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Abstract
The 100-m X-ray Test Facility of the Institute of High Energy Physics (IHEP) was 
initially proposed in 2012 for the test and calibration of the X-ray detectors of the 
Hard X-ray Modulation Telescope (HXMT) with the capability to support future 
X-ray missions. The large instrument chamber connected with a long vacuum tube 
can accommodate the X-ray mirror, focal plane detector and other instruments. 
The X-ray sources are installed at the other end of the vacuum tube with a distance 
of 105 m, which can provide an almost parallel X-ray beam covering 0.2∼ 60 keV 
energy band. The X-ray mirror modules of the Einstein Probe (EP) and the enhanced 
X-ray Timing and Polarimetry mission (eXTP) and payload of the Gravitational 
wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM) have 
been tested and calibrated with this facility. It has been also used to characterize the 
focal plane camera and aluminum filter used on the Einstein Probe. In this paper, we 
will introduce the overall configuration and capability of the facility, and give a brief 
introduction of some calibration results performed with this facility.

Keywords  Test facility · X-ray astronomy · X-ray telescopes · X-ray optics · 
Calibration

1  Introduction

The 100-m X-ray Test Facility of the Institute of High Energy Physics (100XF), 
as shown in Fig.  1, is located on the campus of the institute, in parallel to the 
linear accelerator of the Beijing Electron-Positron Collider. 100XF is the largest 
test and calibration facility in China dedicated to space astronomy mission. It was 
originally constructed for the calibration of the X-ray detectors of China’s first 
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X-ray astronomy satellite–the Hard X-ray Modulation Telescope (HXMT) [1, 2], 
but with the capability to be upgraded for the calibration of large focusing X-ray 
telescopes. During its construction, IHEP was also involved in developing several 
other X-ray astronomy missions, such as the Einstein Probe (EP) [3], the Gravita-
tional wave high-energy Electromagnetic Counterpart All-sky Monitor (GECAM) 
[4] and the enhanced X-ray Timing and Polarimetry mission (eXTP) [5]. Some of 
the instruments of these satellites have already been tested or calibrated on 100XF.

The calibration of X-ray telescopes is a basic and crucial procedure in the devel-
opment of an X-ray mission. At the beginning of the development, the X-ray optics 
and detectors need to be tested iterately for verification of designs. The performance 
of the whole detector/telescope assemblies needs to be checked and calibrated in 
detail before launch, for complete understanding of the instruments. Even when an 
instrument works in orbit, there are essential ground calibration contents for deeper 
understanding of the instrument, which are useful for in-orbit calibration. Only with 
these test and calibration data, the analyses of scientific data will be credible. Espe-
cially, the test of large X-ray optics is expensive and demanding for X-ray facility. 
For the previous X-ray missions, several X-ray facilities were built for ground cali-
bration. Max-Planck-Institut für extraterrestrische Physik (MPE) built the PANTER 
X-ray facility [6, 7] for ROSAT mission, and played an important role in XMM-
Newton [8] and eROSITA [9]; its vacuum tube is 130 m long. NASA built the Mar-
shall Space Flight Center’s X-ray Calibration Facility (XRCF) [10] for the test and 
calibration of the Chandra mission [11]; its vacuum tube is 500 m long.

In addition, some other similar calibration facilities are in use ,e.g.: the X-ray 
Astronomy Calibration and Testing (XACT) facility of Istituto Nazionale di Astro-
Fisica (INAF) located in Italy [12], the The Leicester Long Beam-line Test Facil-
ity (LLBTF) at the University of Leicester in UK, the X-ray facility of the Space 
Research Institute of the Russian Academy of Sciences (IKI), The NASA Marshall 
Space Flight Center (MSFC) 100-m X-ray Beamline (also known as the Stray Light 
Test Facility, SLTF). Some other faclities such as the Beam Ex pander Testing X-ray 

(a) (b)

Fig. 1   (a): The location of the 100XF on the campus of IHEP, (b): The overall structure of 100XF
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(BEaTriX) of INAF [13] and Vertical X-ray raster-scan facility (VERT-X) [14], are 
under construction or proposed to satisfy the future missions’ requirements. All 
the facilities mentioned above are well introduced by Bianca Salmaso in his paper 
soon to be published. It must be noted that the minimal length of the X-ray vacuum 
tube for Wolter-I (diameter is less than 300 mm) with reasonable angular resolution 
should be more than 75 m long.

