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Improving the Calibration Efficiency of X-ray Focusing Mirrors — Simulation and Experiment*
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With the development of X-ray astronomy, X-ray focusing mirrors are evolving toward higher effective area,
higher angular resolution, and larger fields of view. This introduces new requirements for the calibration of
X-ray focusing mirrors. To efficiently and accurately complete the effective area measurements of the enhanced
X-ray Timing and Polarimetry (eXTP) mission, we validated the feasibility of using the SDD detector, which
provides high energy resolution and can operate under high photon flux conditions, for continuum effective
area measurements. The feasibility of directly using the SDD for the measurements is first validated through
Geant4. Subsequently, the method for aligning the SDD detector before the measurements is discussed. Later,
the methods for dead-time correction and the calculation of measurement errors are considered. Finally, using
the pnCCD as the detector, we measured the effective area of the eXTP 3-shells mirror module at different
X-ray emission lines and compared these results with the effective area obtained by using the SDD detector
for continuum measurements. The results showed that the deviation between the two methods was better than
3.6 %, and the trends in the varying effective area with energy were consistent.
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I. INTRODUCTION

As X-ray astronomy continues to evolve, the performance
requirements for X-ray telescopes are also being enhanced,
primarily in the areas of angular resolution, Effective Area
(EA), and Field of View (FoV). As X-ray focusing mir-
rors undergo iterative improvements, new requirements for
on-ground X-ray calibration have emerged. Taking the
Spectroscopy Focusing Array (SFA) and Polarimetry Focus-
ing Array (PFA) payloads of the enhanced X-ray Timing
and Polarimetry (eXTP) mission as examples, nine sets of
Wolter-1 focusing mirror assemblies are employed to enable
high-precision determination of neutron star mass and ra-
dius and to improve the signal-to-noise ratio for polariza-
tion observations[1]. The gradual increase in effective area
and number of focusing mirror assemblies presents new chal-
lenges for traditional calibration methods.

Due to excellent imaging capabilities and energy reso-
Iution, Charge Coupled Devices (CCDs) are widely used
in ground calibration of X-ray focusing mirrors[2, 3]. For
CCD:s, event acquisition involves reconstructing images from
each exposure, and the readout of charges generated by pho-
ton deposition in the CCD requires per-pixel transfer. This
process has several implications: firstly, in focused conditions
where the flux is high, it is necessary to reduce the flux to pre-
vent pile-up, which results in an extremely low flat-field in-
tensity. This increases the time required to measure every fo-
cusing mirror assembly significantly. Given that X-ray tubes,
which are commonly used as X-ray sources, have an output
that varies over time, prolonged measurements can lead to
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substantial increases in measurement errors. Secondly, the
transfer of charge between pixels can result in charge loss,
which causes tailing at the low-energy end. This limitation
requires CCDs to use monochromatic fluorescence lines for
measuring the effective area of focusing mirrors at individual
energy points, which significantly increases the measurement
time.

In 1997, the Chandra ground calibration team attempted
to calibrate the effective area of focusing mirrors by us-
ing a high-energy resolution HPGe detector to measure the
continuum([4, 5]. Because this detector needs to operate at
low temperatures, the thickness of ice could affect the mea-
surement results. We have now validated the feasibility of
using SDDs to efficiently measure the effective area of X-ray
optics by measuring the continuum in the 100-m X-ray test
Facility (100XF)[6], and have presented simulation analyses
and correction methods. Compared to the HPGe detector, the
SDD can operate at —20 °C without the risk of icing under
vacuum conditions. In this paper, Section II details our testing
and analysis methods. And simulation results are displayed
in Section III. Finally, in Section IV experimental results are
presented.

II. METHOD

It involves collecting the energy spectra with an SDD under
both flat-field and focused conditions. By dividing the spectra
at the same energy bins, and then multiplying by the area of
the SDD and a point source correction factor, we can calcu-
late the curve of effective area versus energy. The formula is
shown in Eq. 1.

SFocus (E)

Aeff (E ) = CCorrection ADetector W

ey
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Where Ag(E) is the effective area at energy E, Ccorrection
is the point source correction factor, Apeector i the geomet-
ric area of the detector, Sgocys(F) is the focused count rate,
and S (E) is the flat-field count rate. The point source
correction factor is derived by the inverse square relationship
between the flux and the distance from the X-ray source, as
shown in Eq. 2.

