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The scanning transmission X-ray microscopy (STXM) platform based on

synchrotron radiation has achieved nanoscale imaging with chemical sensitivity

using spectro-microscopy techniques. However, the quality of STXM imaging is

affected by the stability of the beam intensity. The top-up operation mode of

synchrotrons to maintain a constant electron beam intensity introduces periodic

fluctuations in the X-ray beam intensity, leading to notable imaging noise that

decreases both contrast and precision. To address this issue, a high-speed real-

time beam intensity monitoring system was designed and implemented at the

BL08U1A beamline of the Shanghai Synchrotron Radiation Facility. This

system utilizes an yttrium–aluminium–garnet crystal along with dual detectors

having an acquisition frequency of up to 1 MHz and a synchronization error of

less than 20 ns between them. This system can precisely and synchronously

monitor the X-ray beam intensity variations which are used to remove noise due

to electron injection from STXM images, thereby markedly improving the

quality of STXM imaging.

1. Introduction

Scanning transmission X-ray microscopy (STXM), an impor-

tant synchrotron-based experimental technique (Fig. 1),

provides nanoscale analysis capabilities for material and

biological samples. This method employs a Fresnel zone plate

and an order-sorting aperture to focus the monochromatic

X-ray beam to tens of nanometres, which is then used to scan a

two-dimensional sample for high-resolution imaging (Kirz et

al., 1992; Zhang et al., 2015; Thibault et al., 2008). Combining

STXM with X-ray absorption spectroscopy makes it possible

to map the chemical states of a sample at the nanoscale (Lewis

et al., 2022), facilitating detailed analysis of the chemical

composition of the sample. Therefore, STXM has found

extensive applications in biology, physics, materials science

and environmental science (Nilsson et al., 2005; Müller et al.,

2018; Ye et al., 2016; Obst et al., 2009; Vijayakumar et al., 2023;

Ditter et al., 2022).

The detector for STXM is a photomultiplier tube (PMT)

(Pilet et al., 2016) which is highly sensitive to incident beam

intensity fluctuations. Its discerning ability for beam intensity

changes depends on the response time of the fluorescent

material. If the conventional phosphor is replaced by an

yttrium–aluminium–garnet (YAG):Ce crystal, the PMT can

monitor the beam intensity changes at sub-microsecond scales
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(Gerasimova & Sinn, 2014; Bhattacharjee et al., 2002), as the

luminescence lifetime of a YAG:Ce crystal is approximately

100 ns (Lukyashin & Ishchenko, 2021; Hageraats et al., 2021).

For scanning imaging, the temporal stability of the incident

beam intensity, shape and size are crucial to obtain optimal

images, highlighting the significance of an efficient beam

intensity monitoring system for high-quality imaging.

However, the results of the STXM experiment are affected by

the beam intensity stability in synchrotron radiation accel-

erators.

To keep beam intensity stable in synchrotron radiation

accelerators, a prevalent strategy is to adopt the top-up mode

in storage ring running. This running mode, which involves

electron beam injection upon noticeable beam attenuation,

has been employed by numerous leading synchrotron radia-

tion facilities worldwide, such as the Stanford Synchrotron

Radiation Lightsource (Bauer et al., 2011), Ultraviolet

Synchrotron Orbital Radiation Facility (Zen et al., 2010),

Super Photon Ring-8 (Asano & Takagi, 2006; Tanaka et al.,

2004), Taiwan Light Source (Luo et al., 2007), SOLEIL (Filhol

et al., 2010) and the Advanced Photon Source (Emery, 2001;

Emery & Borland, 2000; Emery & Borland, 2002).

The Shanghai Synchrotron Radiation Facility (SSRF) has a

storage ring energy of 3.5 GeV and a maximum electron beam

intensity of 220 mA (Zhao et al., 2015; Barbier et al., 2020).

The top-up running mode (Chen et al., 2019) is also employed

in SSRF to maintain the storage ring current. During the early

operational phase of the SSRF in the 2010s, the beam fluc-

tuation was kept to less than 1% by injection every 10 min

(Huang et al., 2009). To improve the beam stability further, the

facility has optimized its procedure to increase the replen-

ishment frequency to approximately every 2 min.