The 100XF has a 100 m vacuum tube, three pump stations and a large instrument 
chamber in which the instruments can be installed and tested. In order to meet vari-
ous requirements of test and calibrations, the facility adopts several X-ray sources 
and detectors. For example, a modulated X-ray source is applied to verify the timing 
performance of the tested device (focal plane detectors and whole telescopes), and a 
large format sCMOS X-ray camera is installed for the imaging of a large area.

This paper gives a detailed description of the facility and its key performances. 
Some results of the characterization of focal plane camera and mirror module of 
the Follow-up X-ray Telescope (FXT) of EP as well as of the X-ray mirror shells of 
eXTP, which have been tested in this facility, are also discussed in this paper.

2 � Design of 100XF

The 100XF is mainly composed of: the large instrument chamber (hereinafter 
referred to as chamber), 100 m tube, pump stations, movable stages, X-ray sources 
and standard X-ray detectors. The chamber can accommodate three movable stages 
and the instruments to be tested. Various flanges are installed on the chamber wall 
for data and command transmissions and cooling water (or alcohol) supply. The 100 
m tube with three pump stations connects the chamber and the X-ray sources and at 
the same time realizes the quasi-parallel beam.

2.1 � The large instrument chamber & 100 m tube

The chamber, which is 8 m long and 3.4 m in diameter [15], can easily accommo-
date X-ray telescopes such as FXT onboard EP satellite and Spectroscopy Focusing 
Array (SFA) onboard eXTP. As shown in Fig. 2(a), the inner wall of the chamber is 
polished (single point diamond polishing method) to keep the cleanness and high 
vacuum level in the chamber, so as to protect the X-ray mirrors and detectors from 
contamination. As Fig. 2(b) shows, the whole chamber is placed in a primary clean-
room except the door. The door is covered by a class-1000 (ISO7) cleanroom. The 
operators can reach the chamber door along the dotted green line (through the air 
shower and one class-10000 (ISO6) cleanroom).

The 100 m (diameter 0.6 m) vacuum tube connects the chamber and X-ray 
sources. The X-ray beam generated by the X-ray sources passes through the tube 
and forms a divergent beam with a divergence angle less than 9′ at the exit end of the 
chamber under the constraint of the 100-m tube, and the divergence angle becomes 
smaller as the beam size reduces. There is an aperature (diameter of about 10 mm) 
one meter near the sources to prevent reflections of X-rays on the tube walls.
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The pump stations are used to keep the high vacuum of the whole tube, as shown in 
Fig. 3. There are 8 dry pumps (roots pump and screw pump), 7 turbo pumps (full mag-
netic levitation pumps) and 11 cryopumps to achieve the high vacuum efficiently. Such a 
combination of different pumps also makes the vacuum pumping quite fast. Within only 
4 hours (1 hour for primary vacuum, 3 hours for high vacuum)the system can reach the 
target vacuum of 5 ×10−5 Pa and 2 ×10−5 Pa for the chamber and the tube, respectively. 
However, for contamination control of the chamber and test instrument, once the high 
vacuum is achieved, the time required to restore normal pressure exceeds 12 hours even if 
the chamber’s vacuum is broken with moderate pressure pure nitrogen.

2.2 � Movable stages

There are three movable stages inside the chamber and their relative positions are 
shown in Fig. 2.

The innermost one is the 4-D stage (Fig. 4(a)), which is used to support or install 
the test instruments, such as optics, telescopes, payloads or even small satellites. The 
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Fig. 2   (a) Inside the large instrument chamber. The right-hand Cartesian coordinate indicates the posi-
tion coordinates of the whole system, where the pitch motion and rotation motion are the turn around the 
Y and X axis, arespectively. The relative positions of the 4-D and 3-D movable stages are shown by the 
orange arrows. The the man is roughly at the position of the 6-D stage. There are 4-D, 3-D and 6-D mov-
able stages, respectively, from inside to outside of the chamber. (b) Schematic diagram of the chamber 
and clean environment configuration. The black coordinate in the left upper corner corresponds to the 
coordinate in Figure(a), the green and blue dotted arrows show the routes entering the chamber operation 
room for operators and large instruments, respectively
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detailed parameters of the 4-D movable stage are listed in Table 1. The load capacity 
of this stage is presently 200 kg but will soon be upgrated to 400 kg, so as to support 
the heavy instruments to be tested.