2
D Mirror
D 2

Detector

@

C(correclion =

Where Dyiror 18 the distance from the focusing mirror to
the X-ray source, and Dpetector 1 the distance from the SDD
used to measure the effective area to the source.

III. SIMULATION

For current SDDs, a good energy response has been
achieved. However, subtle effects such as incomplete charge
collection, escape peaks, and detector energy broadening may
result in some photons being recorded as other energies, as
shown in Fig. 1. For example, for a photon with energy
E, when it deposits energy and excites the silicon within
the detector, forming a Si-Ka line at 1.74keV, and if the
1.74 keV photon leaves the sensitive area of the detector, then
the photon at energy E will contribute to the effective area
at E—1.74keV. Incomplete charge collection and detector
energy broadening can similarly introduce deviations in the
measurement of the effective area.

107 b Full Energy Peak

Escape Peak

i

10° -

Counts

103

10!

2 4 6 8
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Fig. 1. The simulated response of the SDD at 6 keV. It includes the
full-energy peak of 6 keV photons, the escape peak at 4.26 keV, the
Si-Ka emission line at 1.74 keV, and a continuum plateau resulting
from incomplete charge absorption effects.

To verify the feasibility of the method, a series of Monte
Carlo simulations were conducted. The X-ray source and de-
tector were simulated using Geant4, with electromagnetic in-
teractions handled by the ‘EM Pen’ electromagnetic physics
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constructors, and fluorescence lines generated from the ‘flu-
oBearden’ library. In actual experiments, X-ray tubes are
commonly used as the X-ray source. To achieve spectral
consistency, copper (Cu) alloyed with 0.4 % silicon (Si) and
1.7 % molybdenum (Mo) was used as the X-ray tube’s tar-
get material in subsequent simulations. The detector geome-
try was modeled according to the actual dimensions, includ-
ing a 450 pum thick active volume, a collimated diameter of
10.5mm, and a 25.4 um thick Be window. The detector’s
broadening at a single energy point is calculated using Eq. 3.

FWHM(E) = 2.355VaE + b 3)

Where a and b are constants. We determine the values of a
and b by fitting the SDD energy resolution at the high-purity
fluorescence lines produced by an X-ray secondary multi-
target source[7]. The results are shown in Fig. 2.

250 T T T T T
—— Fano limit

[ Measured energy resolution
200 a

150

FWHM(eV)

50

Energy(keV)

Fig. 2. Energy resolution at different fluorescence lines. Mg-
Ka (1.25keV), Al-Ka (1.49keV), Ca-Ka (3.69keV), Ti-
Ka (4.51keV), Cr-Ka (5.41keV), Fe-Ka (6.40keV), Cu-Ka
(8.04keV), Ge-Ka (9.88 keV) were used to measure the detector’s
energy response.

The response of the focusing optics was determined based
on the reflectivity data provided by The Center for X-Ray Op-
tics (CXRO). The spectrum emitted by the copper-target X-
ray tube was extracted from Geant4 as the flat-field spectrum.
This spectrum was then multiplied by the corresponding ef-
fective area to derive the focused spectrum. In the detector
simulation, both the flat-field spectrum and the focused en-
ergy spectrum were sampled as inputs to the detector. The
resulting detector response spectrum and effective area are
presented in Fig. 3.

According to the simulation results, dividing the focused
spectrum by the flat-field spectrum can restore the effective
area across most energy ranges. However, noticeable distor-
tions occur in the low-energy region below 1.0 keV, around
6.3keV, and near 8.0keV. To identify the sources of devia-
tion, each photon in the spectra for both the flat-field and fo-
cused states was tracked step-by-step. The energy of photons
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Fig. 3. Left Panel: Simulated Cu spectra for flat-field and focused conditions. Right Panel: The ideal input effective area curve and the

simulated effective area curve.

before entering the detector, the energy deposited by photons
within the detector, and the energy channels which they fell
after energy broadening were recorded. The results are pre-
sented in Fig. 4.

