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Measurement of integral diffraction
coefficients of crystals on beamline 4B7

of Beijing Synchrotron Radiation Facility
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Integral diffraction coefficients of the crystal are the essential data of a crystal spectrometer which is extensively

used to measure quantitative x-ray spectra of high temperature plasmas in kilo-electron-volt region. An experimental

method has been developed to measure the integral diffraction coefficients of crystals on beamline 4B7 of Beijing Syn-

chrotron Radiation Facility. The integral diffraction coefficients of several crystals including polyethylene terephthalate
(PET), thallium acid phthalate (T1AP) and rubidium acid phthalate (RAP) crystals have been measured in the x-ray
energy range 2100-5600 eV and compared with the calculations of the ‘Darwin Prins’ and the ‘Mosaic’ models. It is

shown that the integral diffraction coefficients of these crystals are between the calculations of the ‘Darwin Prins’ and

the ‘Mosaic’ models, but more close to the ‘Darwin Prins’ model calculations.
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1. Introduction

X-ray spectra from high temperature plasmas
have been of great importance in the studies of in-
ertial confinement fusion (ICF), astrophysics, x-ray
laser and atomic physics, as they were extensively
used to determine temperatures and densities of the
plasmas and study the atomic energy levels and
process parameters.[! =8 Usually x-ray spectra have
been measured with grating spectrometers,®1% filter
and grazing-incidence mirror coupled x-ray diode ar-
rays (called soft-x-ray spectrometers)'* and crystal
spectrometers.[4~812:13] Egpecially, crystal spectrom-
eters are the main diagnostic equipments for the keV
x-ray spectra with a high spectral resolution. In order
to obtain quantitative x-ray spectra in the keV x-ray
region, the integral diffraction coefficients of the crys-
tal are the essential data of a crystal spectrometer.

Theoretically, two models have been developed to
describe the diffraction of crystals.'* One is called the
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‘Darwin Prins’ model, which is for perfect crystals,
and the other is the ‘Mosaic’ model for non-perfect
mosaic crystals. However, the calculation results of
the two models are quite different. Since the late
1960s, some experiments have been carried out to cal-
ibrate the integral diffraction coefficients of crystals
using different laboratory x-ray sources, such as x-ray
tubes and x-ray fluorescence sources.'>=18 Vierling
et al.l'5] measured the integral diffraction coefficient
R for the (200) planes in LiF crystal using a dou-
ble crystal spectrometer over the wavelength range
0.07-0.21 nm. It was shown that R was different for
the three types of LiF crystals (cleaved, abraded and
flexed LiF crystals) and lay between the calculations
of the ‘Darwin Prins’ model and the ‘Mosaic’ model.
Burek et al.'% studied the diffraction coefficients for
potassium acid phthalate (KAP), ethylenediamine-d-
tartrate (EDDT) and ammonium dihydrogen phos-

phate (ADP) crystals, indicating that available sam-
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ples of KAP were reasonably uniform and the mea-
sured R for KAP crystals was reproduced with the
Darwin—Prins formula. The integral coefficient R for
KAP was known to be 20 percent without calibra-
tion if the KAP was transparent and unabraded. But
calibrations on EDDT and ADP must be carried out
over the entire wavelength range of interest. Gil-
frich et al.'”) measured the integral diffraction coeffi-
cients using a single crystal spectrometer for a num-
ber of crystals commonly used. The measured inte-
gral diffraction coefficients for a variety of crystals
were between the calculations of the ‘Darwin Prins’
model and the ‘Mosaic’ model and in good agree-
ment with the calculations of a reasonably sophisti-
cated theory of crystal diffraction only when the ap-
propriate parameters necessary for the calculation are
available. Kestenbaum!'®l studied the x-ray diffrac-
tion from highly oriented pyrolytic graphite over the
energy range 2.0-8.0 keV using a commercial Norelco
vacuum x-ray spectrometer. The measured R ex-
hibited an energy dependence which closely followed
that predicted for an ideally imperfect graphite crys-
tal. However, the measured R was a factor of 1.5
less than the calculated value. Therefore, the exper-
imental calibration for each real crystal is quite nec-
essary to obtain its actual integral diffraction coeffi-
cients. For the previous experiments two experimen-
tal methods have been used to measure the integral