During the group injection phase of the electron beam in

top-up mode, discrepancies between the injection and storage

beam energies led to jitters in the storage ring beam intensity.

These variations induce oscillations of the stored beam,

diminish/fluctuate the outgoing X-ray beam intensity and

potentially impact the experimental data quality (Leng et al.,

2013; Yang et al., 2015). In the injection phase of SSRF top-up

mode, 12, 16 or more bunches are injected into the ring at a

frequency of 2 bunches s� 1. This injection process results in a

60% reduction in the soft X-ray intensity within 1 ms, which

then gradually recovers in the subsequent tens of milliseconds.

The STXM data collected during the electron bunch injections

were analyzed and are shown in Fig. 2. It can be seen that over

a period of 8 s, 12 evident noise disruptions induced by the

injections were recorded, and each noise disruption lasted for

approximately 15 ms. Furthermore, the interval between the

noisy disruptions was estimated to be 500 ms based on the

fitted data, which is consistent with the theoretical injection

frequency of 2 Hz for electron bunches.

Synchrotron radiation accelerators worldwide have been

exploring strategies to mitigate the effects of top-up mode on

experimental data. For instance, the Infrared Micro-spectro-

scopy beamline at the Australian Synchrotron, which is highly

susceptible to beam oscillations induced by the top-up mode,

has implemented a method that halts the data acquisition

during electron injections. This approach conducts the

suspension and resumption of data collection based on a

trigger signal from the accelerator, thereby minimizing the

impact of beam fluctuations on data quality (van Garderen

et al., 2013). Similarly, SOLEIL’s infrared beamline SMIS

employs a hardware-based solution to pause the data acqui-

sition during top-up injections, substantially enhancing data

quality and increasing the signal-to-noise ratio by 12–15 times

(Ricaud et al., 2013).

At the Advanced Light Source, an STXM device employs

median filtering to eliminate abnormal pixels resulting from

top-up injections. Although effective for anomaly removal,

the accurate identification of anomalies close to the sample

presents a challenge (Marcus, 2023).

However, at the SSRF, the relatively high frequency of

electron beam injections poses a challenge. Pausing scans

when injecting electron bunches is a possible solution to this

problem but reduces the experimental throughput and

disrupts the fly scan continuity. Also, achieving precise

synchronization between the injection and the STXM detector

pause is difficult.

Therefore, a techniques that can be used for upstream beam

intensity detection is particularly necessary. Current techni-

ques for monitoring the X-ray beam intensity at synchrotrons

include using wire chambers (Qi & Liu, 2014; Bao-Guo et al.,

2004), ionization chambers (Ilinski et al., 2007), single-crystal

diamond detectors (Morgan et al., 2023; Morse et al., 2007;

Bergonzo et al., 2000) and semiconductor detectors (Feng et

al., 2011). However, their application in the upstream optical
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Figure 2
Diagram of injection-induced noise disruptions and their corresponding
fitting analysis for STXM data under sample-free conditions.

Figure 1
Schematic diagram of the principle of STXM.



path of an STXM often disrupts the intensity or shape of the

X-rays, thereby diminishing their utility in upstream beam

intensity monitoring of STXM.

To address this challenge, an online real-time synchronous

beam intensity monitoring system (BIMS) is essential for

tracking intensity fluctuations during injections. Moreover,

postprocessing techniques need to be developed to eliminate

the impact of injection-induced intensity changes, thereby

ensuring the accuracy and integrity of the experimental data.

It uses a YAG crystal fixed on the upper edge of the exit slit of

the beamline to interact with the incident beam and produce

visible fluorescence, which is detected by a PMT detector

installed close to the YAG. This PMT is identical to that used

in the STXM imaging chamber. Through field-programmable

gate array (FPGA)-triggered synchronization, data from both

the monitoring PMT and the imaging PMT are collected

simultaneously. This technique supports data acquisition rates

of up to 1 MHz with a synchronization error of less than 20 ns,

enabling high-speed non-intrusive real-time monitoring of

beam intensity. Therefore, the technique markedly improves

experimental accuracy and efficiency.