The top of Fig. 4 displays the input spectra and the un-
broadened deposition energy spectra for both flat-field and
focused states. It also calculates the proportion of photons
in the deposition energy spectra whose initial input energies
do not fall within the same energy channel. Additionally, the
effective areas derived from both the input spectra and the
deposition energy spectra are calculated.

The results show that starting from 1.4 keV, as the energy
decreases, the transmission of photons is progressively re-
duced due to the detector window, resulting in most of the
low-energy photon counts being contributed by the incom-
plete absorption or escape of high-energy photons. Below
0.8 keV , the counts in the deposition spectra are completely
from high-energy photons. At 0.9 keV, near the Cu-L emis-
sion line, the proportion of non-local energy decreases due to
the strong intensity of the emission line. Additionally, due to
the high count rate of Cu-Kea, an increase in the non-local en-
ergy proportion occurs at 6.3 keV due to its escape peak. As
for Cu-Kg, its counts are about one order of magnitude lower
than that of Cu-Ka, the effect of its escape peak is negligible.

The effective area curves calculated from the input spec-
trum and the deposition spectrum demonstrate the impact of
these effects on effective area measurement. The effective
area calculated from the input spectrum is consistent with the
theoretical effective area. However, the effective area calcu-
lated from the deposition spectrum shows a drop at 6.3 keV
as the photons at 6.3 keV actually include photons originally
there and those escaping from the 8.0keV Cu-Ko emission
line. Therefore, the effective area there is a weighted aver-
age of the effective areas at 6.3 keV and 8.0keV. The lower
effective area at 8.0 keV causes the dip at 6.3keV. For pho-
tons with energies below 1.4 keV, the effective area gradually
decreases due to the increasing contribution from high-energy
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photons, whereas at 0.9 keV, the effective area approaches the
theoretical value due to the increase in local photon counts,
forming a drop structure in the effective area. For the energy
range below 0.8 keV, the absence of local photons leads to a
drop in the effective area.

The bottom of Fig. 4 displays the input and broadened
spectra for both flat-field and focused states, the non-local
energy ratio in the broadened spectra, and the effective area
calculated from both spectra.

Compared to the unbroadened spectra, the non-local en-
ergy ratio in the broadened spectra increases with energy
due to the gradual increase in energy resolution. Addition-
ally, protrusions in the non-local energy ratio appear on ei-
ther side of the characteristic peaks as a result of broaden-
ing. As shown in Fig. 5, for input photon energies of 8.0 keV
and 8.9 keV, broadening results in significant contributions to
the nearby 2-3 energy channels. This leads to distortions in
the effective area calculated from the broadened deposition
spectrum near 8.0 keV and 8.9 keV. For example, at 7.9 keV,
81 % of the total counts are due to broadening from 8.0 keV
photons, resulting in a calculated effective area that is lower
than the theoretical value. Similarly, at 8.1keV, the effec-
tive area is higher than the theoretical value. For non-local
energy increases caused by energy resolution, the effects of
high-energy photon broadening often counteract the effects
of low-energy photon broadening, leading to an effective area
calculation that matches the theoretical value. Additionally,
low-energy emission lines, such as Si-Kea, have little impact
on the measurement of the effective area due to their low in-
tensity as impurities, the small broadening in their energy re-
gion, and the minor changes in the effective area. Therefore,
their broadening effect can be neglected.

