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We develop a rapid and convenient experimental method of absolutely calibrating the transmission of an x-ray flat-
response filter. The calibration experiment is performed on a small laser-target facility, and a set of high resolution holo-
graphic flat-field grating spectrometers is used as a discrimination system of the laser-produced x-ray source. Given that
the holographic flat-field grating has a relatively large width, the grating is divided into two regions for use in that direction,
where one region has the filter added and the other region does not. The filter transmission is determined by dividing the
x-ray signal counts detected when the filter is in the line of sight by those detected when the filter is out of the line of sight.
We find that the calibration results of this experiment agree with the calibration results using a synchrotron radiation source,
as well as simulation results. Our method is not only highly reliable but also rapid and convenient.

Keywords: flat-response filter, absolute transmission, flat-field grating spectrometer, x-ray CCD camera
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1. Introduction

Indirect drive inertial confined fusion (ID ICF) is one of
the main fusion ICF schemes.!!~* The x-ray filters have been
extensively used in the research field of ID ICF for blocking
target debris, eliminating stray light, or attenuating the x-ray

[5-7] However, due to their positions that just

signal intensity.
face to the chamber center, x-ray filters are often destroyed by
target debris or contaminated by oil molecules. Thus, x-ray
filters need to be calibrated regularly to obtain a real trans-
mission value. The synchrotron radiation source is very suit-
able for calibrating filter transmission because of its charac-
teristic wide spectral range, good brightness, and monochro-
maticity, and the corresponding calibration accuracy is quite
high.[>8] However, there are also many disadvantages: the
beam line availability and the logistics of setting up the ex-
periment usually take several weeks to months, % and the
fixed location and fixed size of different devices of the syn-
chrotron radiation facility and the beam uniformity severely
constrain the size and location of the x-ray filter, which can be
calibrated.['%11] In addition, a Henke source can also be con-
sidered as a source for calibrating filter transmission.[7-!%13]
Unfortunately, the anode material, electrical system limita-
tions, and secondary fluorescent materials limit the intensity
of the source, which leads to a low calibration accuracy.!>]
An electron beam ion trap facility can also be used as an ex-
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cellent x-ray source for calibrating x-ray filters. Brown et al.
performed an x-ray blocking filter calibration experiment on
the electron beam ion trap facility at the Lawrence Livermore
National Laboratory.[°! The calibration accuracy of the experi-
ments is good, however, there are relatively few electron beam
ion trap facilities in some countries.

In recent years, many researchers have been attracted by
laser-produced x-ray sources due to their high intensity and
easy availability.['!-14] Using a laser-produced x-ray source
coupled with various types of dispersion systems, many de-
vices such as streak cameras,!!>! x-ray CCD cameras,[!f]
and grating spectrometers!!”l have been absolutely calibrated.
Mirror-filters''®! and transmission grating spectrometers!'”]
are the two most commonly selected dispersion systems for
these calibration experiments. To the best of our knowledge,
no results have yet been reported on the calibration of a fil-
ter’s transmission based on a laser-produced x-ray source. In
this paper, we introduce in detail a filter transmission calibra-
tion experiment on a small laser-target facility. We choose the
novel compound filter developed by our research team as the

1101 Here, the novel com-

calibration object of this experiment.
pound filter consists of two Au foils, with thickness values of
0.05 wm and 0.4 um, respectively. The 0.4-um foil consists
of an array of pinholes each with a diameter of 5 um and a
distance of 11 um between the pinholes. In this paper, we re-

fer to the novel compound filter as a flat-response filter. Given
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that traditional dispersion systems (mirror-filters and transmis-
sion grating spectrometers) have a low spectral resolution and
cumbersome spectra unfolding process, we choose a set of
high resolution holographic flat-field grating spectrometers as
the discrimination system of the laser-produced x-ray source.
The holographic flat-field grating can suppress higher order
diffraction effectively so that the detected signal in our calibra-
tion experiment does not need a cumbersome spectra unfold-
ing process. In view of the fact that the holographic flat-field
grating has a large width, the grating is divided into two re-
gions. In one region we add the flat-response filter, and in the
other region nothing is added. The filter transmission can be
determined by dividing the x-ray signal counts detected in the
region where the filter is in the line of sight by those detected
in the region where the filter is out of the line of sight. The
rest of this article is organized as follows. We first introduce
in detail the experimental setup in Section 2. Then, we present
the calibration results of this experiment and the data analysis
in Section 3. Finally, we briefly summarize the advantages of
the proposed method in Section 4.