2. Beam intensity monitoring system: principle and

design

2.1. Beam intensity monitoring principle

The new online BIMS is implemented at the BL08U1A

beamline of the SSRF. This beamline was built to track the

intensity fluctuations during injections. With the BIMS, the

influence of injection-induced intensity changes on the

imaging effect STXM devices has been greatly improved.

Synchrotron X-rays exhibit high polarization levels (Li et

al., 2017) and, upon traversing a plane-grating mono-

chromator, are dispersed into a strip of monochromated

X-rays (Gong & Lu, 2015). This strip is typically approxi-

mately 300 mm in width and 15000 mm in height. As the strip

of X-rays is projected onto the exit slit of the beamline, only a

small fraction of the strip is allowed to pass through, leaving

large portions at the upper and lower sides of the exit slit

(Fig. 3), which have the same intensity variation as the

transmitted X-rays. This distribution of X-rays near the slit

makes it possible to use the non-transmitted segment of the

X-ray beam to monitor the intensity fluctuations of the

transmitted X-ray beam that enters the STXM chamber

finally.

To reach this goal, a beam intensity detection module

(IDM) was designed and installed at the upper side of the exit

slit of the beamline. This module mirrored the detecting

module of the STXM. This arrangement enabled synchronous

tracking of the incident beam intensity variations for the

STXM endstation without changing the shape and intensity of

the incident beam.

2.2. Design of the beam intensity monitoring system

An STXM endstation has been built at the BL08U1A

beamline of SSRF that has achieved a spatial resolution of

30 nm through zone plate focusing (Zhou et al., 2011; Xu et al.,

2011), with a nanoscale analysis power for elements and

chemical states (Xingxing et al., 2011).

The design of the online X-ray intensity monitoring system

is shown in Fig. 4(a) and photographs of the design highlighted

in the red dotted box in Fig. 4(a) for upstream reference beam

intensity monitoring are shown in Fig. 4(b). It comprises two

beam IDMs, two YAG:Ce crystals, an FPGA for triggering

data acquisition, and a computer for data analysis. One of the

two beam IDMs is used to monitor the upstream reference

beam intensity, called the upstream reference intensity

detection module (URIDM), and the other is used for STXM

imaging, called the downstream imaging intensity detection

module (DIIDM).
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Figure 3
Diagram of the beamline exit slit.

Figure 4
(a) Schematic diagram of the online beam intensity monitoring system.
(b) Photographs of the design highlighted in the red box in (a) for
upstream reference beam intensity monitoring.



The selected YAG:Ce crystal, which is well known for its

robust radiation resistance, is suitable for synchrotron radia-

tion applications (Xu et al., 2012). Its luminous lifetime of only

70 ns fully satisfies the rapid sub-millisecond data acquisition

requirements of STXM scanning. Furthermore, its central

emission wavelength is 550 nm which matches the spectral

sensitivity range of the PMT, enabling the efficient conversion

of X-rays into visible light for the PMT.

One of the two YAG crystals is at the upper side of the exit

slit of the beamline, and the other is at the top of the DIIDM

in the STXM chamber. This deployment does not interfere

with the intensity or shape of the incident beam, thereby

maintaining the integrity of the experimental conditions.

The IDM depicted in Fig. 5 includes a photon light pipe,

PMT, high-voltage power supply, and a counting element

(Herbert et al., 2006; Ting-Feng, 2009). The photon light pipe

gathers visible light emitted from the YAG crystal while

filtering out any stray beam. Given the soft X-rays used in

STXM, which requires vacuum conditions to avoid X-ray

absorption by air, a vacuum insulation gasket is placed

between the light pipe and the PMT to maintain the vacuum

environment. The selected PMT, operating at a high voltage

of 1000 V, has a wavelength detection range of 300–650 nm,

accommodating the 550 nm-wavelength visible light from the

YAG crystal. The model number for the PMT is R647P and

that for the high-voltage power supply is C9525-03.

The counting component of the module includes a discri-

minator for signal shaping and a counter for photon tallying.