To reduce the impact of target material emission line
broadening on the effective area, we used a combination
of a polynomial function and a Gaussian function to fit the
photon counts contributed by the emission lines and the
bremsstrahlung continuum, respectively. The effective area
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Fig. 4. Top-left panel: Flat-field input and deposition spectra, along with the proportion of non-local energy in the deposition spectrum.
Top-middle panel: Focused input and deposition spectra, along with the proportion of non-local energy in the deposition spectrum. Top-right
panel: Theoretical effective area and the effective area calculated from the input and deposition spectra. Bottom-left panel: Flat-field input
and broadened spectrum, along with the proportion of non-local energy in the broadened spectrum. Bottom-middle panel: Focused input and
broadened spectrum, along with the proportion of non-local energy in the broadened spectrum. Bottom-right panel: Theoretical effective area
and the effective area calculated from the input and broadened spectrum.
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Fig. 6. Upper-left panel: Flat-field spectrum and corrected results for the Cu-K peaks; Upper-right panel: Focused spectrum and corrected
results for the Cu-K peaks; Lower panel: Calculated effective area curves before and after correction, alongside the theoretical effective area
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T T H T T T T H T
35000 F Measurement point : E 34000 ¢  Measurement point | Center:0.1083°
Fitted line 1 Center:-0.0034° Fitted line !
L 1 1
32500 : 32000 - : ]
30000 F ! ] i
s : 2 :
£ 27500 F i 1 5 30000 i 1
Q ! 9 !
O ! O !
25000 F ! ] !
! 28000 - ! b
22500 [ 1 1 1
1 1
1 1
20000 : 1 26000 F i 1
17500 b . ! . ‘ !
—0.4 —0.2 0.0 0.2 0.4
Pitch (°)
T T ™ T T
70 H 1
Center:531.4262 mm
1
60 H b
1
1
o 50 H B
= :
2 wf ! .
= |
30 ! b
i
20 F e Measurement point : g
Fitted line |
10 11 1

. 1
510 520 530

Position (mm)

Fig. 7. Scan results along the pitch (top left), yaw (bottom right), and axial (bottom) directions. A quadratic polynomial is used to fit the scan
points to locate the positions of maximum flux intensity and minimum HPD.

221 of the SDD. Subsequently, the SDD is scanned along two or- 2:3 the optical axis, using variations in counts to locate the beam
222 thogonal axes on a common plane which is perpendicular to 222 spot at the center of the detector. Fig. 8 displays a typical set
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Fig. 8. The results of the SDD scans in three directions. For the two directions perpendicular to the optical axis, the plateau width is close to
the diameter of the detector. Along the optical axis, there is no significant change in counts within a defocus range of approximately £50 mm.

of measurement results. Given our detector size (10.5 mm
after collimation), a plateau which is about 10 mm wide is
formed. We calculate the centroid of each scan, use the count
values at different positions as weights, and use the centroid
position as the location of the SDD.

The SDD detector was also scanned axially, as shown in
the bottom panel of Fig. 8. The results indicate that there is
no significant loss of counts at a defocus of approximately
50 mm. The detector used in the tests was equipped with
a uniform Be window; however, to minimize the effects of
window non-uniformity, measurements were performed at a
defocus of 30 mm.

B. Dead Time Correction

According to the previous simulation results, it can be
demonstrated that ignoring the energy response of the detec-
tor, the effective area measurement for the majority of the
energy bands of the focusing mirror is accurate. However,
the varying responses of the detector system due to flux still
require analysis.

For the detector system, when multiple photons are de-
tected in a short time, due to the time required by the electron-
ics to process each photon, some photons cannot be processed
within this time interval. As a result, the actual number of
detected photons will be less than the number of photons de-
positing energy in the detector. This loss of photons is called
“dead time losses”.

For the effective area measurement of focusing mirrors,
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when measuring the flat-field spectrum, the photon flux is
relatively low, resulting in fewer lost photons. However, dur-
ing measurements with the focusing mirror, the flux is higher,
leading to more photon losses. Consequently, the number of
photons detected in each channel under focused conditions is
smaller than the actual number of photons, which causes the
effective area values across the full spectrum to be underesti-
mated. Therefore, it is necessary to study the method for dead
time correction in the detector system.

In the detector system we use, the output signal of the de-
tector is passed into a digital signal processing module for
analysis. After the signal is converted into a digital signal
through an ADC, it is filtered by two trapezoidal filters with
different shaping times, respectively. The filter with a short
shaping time is referred to as the trigger filter, and it generates
a dead time of approximately 0.2 us per photon. The filter
with a long shaping time is called the energy filter, which pro-
duces a dead time of approximately 8.3 ys per photon. The
trigger filter is used to count the number of photons entering
the detector and to discard certain photons in the energy fil-
ter based on the time intervals between consecutive photons.
Due to its longer shaping time, the energy filter is used to
evaluate the signal amplitude and generate the spectrum.

The number of photons recorded by the trigger filter is re-
ferred to as the measured input count rate, denoted as IC'R,,.
Since the width of the trigger filter’s output signal is used to
determine whether the trigger filter itself experiences pulse
pile-up, the relationship between the true input count rate
(ICR;) and the measured input count rate of the trigger fil-
ter follows a paralyzable dead-time model, which can be ex-
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pressed by Eq. 4.