2. Experimental setup

The calibration experiments were performed on a 100-J
laser facility at the Research Center of Laser Fusion of the Chi-
nese Academy of Engineering Physics, and the schematic dia-
gram of the experiment setup is shown in Fig. 1. A laser pulse
of 1053-nm light which had a full-width at half-maximum of
4 ns was focused into a 250-um-diameter spot and irradiates
a planar polyimide (C14HgO4N3) membrane target at normal
incidence. In this experiment, the laser energy was set to be
63 J. The holographic flat-field grating spectrometer consisted
of an incident slit with 62 um in width and 2.5 cm in length, a
holographic flat-field grating with a line density of 2400 I/mm
at the grating center, and an Andor x-ray CCD camera with
a pixel size of 13.5 um. The spectrometer detected a signal
from various wavelength x-ray photons at 45 °C with respect
to the incident laser direction. Figure 2 gives the details of
the setup of the holographic flat-field grating spectrometer and
the location of the flat-response filter. The gratings were gold-

target

incident slit

grating normal

7 mm

coated and designed to be used at a grazing incidence angle
of 88.6 °C. The effective length of the flat focal plane was
26.8 mm and the corresponding wavelength range was from
10 A to 70 A (the corresponding energy ranges from 177 eV
to 1.24 keV). The holographic flat-field grating was commer-
cially available from Shimadzu Corporation, and its length,
width and height were 50, 30, and 10 mm, respectively. Due to
the relatively large width, the grating was divided into two re-
gions. We note that this calibration method did not depend on
the knowledge of the holographic flat-field grating efficiency
because the diffraction efficiencies of the divided two regions
on the surface of the grating could be considered to be equal.
In the first region, the filter tightly adhered to the front end of
the grating, and in the second region nothing was added. The
specific location of the filter can be seen clearly in Fig. 2. On
the flat focal plane, region I corresponds to the spectrum signal
with the filter, and region II corresponds to the signal without
the filter. The x-ray CCD camera was of a 2048 x 2048 ar-
ray, with an image area of 27.6 mmx27.6 mm, which was
large enough to receive the signals of the two regions simul-
taneously. The signal acquisition time of the x-ray CCD was
10 ns. The distance from the entrance slit to the grating center
was 236.7 mm and the distance from the grating center to the
flat field plane was 235 mm. The angle between the grating
normal and the horizontal plane was 90.5 °C, and the x-ray
CCD was placed at the flat focal plane.

flat-response filterI

1
holographic flat-field grating 1 x-ray
! ~

incident slit CCD camera

incident laser
A=1.053 pm
T=4 ns

vacuum detection system’s
interface

Fig. 1. (color online) Schematic diagram of calibration experiment.

flat focal plane

(———/ 235.0 mm i

holographic flat-field grating

Fig. 2. (color online) Detailed setup of holographic flat-field grating spectrometer and location of the flat-response filter.
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3. Results and data analysis

Figure 3 shows the two local images obtained by the CCD
camera in region I and region II, where the red arrow indicates
the direction of spectral dispersion. Figure 3(a) corresponds
to region I where the spectrum signal is filtered by the flat-
response filter, and figure 3(b) corresponds to region II where
the spectrum signal is not filtered by the filter. After the attenu-
ation of the filter, the intensity of spectrum signal is noticeably
weakened. The spectrum profile contains much characteristic
radiation and a small amount of bremsstrahlung radiation in
the spectral region of our concern. In fact, these characteris-
tic spectral lines are mainly the H-like and He-like resonance
lines of the C, N, and O elements according to Ref. [20]. In
this paper, we only take the line spectral composition as a re-
search objective because the bremsstrahlung radiation is very
weak in the spectral region of our concern.

(a) rregion I
=

i 250 pixels

!

(b) region II

S b
Fig. 3. (color online) Images obtained from two different regions on the flat

focal plane: (a) region I and (b) region II.
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Fig. 4. (color online) Layout diagram of holographic flat-field grating under
real experimental conditions.

Given that the x-ray transmission of the flat-response fil-
ter is wavelength dependent, we first need to identify the wave-
lengths of these spectral lines. Here, the wavelengths of sev-
eral strong lines can be identified by using the National In-
stitute of Standards and Technology’s (NIST) Atomic Spectra
Database?”! or the results of the part identified in Ref. [20].
According to the above two methods, however, it is difficult
to identify the wavelengths of all spectral lines. According to
several spectral lines, we precisely calibrate the relationship
between the x-ray wavelength and the pixel position on the x-
ray CCD by using the proposed parameter fitting method in
Ref. [20]. In Fig. 2, the experimental parameter configuration
is an ideal case. However, the actual parameters may deviate
from the nominal value due to some complex influencing fac-
tors. Figure 4 shows a more universal configuration where 6
is not restricted to 90 °C.

