the
monochromator’s performance. The resolution of the entire
beamline is measured using argon and sodium thiosulfate
pentahydrate (Na,S,03-5H,0), which can be affected by the
heat load—especially at lower energies where the power
density increases and thermal effects become more significant.
Across the full energy range there is a compromise between
resolution, focal spot and flux, although theoretically these
metrics can be achieved at the same time.

3.3. Photon flux

There is currently no suitable device available for directly
counting the high flux of X-ray photons produced by
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synchrotron radiation sources (Owen et al., 2009). Ionization
chambers are commonly used devices for measuring photon
flux on synchrotron beamlines (Wyckof, 1979; Nariyama,
2006). The relationship between the current / = S1+52 and
photon flux is given by the following equation,

W iy iyexp[—u(L + d)]

F=T — 2
¥ Ege i —ijexp(—pL) 2
In(i, /i)
=2 3
1% T +h 3

where F is the photon flux, i; is the current of the upstream
ionization chamber, i, is the current of the downstream ioni-
zation chamber, W is the average ionization energy of the gas
(24.3 eV), Ty, is the transmission of the window (Be), e is the
elementary charge, E, is the incident photon energy, d is the
length of the ionization chamber’s protecting electrode, u is
the linear absorption coefficient of the material, 4 is the gap
between the collection electrode of the ionization chamber
and L is the length of the ionization chamber’s collection
electrode. During the experiment, krypton gas was introduced
into the ionization chamber at a specific pressure to maintain
the photon absorption by krypton at 15-20%. The measured
photon flux curve at the sample position is shown in Fig. 8
(converted to storage ring current 200 mA).

In addition to ionization chambers, silicon photodiodes
(AXUV-100G from Opto Diode) are also commonly used
devices for flux measurement (Jach & Cowan, 1983; Krumrey
et al., 2006; Alkire & Rotella, 1997), offering higher accuracy
compared with ionization chambers. The separated electrons
and holes form a photocurrent. The relationship between the
photocurrent and photon flux is given by the following
equation,

&

" hvse’ “
where F is the photon flux, i3 is the measured current, s is the
sensitivity of the photodiode calibrated in the PTB laboratory,
e is the elementary charge, and Av is the photon energy.
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Figure 8

Measured photon flux by silicon photodiode and ionization chamber. The
measurements differ by about 5%.

In the experiment, the silicon photodiode placed at the
sample position fully receives monochromatic light, and the
photocurrent curve was measured using a Keithley 6517B
electrometer. The corresponding photon flux curve was then
derived, as shown in Fig. 8.

Due to unstable beam current in the early stage of the
storage ring construction, the flux measurement value has
been normalized to the equivalent result for a 200 mA beam
current. The measurement results indicate that the photon flux
reaches 9 x 10" photons s~ @ 200 mA @ 6 GeV. The curves
from measurement and ray-tracing differ by 45%. This
difference is primarily attributed to double-crystal parallelism
and carbon contamination. It also includes the roughness from
each mirror (CM, TM and HSM) and the deviation between
the actual incident angle of the mirror and the design value.
The measurement curves obtained from the two methods
differ by approximately 5%. This difference is primarily
attributed to inaccuracies in the purity and pressure of the
gas inside the ionization chamber. Although the ionization
chamber has a larger measurement uncertainty compared with
diodes when measuring flux, it remains advantageous due to
its capacity for dynamic measurement. There are special
fluctuations in both the expected and measured flux, which are
due to switching of the HSM coating and the reflectivity
bilayer coating B4C/Pt (CM and TM).

3.4. Stability

The stability of the beam position is measured using the
negative-pressure ionization chamber. First, the vertical
direction response of the ionization chamber is measured by
adjusting the pitch angle of the DCM, and similarly by
adjusting the roll angle to measure the responsiveness in the
horizontal direction. Based on the responsiveness of the
ionization chamber and the distance from the monochromator
to the focal spot, the position change of the focal spot can be
further calculated,

21L
v = (%)
2IL
= 6
n a/sin6’ ©)
A=z7-7. (7

a (or a/sin®) is the ionization chamber signal variation in the
vertical (or horizontal) direction per 1 prad change in pitch (or
roll) angle, 0 is the Bragg angle, 7 = (51— S2)/(S1+52) is the
ionization chamber reading, L is the distance from the
monochromator to the focal spot, z is the focal spot position
and A is the position change of the focal spot. The results,
presented in Fig. 9, show that, for every 1 prad change of the
pitch (microradian), the ionization chamber reading changes
by 0.0059. In the horizontal direction, the ionization chamber
reading change is 0.0053 for every 1 prad of the roll change. In
this diagnostic measurement, the stability in the horizontal
and vertical directions was assessed over a period of 3600 s
using the ionization chamber. The fluctuation of the focal spot

J. Synchrotron Rad. (2025). 32, 1569-1577
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position in the horizontal direction did not exceed £3 pm @
7 keV, while in the vertical direction it did not exceed £ 15 pm
@ 7 keV. The light position fluctuation is small for a focus spot
of size 127 pm x 124 pm (H x V).

Intensity stability |
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1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500
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Figure 11
The fluctuation of the intensity.

The longer term and scanning stability of the mono-
chromator have been measured, and are given in Fig. 10. The
beam spot shifts by 600 pm x £200 pm (H x V) at 2.1-
11 keV. The deviation is significant at low energies and smaller
at high energies. For example, within the 1000 eV range
beyond the Fe K-edge, the shift is only 30 pm x 5 pm (H x V).
Therefore, the beamline remains suitable for EXAFS.

The intensity stability was also monitored over a long time,
and is given in Fig. 11. The fluctuation of the intensity did not
exceed 1.2% @ 7 keV for every hour.