The middle one is a 3-D stage (Fig. 4(b)) on which the focal plane cameras are 
installed. A cooper refrigeration plate with liquid nitrogen pipe is pre-installed on 
the stage to cool the detectors. Its load capacity is similar to that of the 4-D stage.

The last stage is a 6-D one (Fig. 4(c)). This stage is designed and assembled for 
the operation of X-ray cameras, detectors, especially for some X-ray telescopes with 
long focal length up to about 5.5 m. Its repeatability is similar to the above two 
stages. The combination of these three stages can meet the requirements of precision 
adjustment and calibration of the widely used X-ray optics and detectors, such as 
Wolter-I mirror modules, Micro-Pore Optics (MPO) and Micro-Slot Optics (MSO), 
and heavy focal plane cameras.

2.3 � X‑ray sources

Properties of the X-ray sources are also critical for the test and calibration. There are sev-
eral X-ray sources developed for 100XF, including a multi-target X-ray source, a double-
crystal monochromator (channel cut), a modulated X-ray source and a polarized X-ray 
source. A specific X-ray source can be selected according to the purpose of the test or cal-
ibration. Considering the distance between the installation position of the X-ray sources 
and 100 m tube, the typical length between an X-ray source and mirror is about 105 m.

The multi-target electron impact X-ray source in Fig. 5 is for basic tests of the detectors 
and telescopes, for example, the joint-test of the pnCCD [16] detector and its electron-
ics adopted on the focal plane of EP-FXT. Figure 6 shows a spectrum of the aluminium 
target (with aluminium filter) of the multi-target source measured by a pnCCD. Besides 
aluminium, there are other targets, including carbon, magnesium, titanium, chromium, 
silicon, molybdenum, iron, copper and silver, with which a few fluorescent lines in 0.2∼
20.0 keV can be generated. All the targets can be easily changed through the knob outside 
the source chamber without breaking the high vacuum. In addition, 10 types of filters are 

Fig. 3   The 100 m tube and one 
pump station (the middle one) 
of 100XF

One pump 
station

100 mTube
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Fig. 4   The 4-D (a), 3-D (b), 6-D 
(c) movable stages in the large 
instrument chamber

(a)

(b)

(c)

432 Experimental Astronomy (2023) 55:427–445



1 3

Table 1   Detailed parameters of 
the 4-D movable stage

a The total load capacity is being upgraded to 400 kg
b The coordinate directions are shown as red arrows in Fig. 2(a)

Name Value

Loada 200 kg

X axis rangeb 800 mm
X-axis repeatability 5 μm
Z-axis rangeb 600 mm
Z-axis repeatability 10 μm
Rotation range 360◦

Rotation repeatability 5′′

Pitch range ±20◦

Pitch repeatability 5′′

Fig. 5   Multi-target X-ray source

Target 
panel

Fig. 6   Spectrum of aluminium 
target of Multi-target X-ray 
source, measured by pnCCD. 
The integration time is 200 s

mounted on the source. Some key information on the source are list in Table 2. This 
source can totally meet the basic requirements of calibrating various soft X-ray telescopes.
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For the detailed energy response calibration of X-ray detectors, a channel cut 
double-crystal monochromator is adopted to produce adjustable mono-energy 
X-rays, as shown in Fig. 7. One of the crystals, like KAP/Si111/Si220/Si440, can 
be installed and replaced on the monochromator so as to cover 1 ∼ 40 keV. As Fig. 8 
shows, this source has been successfully applied in the energy response calibration 
of the CCD236 detector of the Low Energy Telescope onboard HXMT [17].

To calibrate the timing performance of the detector and telescope system, a mod-
ulated X-ray source was developed [18] and verified as shown in Fig.  9. Its time 
resolution is about 0.9 μs with a time delay of about 1.4 μs . As shown in Fig. 10, the 
deviation of the detected light curve from the input one is less than 4σ at anytime, 
and the deviation distribution is rather uniform. This modulated source has been 
applied to calibrate the time performance of GECAM, especially to test the trigger-
ing by a gamma ray burst.

In order to calibrate the polarimetry performance of X-ray telescopes and focal 
plane detectors, a polarized X-ray source has been developed. As shown in Fig. 11, 
a small vacuum chamber accommodates several crystals and the corresponding 
micro-focus X-ray tubes to achieve highly polarized X-ray beam at 2.7, 4.5 and 
6.4 keV, with several at other energies under development. We note here that the 
polarized source is the key device in the polarized performance calibration of Pola-
rimetry Focusing Array (PFA) on board eXTP and some small polarimetry cube 
satellites.