(15-18] One is the double crys-

diffraction coefficients.
tal spectrometer and the other is the single crystal
spectrometer. For the double crystal spectrometer,
the first crystal acting as monochromator should be as
perfect as possible and also should be of the same ma-
terial as the crystal to be examined. As unpolarised
x-rays became polarised after being reflected by the
monochromator a polarisation correction was made to
the measured integral diffraction coefficient R accord-
ing to the polarisation property of the monochroma-
tor, which could cause an uncertainty in R. For the
single crystal spectrometer, no monochromator was
used. X-ray source mainly came from monochromatic
x-rays of the characteristic lines of the target mate-
rials. But it also includes a small fraction of con-
tinue background x-rays which also added some un-
certainty into the measured R. However, in the pre-
vious experiments the x-ray tube or x-ray fluorescer
was used as an x-ray source. These x-ray sources can
provide monochromatic radiations only at a series of
limited energy points that depend on the target mate-

rials. Recently a medium-energy x-ray experimental

beamline (4B7) was developed on Beijing Synchrotron
Radiation Facility (BSRF). As the synchrotron radi-
ation is a continue x-rays over a large energy range
beamline 4B7 provides the mono-chromatic x-rays in
the whole energy range 2000-6000 eV using the Si
crystal as monochromators. The mono-chromatic x-
rays from beamline 4B7 are good x-ray sources for
crystal diffraction coefficient measurement.!') How-
ever, the mono-chromatic x-rays from beamline 4B7
are polarised.?%2! In the present article, an exper-
imental method is proposed to measure the integral
diffraction coefficients of crystals on the beamline 4B7.
The integral diffraction coefficients of several crystals
including polyethylene terephthalate (PET), thallium
acid phthalate (T1AP) and rubidium acid phthalate
(RAP)

crystals are obtained and compared with the re-
sults from the ‘Darwin Prins’ and the ‘Mosaic’ model
in the x-ray energy range 2100-5600 eV.

2. Experimental arrangement

The experimental arrangement is shown schemat-
ically in Fig. 1. Beamline 4B7 was extracted from
the 4B7 bending magnet of the synchrotron radia-
tion storage ring on BSRF, and reflected by a pla-
nar mirror in the front part of the beamline at first.
The electron energy was 2.5 GeV and the electron
current ranged from about 30 mA to 80 mA in the
experiment. As synchrotron radiation is an electro-
magnetic radiation with consecutive wavelengths and
emitted in the tangent direction of the electron tra-
jectory. A double-crystal monochromator was used to
obtain the monochromatic x-rays with photon ener-
gies ranging from 2000 eV to 5600 eV in the beamline.
The divergence of the monochromatic x-ray beam was
about 0.5 mrad in the horizontal direction and about
0.37 mrad in the vertical direction. The monochro-
matic x-ray beam passed through the centre of a cal-
ibrating chamber. The sample crystal was located
on a stage in the centre of the calibrating chamber,
and a Si detector (AXUV-100G) was arranged on an-
other stage. Both the sample stage and the detector
stage can be rotated around an axis. The rotation
axis is perpendicular to the incident x-ray beam and
passes through the centre of the chamber. The sensi-
tive surface of the Si detector was 10 mmx10 mm. A
2 mm (horizontal) x 1 mm (vertical) silt was positioned
400 mm in front of the sample crystal in the monochro-
matic x-ray beam to limit the x-ray spot size. There-
fore, the Si detector received the whole beams of the
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incident or the diffracted x-rays by the crystal. The
incident x-ray intensity was measured by moving the
crystal out of and placing the Si detector in the x-ray
beam. While the diffracted x-ray intensity measure-

electron

double crystal Si(1,1,1)

ment was made by locating the sample crystal in the
incident x-ray beam and positioning the Si detector in
the reflected x-ray beam.

calibrating
facility

storage ring

—

x-ray
detector

/

#

Fig. 1. Schematic of the experimental arrangement for the integral diffraction coefficient measurement of crystals

on beamline 4B7 of BSRF.