ICRy = ICR, x ¢~ I¢Hxm )

Here, 74¢ represents the dead time generated by the trigger
filter for each photon. For our detector, this value is 0.2 us.
From Eq. 4, the relationship between the output count rate
of the trigger filter and the actual incident photon count rate
can be plotted, as shown in Fig. 9. According to calcula-
tions, when IC'R; = 10000, the deviation between IC R,
and TCR; is less than 0.2 %. During the test, we typically
ensure that the count rate in the focused condition is less
than 5000 cps. Therefore, IC Ry, can be considered equal to
ICR,. Based on this, we discuss the method for dead-time
correction for each channel of spectra. The dead time loss is
independent of energy, so the following relationship can be
obtained:

Nti _ ICRt ~ ICRm
Nmi OCR~ OCR
ICR,

Nti = Nmi X OCR (5)

Here, Ny represents the true count for the i-th channel,
N,,; represents the measured count for the i-th channel of
the energy spectrum, and OC'R is the output count rate of the
energy filter. The values on the left side of Eq. 5 are measur-
able parameters. Using this equation, spectra under different
flux conditions can be normalized to actual incident spectra.

T T T T T T T T T T T T T T T
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0

Fig. 9. The deviation of the trigger filter output count rate from the
actual input count rate. When the actual count rate is not high, the
output count rate of the fast trigger filter can effectively estimate the

a11 the middle layer. The parameters of the mirrors are shown in
a1z Table 1.

Table 1. Design parameter of eXTP-MM3.
Shell# Romaz(mm) Ro(mm) Rpin(mm)

1 240.36 237.00 226.82
21 171.67 169.27 162.00
22 168.77 166.41 159.26

a3 During this measurement, the focused count rate was
a4 2968 cps, and the flat-field count rate was 132 cps. A compar-
315 ison of the effective area calculation results with and without
s16 dead-time correction was made, with the results and devia-
a7 tions from the simulation shown in Fig. 10. After applying
a8 the dead-time correction, the deviation was reduced by ap-
s19 proximately 2 %.
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Fig. 10. Comparison of the effective area with and without dead-
time correction. After applying the correction, the deviation of the
calculated effective area from the simulation is reduced by 2 % com-
pared to the deviation without the correction.

320 C. Scattering correction

32

Due to the inevitable surface roughness of the actual fo-
cusing mirror, some photons are scattered by the mirror and
cannot be focused onto the focal position. Therefore, in this
study, a 3x3 array imaging scan was carried out at the defo-
cus distance of 30 mm using the CXC, with the results shown

322
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325

true input count rate.

s0s  Based on the method described in Section II, we measured
a0s the effective area of shells #21 and #22 of eXTP Mirror Mod-
307 ule 3 (MM3) using continuum X-rays generated by electron
308 bombardment of a copper target. eXTP-MM3 is a typical
s09 Wolter-I type mirror module, which includes the #1 shell
a0 from the outermost layer and the #21 and #22 shells from
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333

in Fig. 11. Each pixel of the CXC is a square with a side
length of 48 pm, and the total pixel array is 268x268. The
scanning step size was set to 12.6 mm, which is approxi-
mately equal to the side length of the CXC. According to the
statistics of the photon count ratio within the effective area
of the SDD detector, about 96 % of the photons can be ef-
fectively detected. On this basis, the measured effective area
should be corrected using this scaling factor.
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Fig. 11. Schematic of the measured spot at 30 mm defocus, together
with the position and size of the SDD. The SDD collects 96 % of the
total photons.

D. Error Calculation

The error for each channel is derived through the propa-
gation of statistical errors. Assuming that photon counting
follows a Poisson distribution, the error in photon count rates
under flat-field and focused conditions can be expressed as:

cntrocus (B
s (B) = 0 = (©)
ocus
cntpa(E
Osina (B) = Y 852 :( ) (M
al

Here, og;,.,.(E) is the standard deviation of the count rate
under focused conditions, and og,,, (E) is the standard devia-
tion of the count rate under flat-field conditions. cntpocus(F)
and cntpp, (E) represent the counts in the channel E under fo-
cused and flat-field conditions, respectively. Trocus and Tjae
are the measurement times for the focused and flat-field spec-
tra, respectively. Considering Eq. 1, the measurement error
of the effective area can be propagated as:
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2 2 2 Focus
E) = A ZFocus\ =)
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By replacing the count rate errors and count rates with
counts and time, we get:
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According to Eq. 9, when the flat-field count is constant,

oa,;,(E) < \/centpocus(E).