According to the geometry relationship in Fig. 3, it is
not difficult to deduce the relationship between the wavelength

and the pixel position as follows:

A= d0<sina—sin (0.5°+9

— arctan (tan (0.5o + 0 — arcsin (sin(x — if))
0
+<P—IPC>S>)> 0

where A is the wavelength, p is the pixel position correspond-
ing to wavelength A, dy is the nominal spacing at the grat-
ing center, ¢ is the incident angle, [/ is the distance between
the grating center and the focal plane, and A¢ and pc are the
wavelength and position of any identified line, respectively.
With multiple identified wavelengths and pixel values, we can
obtain all spectral line wavelengths at different pixel positions
by fitting with the above equation.

As shown in Fig. 3, the length of 250 pixels near the cen-
ter area is chosen as the signal count range in the two differ-
ent regions, separately. Meanwhile, using the relationship be-
tween the wavelength and the pixel position, the signal counts
at different wavelengths can be obtained. Figures 5(a) and 5(b)
show the signal counts at different wavelengths in the different
regions, where the bremsstrahlung radiation and background
noise have been subtracted. As shown in Fig. 5, the intensity
counts of the spectrum signal are noticeably weakened after
the attenuation of the flat-response filter. By measuring the
full widths at half maximum (FWHMs) of all spectral lines
in Figs. 5(a) and 5(b), we can see that the spectral resolution
in each of region I and region II maintains consistence to a
high degree. In the whole measured spectral range, the spectral
resolution of the holographic flat-field grating spectrometer is
better than 0.24 A. Generally, the high spectral resolution is
sufficient to distinguish the line spectrum structure of common
target material. Through these data in Fig. 5, the x-ray trans-
missions for different wavelengths each can be determined by
dividing the x-ray signal counts detected within the 250 pixels
in region I by those detected in region II. The transmission of
the flat-response filter can be expressed as follows:

_G®)
Cu(A)

T(A) , @

where T (1) represents the x-ray transmission value at a given
wavelength A, C1(A) denotes the total response counts corre-
sponding to region I, and Cy(A) refers to the total response

counts corresponding to region II.
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Fig. 5. (color online) Signal counts at different wavelengths for (a) re-
gion I and (b) region II.
Figure 6 shows the calibrated results of this experiment.
The calibrated results are obtained by using the Beijing syn-
chrotron radiation source, as well as the simulation results.
The red square data points represent the absolute transmission
of the flat-response filter obtained from this experiment, while
the vertical bars show the measurement uncertainty due to sta-
tistical error and an estimate of the systematic error. The green
circle data points represent the calibration results obtained by
using the synchrotron source, and the blue triangle data points
show the simulation results for the designed thickness and duty
ratio of Au by using a MATLAB code written by our team.

0.200

m results calibrated by this experiment
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kA simulation results
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Fig. 6. (color online) Several results from different approaches. Red
squares: calibration results in this experiment (vertical bars show mea-
surement uncertainty). Green circles: results obtained using Beijing
synchrotron radiation source. Black triangles: simulation results.

Comparing these three results, we find that the calibra-
tion results of this experiment are in good agreement with

the results obtained using the Beijing synchrotron radiation
source and with the simulation results in the whole spectral re-
gion. Some data points in the results of this experiment deviate
slightly from the results obtained using the synchrotron radia-
tion source and also from the simulation results. It is not clear
yet what causes this deviation. It may be attributed to the con-
sistency of the width at different locations on the entrance slit.
In addition, the selection of the subtracted background noise
and bremsstrahlung radiation counts in data processing might
be the reason. However, the deviation is small with respect to
the experimental results obtained using the synchrotron source
and the simulation results. Hence, our calibration method can
also achieve high accuracy.

4. Conclusions

We have performed a transmission calibration experiment
for a flat-response filter on a small laser-target facility. A set
of holographic flat-field grating spectrometers is used as a dis-
persion system for the laser-produced x-ray source. Taking
advantage of the width, the flat-field grating is divided into
two regions. The calibration experiment uses only one laser-
target test, so the calibration efficiency is very high. The
whole process of the experiment may only take an hour or
less. Of course, the selection of the target is very important
because the calibration experiment requires multiple line spec-
tra to calibrate the transmission of multiple energy points. In
addition, our experiment only needs one set of holographic
flat-field grating spectrometers as the measurement system, so
the experimental processing is also very convenient. More-
over, our measurement method can be generalized to other en-
ergy regions by using different holographic flat-field gratings.
By comparing the corresponding results, we see that the cali-
bration results of this experiment are in good agreement with
the calibration results obtained using the synchrotron radia-
tion source, as well as with the simulation results. Hence, this
method can be considered as an alternative for high accuracy
transmission calibration of flat-response filters. Unlike cali-
bration experiments using a synchrotron source facility or an
electron beam ion trap facility, our method removes experi-
mental facility restrictions on the time and place of calibration
because small laser facilities are more common.
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