As the monochromatic x-rays from the beamline
4B7 are polarised,?”! in order to determine the inte-
gral diffraction coefficients of sample crystals, mea-
surements were made for two diagnostic orientations,
which we called vertical and horizontal diagnostic ori-
entations, respectively. First, for the vertical diagnos-
tic orientation measurement, the dispersive plane of
the sample crystal was in the vertical plane, and the
measured integral diffraction coefficient of the crystal
is denoted as R,. Then, the whole diagnostic chamber
was rotated quickly by 90° around the incident x-ray
beam for the horizontal diagnostic orientation mea-
surement. The dispersive plane of the sample crystal
was in the horizontal plane, which was also parallel
to the electron orbital plane, and the measured in-
tegral diffraction coefficient is denoted as R), for the
horizontal diagnostic orientation measurement. The
intensities diffracted by the sample crystal for the two
diagnostic orientations are, respectively, expressed as

Ips = InRs + IRy, (1)

I(})lbs = Ith + IvRsv (2)

where I, and I}, are the x-ray intensities with electric
field vector normal and parallel to the electron orbit,
respectively; Ry and R, represent the integral diffrac-
tion coefficients for the crystal to S-polarised x-rays
(electric field vector of the incident x-ray is perpen-
dicular to the incident plane of the crystal) and P-
polarised x-rays (electric field vector of the incident
x-ray is in the incident plane of the crystal), respec-
tively. Dividing both sides of Egs. (1) and (2) by the
incident x-ray intensity Iy, we obtain the following
equations:

Ry, = anh + Rsny, (3)

R, = Rgnn + Rpny, (4)

where Ry, = Ig’bs/fo, R, = I} ./Io, mn = In/Iy, and
v = IV/IO'

In order to obtain the integral diffraction coef-
ficient Ry and R, the rocking curves of the crystal
were measured first. According to the definition of
the rocking curve, the standard method to measure
the crystal rocking curve is to measure the reflection
curve of the crystal by scanning the incident angle
at a fixed wavelength. Then the integral diffraction
coefficient of the crystal can be obtained from the in-
tegrated rocking curve. But the width of the rocking
curve is too small (about 1074 rad). The angle adjust-
ment precision of the apparatus which was mounted in
the diagnostic chamber is limited, while the angle ad-
justment precision of the monochromator is very high.
Therefore, in this experiment we measured the inte-
gral diffraction coefficient by scanning the wavelength
at the fixed incident angle 6y as proposed in Ref. [19].
As the electron current in the electron storage ring
decayed with time, the x-ray intensities decreased in
the beamline during the measurements of x-ray source
and the diffracted x-ray intensity. A Ni grid detector
was located in the beamline during the whole mea-
surements to monitor the x-ray source intensity. The
signal outputs of the Ni grid detector were used to
correct the x-ray source intensity and the diffracted
x-ray intensity.

From Egs. (3) and (4) and the equation 0, + 1, =
1, we obtain the integral diffraction coefficient of the
sample crystal to the un-polarised x-rays

R,+R; R,+ Ry
2 - 2

R. = (5)
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3. Experimental results and dis-

cussion

Five crystals (two PET crystals, two RAP crys-
tals and one TIAP crystal) have been calibrated in
this experiment. The typical measured rocking curves
of R, and Ry, for the three types of crystals are shown
in Fig. 2. It is shown that the peaks and widths of
the rocking curves of R, and R}, are quite different at
the same x-ray energy point even for the same crystal.
The width difference comes from the different diver-
gence of the x-ray beam in the vertical and horizontal
directions. But, besides the different divergence, the
peak difference also results from the x-ray polarisa-
tion and different diffraction efficiencies of the crystal
to S- and P-polarised x-rays.l'¥ The integral diffrac-
tion coefficients R), and R, have been obtained by
integrating the rocking curves over the Bragg angle 6.
The energies of the rocking curves of R, and R are
not exactly the same. Therefore, we fitted the mea-
sured Ry, and obtained the Rj; at the same photon
energy points as those where R, was measured. The
results are presented in Tables 1-3. For the PET crys-
tal (No. 501001030906), R, is larger than Rj in the
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o
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whole x-ray energy range 2100-5600 eV. The ratio of
Ry, to R, increases from 0.1 to about 1.0 as the x-
ray energy increases. As is well known, the integral
diffraction coefficients of PET crystals to S-polarised
x-rays are larger than those of P-polarised x-rays, 4
which means the x-ray intensity I, is larger than I,
during the calibrating experiment of the PET crys-
tal (No. 501001030906). For the other PET crystal
(No. 501001030907), the two RAP crystals and the
one TIAP crystal, their ratios of Ry, to R, increase
to about 1.0 as the x-ray energy increases to about
4000 eV. Their ratios of Ry, to R, are even larger than
1.0 as the x-ray energy increases further from about
4000 eV. Therefore, the values of x-ray intensity Iy,
are larger than the values of I, in an x-ray energy
range from 2100 eV to about 4000 eV, but the ratios
of I, to I, are smaller than 1.0 as x-ray energy in-
creases further to 5600 eV during these experiments.
Also shown in Tables 1-3 are the uncertainties of the
integral diffraction coefficients Ry and R,. The un-
certainties of the measured Ry and R, mainly come
from the uncertainties of the incident x-ray intensity
and the diffraction x-ray intensity and the uncertain-