The discriminator has been integrated into the photon

counter, model number C9744. This counter interfaces with

an FPGA development board through an SMA-BNC signal

trigger line. The model number of the FPGA is ZYNQ

XA72020. The FPGA, with a 125 MHz clock frequency,

facilitates high-speed data acquisition at 1 MHz and enables

simultaneous counting of the two IDMs with a 100 MHz clock

frequency. This setup has a maximum trigger time difference

of 20 ns between the two IDMs, which is less than the lumi-

nous lifetime of the YAG crystal and significantly less than the

1 ms acquisition time usually used in STXM imaging, ensuring

the precision and efficiency of the beam intensity detecting.

The thicknesses of the two YAG crystals are 0.5 mm. The

diameters of the YAG crystals of the URIDM are 10 mm and

the size of the YAG crystals of the DIIDM is 5 mm � 5 mm.

2.3. Integration of the system into the STXM endstation

The configuration of the system within the STXM station is

shown in Fig. 6. Two IDMs are positioned upstream of the exit

slit of the beamline and downstream of the sample holder,

respectively, to measure the incoming and transmitted X-ray

intensity through the sample. The PMT detectors in both

IDMs are coordinated by FPGA-controlled commands to

synchronize the data acquisition. The data processing is

conducted on a computer utilizing the synchronously recorded

beam intensity data from the two IDMs during the STXM

experiment process.
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Figure 5
Diagram of the beam intensity detecting module.

Figure 6
Application of the online beam intensity monitoring system in STXM.



The dual IDMs of the system, using identical YAG crystals

and PMT detectors, ensure the synchronization between

tracking the beam intensity fluctuations and recording the

STXM signals. Both modules, powered by an FPGA and two

photon counters with an extremely high clock frequency, can

achieve a remarkably fast synchronous acquisition rate. Under

the FPGA triggering, a time lag of only 20 ns exists between

the two PMT detectors. Consequently, the reference beam

intensity variations captured by the URIDM align well in time

with the transmitted intensity recorded by the DIIDM. This

synchronization allows for the correction of the transmitted

intensity signals of the STXM based on the URIDM data. This

online BIMS provides a solution to the issue of beam intensity

noise resulting from the electron beam injection through

image postprocessing. This capability ensures the experi-

mental efficiency and data integrity of the STXM endstation.

An image postprocessing algorithm was designed together

with the BIMS to remove the injection-induced noise from the

STXM images by using the incident intensity data of the

BIMS. Its flowchart is shown in Fig. 7. In this process, firstly

the beam intensity sharp-drop points in the data recorded

by the URIDM are identified through manually setting a

threshold. These identified points in the incident beam are

then used to precisely locate the corresponding noise points in

the STXM data. These noise points in the STXM image are

then filtered out by averaging. This approach effectively

eliminates the adverse effects of the beam intensity sharp-

drops induced by electron beam injections, and ensures the

quality of the STXM image.

3. Main performance test and discussion

3.1. Monitoring beam intensity change trend

A beam intensity change monitoring experiment was

conducted at the STXM beamline of the SSRF. In this

experiment, the STXM scans were performed over a uniform,

sample-free area to capture the direct beam data. By chron-

ologically organizing the 40000 data points collected at 1 kHz

rate, the image shown in Fig. 8(a) was generated. The red

curve represents the reference beam intensity recorded by the

URIDM, and the blue curve shows the transmitted beam

intensity recorded by the DIIDM. The image reveals a series

of 12 pronounced beam intensity drops, spaced 0.5 s apart,

corresponding to the 12 electron bunch injections at a

frequency of 2 Hz.

Fig. 8(b) magnifies a small segment of the curves in Fig. 8(a),

illustrating that the beam intensity change trends measured by

both of the IDMs are virtually identical and demonstrating a

precise synchronization.

In Fig. 8(b), curve fitting was applied to the magnified

segment from Fig. 8(a), making it possible to calculate the full

width at half-maximum (FWHM) heights of the two valley

curves while the beam intensity sharply drops induced by

electron beam injections. A comparative analysis of the fitted

data revealed that the FWHMs and valley-bottom time points

of both curves aligned closely. �t in the figure was used for the

time difference between the two endpoint moments of the

corresponding FWHM of the two curves. This observation

indicates the high degree of synchronization between the

BIMS and the STXM detector, and demonstrates the efficacy

of the system for precisely determining the injection timing of

the electron bunches.