3.5. Higher-order harmonics

Although a wide energy range is a very desirable feature
of synchrotron radiation it has one main drawback: the
contamination of the photon beam by higher-order harmonics.
Diagnosis of higher-order harmonics is mainly divided into
two methods: transmission gratings and filtering.

Transmission gratings are always employed for soft X-rays.
For tender and hard X-rays, transmission gratings demand
more stringent requirements for both thickness and linewidth,
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(a) Photocurrent response before and after adding the filter. (b)
Harmonic ratio before and after adding the harmonic suppression mirror;
when the HSM was introduced into the beamline, the harmonic ratio was
reduced to below 0.7%.

which are challenging to achieve with current fabrication
techniques. Filtering is based on the differential in transmis-
sion rates of the fundamental wave and its harmonics through
various media. When the light passes through a specific
medium, the fundamental wave may be completely absorbed,
while the harmonics can partially or fully transmit through.
This selective transmission allows the determination of the
ratio between the fundamental wave and the harmonics,

_ L/T;

L ®)

o

where I is the signal of the incident light without filtering, /; is
the signal of incident light with filtering and 7% is the trans-
mission for higher-order harmonics of filtering. There is no
second harmonics in the beamline, because of the Si (111)
crystals. The beamline energy is up to 11 keV, there are almost
no fifth harmonics, mainly third and fourth harmonics, and the
harmonics mainly exist between 2.1 and 3.5 keV.

In this experiment, the filtering method was primarily
employed. An 80 pm Al filter foil was used to measure the
harmonic curves both with and without an HSM in the
beamline. The HSM contains three layers of coatings (B4C, Ni
and Pt) with working energy ranges corresponding to 2.1 keV—
4.4 keV, 4.0 keV-7.8 keV and 7.5 keV-11 keV, and 7 mrad of
the incident angle. The experimental results (Fig. 12) show
that, when the HSM was introduced into the beamline, the

harmonic ratio was reduced to lower than 0.7%-0.009%
(2100 eV-3350 eV).

In order to more visually observe the ratio of harmonics,
Fe foil could be used to look at harmonics near 2370 eV by
looking for an edge step when scanning through this energy.
Fe foil has been scanned across two energy ranges: 7080—
7200 eV and 2360-2400 eV (Fig. 13).

3.6. Spot size

In the TEX beamline, the sample stage is precisely posi-
tioned at the focal point of the beam. To accurately measure
the beam spot size, tungsten blades are used. Two tungsten
blades were placed orthogonally on the sample stage. Results
of the scanning process of the blades are shown in Fig. 14,
where the focal spot was scanned in both the horizontal and
vertical directions, and the results were differentiated. The
final measured focal spot size was 0.127 mm x 0.124 mm
(H x V) @ 10 keV.

4. XAFS results

Three experimental modes are available: TEY, PFY and
transmission. Absorption spectra were measured using all
three methods (Figs. 15 and 16).

The advantage of the TEY method lies in its sensitivity to
surface information. It can characterize a surface layer
approximately 5 nm thick, making it suitable for studying
surface or interfacial elemental information. However, this
method requires the sample to be conductive.

The fluorescence yield method is suitable for samples with
low concentrations of the target element and can be used for
in situ experiments.

The transmission method is the most commonly used in
XAS and can be carried out directly in the atmosphere. The
transmission method requires higher homogeneity of the
sample. Fig. 16 shows the K-edge absorption spectrum of Cu
in CuO (Aladdin) powder recorded at the BSRF 1WI1B
station in comparison with our data. Fourier transformation
was carried out using the Athena software (Ravel & Newville,
2005). The measured spectra demonstrate that the TEX

Normalized Absorption/arb,unit

1 2360 2370 2380 239 2400
10 76 7180 7200 2260 2370 2350 2390 2400
Cnergy(ev)

Energy(ev) Energy(ev)

@) (b) ()
Figure 13
(a) Fe K-edge absorption spectra (TEY) acquired from 7080 to 7200 eV; (b) Fe K-edge absorption spectra (TEY) acquired from 2360 to 2400 eV without
the harmonic suppression mirror; (¢) Fe K-edge absorption spectra (TEY) acquired from 2360 to 2400 eV with the harmonic suppression mirror.
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(a) Signal intensity of the tungsten blade in the horizontal. (b) Spot size in the horizontal. (c¢) Signal intensity of the tungsten blade in the vertical.

(d) Spot size in the vertical.
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Figure 15

K K-edge (a) and Cl K-edge (b) XANES spectrum (TEY); (¢) Zn K-edge XANES spectrum (PFY).

beamline possesses the capability to support XAFS experi-
ments.

5. Conclusion

This paper introduces the design index and diagnostic results
of the TEX beamline of HEPS and its experimental station.
The energy resolution reaches 6000, and the photon flux at
the sample point is up to 9 x 10" photons s~ @ 6900 eV.

Harmonics are greatly reduced by the harmonic suppression
mirror, which enables the experiment to measure the K-edge
XANES of sulfur and phosphorus. The position instability of
the beamline is controlled below +3 pm x 15 um (H x V),
which makes the experimental data more reliable. Through
testing of three kinds of absorption spectrum experiment
methods, it is proved that the end-station is reliable, simple
and flexible, and covers a wide range of applications. TEX is
the first bending magnet beamline of HEPS. Its diagnosis and
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(@) Cu K-edge XANES spectrum (transmission). (b) Cu k>-weighted x(k) spectra. (¢) Magnitude of Fourier-transformed x(R) spectra.

commissioning are of great significance for the construction of
subsequent bending magnet beamlines of HEPS.
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