ties of the Ni grid monitor signals.2!]
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Fig. 2. Typical measured rocking curves of Ry and Ry, for the three types of crystals.

Table 1. Experimental results of Ry and Ry, for two PET crystals.

PET501001030906 PET501001030907
E/eV Ry /107%*rad Ry/1075rad E/eV Ry, /107%*rad Ry/10 5rad
2108.6  2.093+0.008 2.0840.01 2104.9  4.43640.018 2.2940.07
2409.4  1.39740.007 3.8440.01 2403.1  4.57440.018 3.92+0.12
2707.3  1.54140.006 6.2440.01 2699.8  3.88140.016 6.87+0.21
3004.4  1.32340.004 6.86+0.01 2994.8  3.73E£0.015  10.74+0.32
3301.6  1.21340.004 7.3740.02 3292.9  3.1764+0.013  15.18+0.46
3608.7  1.11040.004 7.7840.02 4306.8  1.49240.006  27.92+0.84
3915.5  1.02840.002 8.1940.01 5503.2  0.77740.003  29.04+0.88
4316.5  0.95240.002 8.4740.01 - - -
4719.2  0.92440.002 8.5540.01 - - -
5118.4  0.91140.003 8.5140.02 - - -
5531.2  0.898+0.003 8.4440.02 - - -

Table 2. Experimental results of Ry and Ry, for two RAP crystals.

RAP403002990601 RAP403002990602

E/eV Ry /107%*rad Ry/107°rad E/eV Ry, /107%rad Ry/107° rad
2181.8  1.12940.034 7.74+40.23 2149.0  1.042+0.032 6.68+0.20
2846.8  1.01540.031 9.26+0.28 2458.6  1.102+0.035 7.7240.23
3461.8  0.96340.029 9.45+0.28 2791.0  1.009+0.030 8.84+0.27
3825.6  0.96940.030 9.4740.29  3113.4  0.99740.030 9.18+0.28
4623.6  0.94540.029 9.48+0.29  3414.2  0.97040.029 9.24+0.28
- - - 3694.6  0.98640.030 9.15+0.27

- - - 4050.4  0.89240.027 9.70+0.29

- - - 4510.6  0.87240.026 9.95+0.30

- - - 4946.8  0.85840.027 10.2740.31

- - - 5302.0  0.886+0.026 10.68+0.32

- - - 5727.5  0.848+0.025 10.14+0.31

Table 3. Experimental results of Ry and Ry, for TIAP crystal.