To further verify the synchronization of the two sets of

IDMs, 400000 data points were captured at a 10 kHz

frequency, and plotted chronologically. By focusing on the
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Figure 7
Flowchart of the data postprocessing algorithm to identify the injection-
induced beam intensity drop positions and remove the corresponding
noise points from the STXM image.

Figure 8
The BIMS collected 40 000 data points at a 1 kHz frequency to validate
the synchronization between the two IDMs. The red curve represents
data from the URIDM, while the blue curve shows the measurement
from the DIIDM. (a) The originally collected data and (b) the data fitting
and analysis of the magnified section in (a), showing the high synchro-
nicity between the two IDMs.



data collected within the time interval of 35 ms around an

electron bunch injection, the image shown in Fig. 9 was

generated. The red dotted line illustrates the reference beam

intensity recorded by the URIDM, and the blue dotted line

shows the transmitted intensity recorded by the DIIDM in

the STXM chamber.

The concurrent descent observed in the red and blue curves

confirms the capability of the online BIMS to track electron

beam injection signals accurately with a 100 ms time resolu-

tion. This high level of synchronization between the two IDMs

satisfies the requirements of the STXM experiment for milli-

second sampling and high-speed monitoring of beam intensity

fluctuations.

3.2. STXM data correction using the BIMS

To evaluate the effectiveness of the beam intensity moni-

toring approach as well as the data postprocessing algorithm,

an STXM experiment was conducted to collect 600 data points

at a 1 kHz frequency. These data points were organized

chronologically, involving an electron bunch injection event

and some sample structure responses, as shown in Fig. 10. The

blue curve represents the transmitted intensity values from the

DIIDM, whereas the red curve corresponds to the values from

the URIDM. Synchronous dips in both curves indicate the

occurrence of an electron beam injection, whereas the drops

in the blue curve are imaging signals resulting from sample

absorption. This analysis confirmed the ability of the approach

to differentiate accurately the sample-absorption-induced

beam intensity changes from the ones induced by electron

beam injections of the synchrotron accelerator.

To confirm the effectiveness of the BIMS in tracking the

injection-induced beam intensity drop and improving imaging

results, another STXM scan was conducted on the sample with

the real-time incident intensity recorded by the online

synchronous BIMS.

With a 1 kHz sampling frequency, a dataset of 160000 points

was amassed, shown chronologically in Fig. 11. The red curve

represents the reference beam intensity captured by the

URIDM, whereas the blue curve represents the transmitted

intensity recorded by the DIIDM within the STXM chamber.

During electron beam injections, the red and blue curves

exhibit simultaneous declines. Conversely, in instances

featuring the sample structure, only the blue curve demon-

strates variations. Hence, the reference beam intensity fluc-

tuations captured by the URIDM offer a basis (the green line

in Fig. 11) for positioning the time points of the electron beam

injections, which can be used to denoise the sample STXM

images without decreasing the imaging quality.

Based on the injection-induced beam intensity droppings

shown in Fig. 11, the incident intensity changes can be used to

pinpoint the moments of electron beam injections, and mean
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Figure 9
A segment of 3500 data points around the time point of an electron bunch
injection were collected by the BIMS at a 10 kHz acquisition frequency.
This detailed view further confirms the accurate synchronization between
the IDMs. The red dotted line depicts the reference beam intensity data
from the URIDM, while the blue dotted line depicts the transmitted
intensity data from the DIIDM. The red and blue solid curves represent
the data-fitting results of the two dotted lines, respectively, demonstrating
the precision and coordination of the BIMS in capturing beam intensity
fluctuations.

Figure 10
A segment of 600 data points from both the URIDM and the DIIDM
following the STXM data acquisition of a non-uniform sample at a 1 kHz
frequency. The data involve sample structures and an electron beam
injection event. The two curves were analyzed to scrutinize the
synchronization and temporal resolution of the two IDMs. The red curve
displays the reference beam intensity data captured by the URIDM,
whereas the blue curve displays the transmitted intensity data collected
by the DIIDM, indicating the precision and coordination of the BIMS
with the STXM imaging.