E. Results and Comparison

To validate the method, we used CXC to perform tradi-
tional effective area measurements of all three mirror shells
of eXTP-MM3 at several emission line energies and we then
compared the results with those obtained from continuum ef-
fective area measurements[9].

The continuum used in the measurements was generated
by electron bombardment of a Cu target under a voltage of
16kV. During the test, the detector’s dead time was kept
around 1 % (with the count rate of 1.2 kcps under the focused
condition) to reduce the impact of count rate effects on the
measurement results, such as dead time effect and pile-up.
Additionally, due to the Be window in front of the detector,
low-energy photons are absorbed. The proportion of events in
the low-energy spectrum that are contributed by the incom-
plete absorption of high-energy photons increases. There-
fore, this method shows distortion at the low-energy end,
and we only compared measurement results above 1.4keV.
Moreover, we corrected the broadening of the Cu-K emission
line. When attempting to correct for Cu-Kg, the low pho-
ton counts and changes in effective area within the correction
region could introduce additional deviation. Therefore, we
performed corrections only for Cu-Ka.
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Fig. 12. Comparison of the continuum effective area test results with
the traditional emission line effective area measurements. The re-
sults of the two measurement methods show a high degree of con-
sistency, with a measurement deviation of less than 3.6 %.

As shown in Figure 12, the continuum effective area mea-
surement results exhibit a high degree of consistency with
the emission line effective area measurement results, with the
maximum measurement deviation is less than 3.6 % and the
average deviation of 1.5 %, which demonstrate the reliability
of this method. Additionally, the measurement results from
both methods were compared with the effective area values
obtained through the specialized ray-tracing simulation[10].
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This ray-tracing program takes into account factors such as
divergence angles over the 100-meter testing process and the
roughness of the focusing mirror. The deviations of both
methods relative to the simulation values exhibited consis-
tent trends, with the deviation remaining approximately 6 %.
Near the Au absorption edge, there is a noticeable variation
in the deviation from the simulation. We currently consider
this is related to carbon contamination or other behaviors of
the focusing mirror.

V. SUMMARY

Due to the calibration requirements of multi-mirror, large-
effective-area X-ray observatories such as eXTP, it is neces-
sary to explore efficient and accurate methods for effective
area calibration. Therefore, we tested using the SDD, which
can obtain good energy resolution and can operate under high
photon flux conditions within the 100XF to measure the ef-
fective area over a wide energy range using continua.

In this paper, we first verify the feasibility of the method
through simulation and quantitatively evaluate the influence
on the measurement results, such as incomplete absorption,
escape peaks, and spectral broadening. Incomplete absorp-
tion is negligible in most energy ranges. However, for en-
ergies below 1.4 keV, the detector counts are almost entirely
contributed by the incomplete absorption of high-energy pho-
tons due to the attenuation of low-energy photons by the Be
window. Therefore, we consider that only data above 1.4 keV
is reliable. The effect of escape peaks is also quantitatively
evaluated. For measurements using the continua generated
with a Cu target, combining the emission line measurement
of Fe ensures that the effective area at the escape peak is cor-
rectly determined. The influence of spectral broadening is
canceled out in the continuous spectrum. For emission peaks,
we have developed a corresponding correction method. Then,
we presented an alignment method for SDD, a non-imaging
detector, in combination with the imaging pnCCD. Follow-
ing that, we discussed how the dead-time effect and scatter-
ing influence the measurement results and provided a correc-
tion method, as well as the derivation of the effective area
error. Finally, we compared the results of the continuum ef-
fective area measurement method with those of the traditional
method, showing that the deviation between the two results is
less than 3.6 %. However, the former offers greater advan-
tages due to its wider energy range in a single measurement
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and shorter measurement time.
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