Fig. 7   Double-crystal mono-
chromator (channel cut)

Table 2   Key parameters of the 
multi-target source

Name Value

Maximum electron beam current 1 mA
Maximum voltage 25 kV
Spot size 0.2 mm(diameter)
Flux few thousand counts/cm2

∕s

(exit of the 100 m tube)
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2.4 � X‑ray detectors

There are several standard detectors (cameras) inside the large instrument chamber 
to measure the spectral, imaging and timing properties of the instruments in test, 
including an Andor DX436 camera, an Amptek X123 SDDs (C1, C2, Be windows), 
a Color X-ray Camera (CXC) and a big sCMOS camera.

The DX436 is a typical soft X-ray sensitive CCD camera with an area of 27.6 mm×

27.6 mm and 2048×2048 pixels (13.5 μ m for each one) and its frame readout time for 
the whole image is 1 second. As shown in Fig. 12, the camera is cooled by liquid nitro-
gen, and the thermal control system can keep the camera working under −60◦ C stably.

As shown in Fig. 13, there are also several SDDs and CdTe detectors, in which 
one SDD has been calibrated in Physikalisch-Technische Bundesanstalt (PTB), 
meaning that it can be used to calibrate the absolute Quantum Efficiency (QE) of 

Fig. 8   Spectrum of the 6 keV X-ray beam produced by the double-crystal monochromator and measured 
by HXMT-LE

Fig. 9   The modulated X-ray 
source in test. The source is 
designed based on the Grid 
Controlled X-ray Tube (GCXT) 
in the radiation shield box

Radiation Shield
Box

High-voltage 
Power
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Fig. 10   Comparison between the theoretical input and detected light curves

Fig. 11   The polarized X-ray 
source to be connected to the 
100XF

436 Experimental Astronomy (2023) 55:427–445
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Fig. 12   The Andor DX436 cam-
era on the 3-D movable stage. 
The plate under the camera is 
for cooling

SDD&CdTe 
detectors

Fig. 13   Two SDDs and one CdTe are applied to monitor the X-ray beam during the test of a Micro-Slot-
Optics telescope

Fig. 14   The CXC installed on 
the 6-D movable stage

CXC

437Experimental Astronomy (2023) 55:427–445
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a telescope or detector. The CdTe detector is used to monitor the high energy X-ray 
beam (more than 30 keV).

For the point spread function (PSF) measurements and precise measurement of 
effective area, a Color X-ray Camera (CXC) was developed, based on the pnCCD 
[19]. As shown in Fig. 14, the CXC is configured with complex back-end readout 
electronics.

Benefited from many advantages of the CXC, such as broad sensitive energy 
band, superior energy resolution, and the extraordinary high QE and Charge Trans-
fer Efficiency (CTE) (shown in Table  3), it is perfectly suitable for calibration of 
optics like Wolter-I and MPO.

However, for X-ray optics under development, there are some unknown distor-
tions that make their performance not very good or even difficult to understand. A 
camera with large detection area that can acquire the whole X-ray reflection image 
will help to diagnose the defects. Therefore, a large format sCMOS camera has been 
developed and verified, as shown in Fig. 15 [20]. Its size is 61 mm× 61 mm, which is 
large enough to get the single reflection of Wolter-I mirror and the whole image of 
focusing MPO.

Fig. 15   The big sCMOS X-ray 
camera in the EP-FXT focusing 
mirror module test

Table 3   Key performance of the 
Color X-ray Camera

Name Value

Energy range 0.2∼ 30 keV
Energy resolution ∼145 eV @ 6.0 keV
Readout time 1000 fps for full frame

3400 fps for folded readout
QE 80% for 500 eV

90% for 10 keV
30% for 20 keV

CTE >0.999999
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2.5 � Contamination control

The X-ray optics, payloads and satellites tested in the 100XF are extremely sensitive to 
molecular and particle contaminants. Hence the contamination control is a very impor-
tant and tough work for the whole facility and during all the tests. For example, molec-
ular and particle contaminants can seriously degrade the HEW (Half Energy Width) of 
the X-ray optics through X-ray scattering with particles, and reduce the effective area 
by absorption [21]. The configuration of the pump sets of 100XF, such as dry pumps, 
molecular pumps and cryogenic pumps are therefore oil-free. The movable stages, 
cables, cooling water tubes can all meet the contamination-control requirements too.