Figure 11
Two datasets, each containing 160 000 data points, were acquired at a
1 kHz frequency by the URIDM and the DIIDM, respectively, following
an STXM scan of a sample. The data are sequenced chronologically. The
red curve represents the reference intensity data captured by the
URIDM, while the blue curve represents the imaging data captured by
the DIIDM, providing an overview of beam intensity fluctuations
over time.



filtering can be applied to smooth these intensity sharp drops

in the STXM image. The resultant STXM image (Fig. 12)

shows that the synchronous declines observed in the red and

blue curves of Fig. 11 were greatly mitigated or removed in

Fig. 12, while the segments where only the blue curve drops in

Fig. 11 remained unchanged in Fig. 12. This result demon-

strates the ability of the synchronous BIMS to remove the

injection-induced noise in STXM images without decreasing

the STXM resolution.

To directly display the denoising capability of the BIMS

with the image postprocessing algorithm, a 10 mm � 10 mm

sample area was imaged at the STXM endstation at a 1 kHz

sampling rate. A total of 160000 data points were collected

along with their corresponding spatial locations to produce the

image shown in Fig. 13(a). The image shows that during the

STXM scan the synchrotron accelerator performed two

rounds of injections, resulting in 32 intensity sharp-drop

points. These sharp-drop points lead to black noise spots in the

STXM image, which decrease the image contrast and signifi-

cantly impair the image quality.

After applying the image postprocessing algorithm to the

original image [Fig. 13(a)], the denoised image was obtained

and is shown in Fig. 13(b). We can see that the black spots

caused by the electron bunch injections have been removed

completely, and the sample information is almost unaffected

by the processing. In addition, the overall uniformity of the

image has been significantly improved compared with

Fig. 13(a). Fig. 13(c) shows the result of Fig. 13(b) minus

Fig. 13(a) for highlighting the eliminated injection-induced

noise.

The effectiveness of elemental analysis through energy

stack imaging of the sample around the absorption edge in

STXM can be heavily reduced by the incident beam intensity

variations during imaging. Implementing this online synchro-

nous BIMS not only enhances the uniformity of the image

contrast but also greatly mitigates the impact of X-ray inten-

sity fluctuations due to the storage ring instability on the

imaging quality.

4. Conclusion

An online synchronous beam intensity monitoring system was

developed, which can significantly enhance the ability of an

STXM beamline to track the incident beam intensity fluc-

tuations and improve the imaging performance of the STXM

endstation. With this system, the real-time monitoring of the

beam intensity drop caused by electron bunch injections of the

synchrotron accelerator is achieved without changing the

shape and intensity of the incident beam on the sample. By

synchronizing two IDMs with 20 ns accuracy and supporting

an acquisition rate of up to 1 MHz, this system ensures rapid

collection of reference beam intensity data synchronized with

STXM imaging. By postprocessing the reference intensity data

together with the STXM imaging data, the adverse effects of

the electron beam injections on the imaging quality can be

eliminated, thereby substantially improving the STXM image

quality.

In addition, the online BIMS is especially important for

long-period experiments such as energy stack imaging, which

are particularly sensitive to the beam intensity variations over

long periods of time. Therefore, the developed BIMS also

significantly improves the elemental analysis quality of long-

period experiments.
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Figure 12
The STXM data from Fig. 11 are postprocessed using the reference beam
intensity data recorded by the URIDM. Sharp-drop points or noise points
owing to the electron beam injections are removed from the STXM data.

Figure 13
(a) STXM image without denoise processing, featuring two groups of
noise spots resulting from two rounds of electron beam injections. (b)
Through identifying and positioning the electron beam injection events
using the data captured by the URIDM of the BIMS, the noise spots in
the STXM image are removed by the developed image postprocessing
algorithm. This process eliminates the impacts of fluctuating beam
intensity and electron beam injection on the STXM imaging quality. (c)
The left image is obtained by subtracting image (b) from (a) to illustrate
the effect of electron beam injection events. The right image is a zoom of
a part of the left image with electron beam injection events.
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