As shown in Fig. 2(b), a class-10000 (ISO6) and a class-1000 (ISO7) cleanroom and 
two dressing rooms are also built for the 100XF. Before enter the chamber operation 
room, operators need to pass the clean rooms level by level and change the correspond-
ing level of clean clothes as illustrated by the green dotted line in Fig. 2(b). In order to 
ensure the cleanliness of the tested telescope, especially the optical system, operations 
of all optical elements are strictly limited to be in the class-1000 (ISO6) cleanroom. On 
the contrary, the operation of test instruments that do not require high cleanliness, such 
as detectors, can be completed in the class-10000 (ISO7) environment.

Inside the instrument chamber the particle contamination is monitored by PFO sam-
ple (ESA standard) and the molecular contamination is measured by quartz crystal 
microbalance all the time.

3 � Test and simulation results

So far, several EP-FXT mirror modules and eXTP-SFA mirror shells have been 
tested in the 100XF. Some small optics like MSO, MPO were also tested. Figure 16 
shows the test of a standard Wolter-I mirror shell, the results of which are almost 
identical to that obtained at the PANTER facility in Munich [22].

Mirror modules of EP-FXT [23] have been calibrated in detail in the facility. 
As shown in Fig. 17, the FXT mirror and focal plane detector are calibrated in 
the chamber separately and jointly. In the joint test, only one of the two FXT tel-
escopes was installed on the supporting structure as Fig. 17(b) shows.

Fig. 16   Test of a standard 
Wolter-I shell in the large instru-
ment chamber
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A series of basic items such as angular resolution and effective area of the struc-
tural thermal model (STM) of FXT are calibrated. Figure 18(a) shows a quite sharp 
spot. According to the Energy Encircled Function (EEF) inferred from the image 
and shown in Fig. 18(b), the angular resolution of the model is about 32.8′′ repre-
sented by HEW, and width of 90% energy (W90) is 163.2′′ . In addition, the effective 

Fig. 17   (a) Separated test of 
focusing mirror and focal plane 
detector pnCCD of FXT. (b) 
Joint test of the FXT (only 
one telescope is tested). The 
mirror STM provided by ESA 
is installed in the facility. STM 
contains all 54 shells of FXT, 
but only 6 shells (#1,#24∼ 27 
and #54) are reflective of X-ray

Fig. 18   (a) Focal plane spot of the FXT separated test. The triangle spot is caused by some irreversible 
deformation which is also mentioned in the MPE test report. (b) The EEF of the test spot @ 1.49 keV
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area of the STM is measured as 41.11 ± 0.55 cm2 @ 1.49 keV, which is basically the 
same as PANTER’s result [22].

Tests of the experimental mirror shells for eXTP are also carried out in the 
100XF (Fig. 19). As Fig. 20 shows, the shell sample has an imaging performance of 
HEW about 46.53′′ and W90 of 110.69′′ , respectively, which meet the requirements 
of eXTP-SFA.

Meanwhile, the measurement of the effective area of shell #45 is carried out 
with the CXC. The measured area at 4.5 keV is 30% smaller than that obtained 
with simulation. However, after the correction of the beam divergence and distance 
bias between the optics and CXC, the discrepancy becomes less than 10%, similar 
to those of most X-ray mirrors [24] in the past. We speculate that this discrepancy 
could be due to the imperfection of the surface and contamination.

In summary, the above introduction shows that the 100XF is ready for test and 
calibration of various X-ray detectors and telescopes. The test results of the X-ray 
mirrors of EP–FXT and eXTP–SFA also show that the calibrations carried out with 

Fig. 19   Mirror sample of eXTP 
installed in the chamber of 
100XF

Fig. 20   The EEF of the test spot eXTP #45 shell @ 1.49 keV
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the 100XF are precise and reliable. Given the size of the chamber, 100XF can test 
x-ray mirrors with focal length up to 6 m and diameter smaller than 60 cm. In addi-
tion, due to the beam-line finite length and detector pixel size, the best angular reso-
lution of grazing incidence optics achievable in the tests is 5′′ HEW. We expect fur-
ther improvements on 100XF so that it can satisfy all the calibration requirements of 
future X-ray missions.
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