TIAP501002041002
E/eV Ry /107% rad Ry, /107% rad
2154.0 3.6740.11 1.901+0.060
2464.7 1.405+40.042 0.95940.028
2791.0 1.72940.052 1.3324:0.040
3109.9 1.63740.049 1.4224-0.042
3339.4 1.601+0.048 1.507+0.045
3656.5 1.55740.047 1.493+0.045
3954.2 1.5534:0.047 1.5344-0.046
4363.2 1.492+0.045 1.555+40.047
4835.1 1.464+0.044 1.54740.047
5280.7 1.31540.040 1.530+0.046
5709.8 1.35540.041 1.47940.045
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The intensity monitor signals were used to cor-
rect the incident x-ray intensity and the diffraction
x-ray intensity due to the decrease of the electron
current with time in the electron storage ring dur-
ing the measurement of the rocking curves. The inte-
gral diffraction coefficients of the three types of crys-
tals to un-polarised x-rays in the x-ray region 2100—
5600 eV were determined from the measured inte-
gral diffraction coefficients Ry and R, through using
Eq. (5) as shown in Fig. 3. The vertical errors in
Fig. 3 come mainly from the measurement uncertain-
ties of R, and Ry. Also presented are the calculations
of the ‘Darwin Prins’ model and the ‘Mosaic’ model.
The measured integral diffraction coefficients for the
two PET crystals are quite different from each other.
The integral diffraction coefficient for the PET crys-
tal (No. 501001030907) is about 2.3x10~* rad, which
lies between calculations from the two model. But
for the PET crystal (No. 501001030906), the integral
diffraction coefficient is about 1.0x107% rad that is
quite close to the calculation from the ‘Darwin Prins’
model. Therefore, for two crystals, even of the same
type, their integral diffraction coefficients are quite
different due to the difference in surface roughness or
inner structure. For the two RAP crystals, the inte-
gral diffraction coefficients are almost the same, about
9.5x107° rad and also very close to the calculations
from the ‘Darwin Prins’ model. For the TIAP crystal,
except for the two energy points on lower energy side,
the integral diffraction coefficients keep almost con-
stant around 1.5x107% rad and are also in good agree-
ment with the calculations from the ‘Darwin Prins’
model.

As the measured integral diffraction coefficients of
the three types of crystals to un-polarised x-rays are
very close to the calculations from the ‘Darwin Prins’
model except for the one PET crystal, these crystals
are almost perfect crystals in surface and inner struc-
ture. Using the calculations of relative diffraction co-
efficient R from the ‘Darwin Prins’ model for perfect
crystals and the measurements of integral diffraction
coefficient R., the integral diffraction coefficients of
the several crystals to P-polarised and S-polarised x-
rays were obtained. The results are shown in Fig. 4.
For both the RAP and TIAP crystals, the differences
in integral diffraction coefficients to P-polarised and
S-polarised x-rays are very small in the energy range
2100-5600 eV. However, the integral diffraction co-
efficients of the PET crystal to S-polarised x-rays are
much larger than those to P-polarised x-rays especially

on the lower side of energy range 2100-5600 eV. This
characteristic of PET crystal can be used to measure
the polarised x-ray spectrum in the x-ray spectroscopy
or may make the PET crystal used as a polariser to
obtain the almost linearly polarised x-ray source from
the un-polarised or weakly polarised x-rays in the en-
ergy range 2100-5600 eV.
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Fig. 3. Comparison between the measured integral diffrac-
tion coefficients of the three types of crystals to un-
polarised x-ray in the energy range 2100-5600 eV and the
calculations from the two models.
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Fig. 4. Measured integral diffraction coefficients of the
three types of crystals to P-polarised x-rays and S-
polarised x-rays in the energy range 2100-5600 eV.

4. Conclusion

An experimental method has been proposed to
measure the integral diffraction coefficients of crystals

on beamline 4B7 of BSRF. The integral diffraction
coefficients of several crystals to un-polarised x-rays,
including two PET, one TIAP and two RAP crystals
have been measured and obtained in the x-ray energy
range 2100-5600 eV. Except for one of the PET crys-
tals, for which the measured integral diffraction coeffi-
cients are between the two model calculations, the in-
tegral diffraction coefficients for other PET, TIAP and
RAP crystals used in this experiment are quite close to
the calculations from the ‘Darwin Prins’ model and far
below the calculations from the ‘Mosaic’ model. For
these crystals, using the calculated relative diffraction
coefficients from the ‘Darwin Prins’ model and the
measured integral diffraction coefficients, the integral
diffraction coefficients of these crystals to P-polarised
and S-polarised x-rays, have also been obtained. How-
ever, this experimental method can be used to cali-
brate other crystals. The experimental results of the
integral diffraction coefficients of these calibrated crys-
tals will be extensively used in quantitative diagnos-
tics of x-ray spectra in the fields of inertial confinement
fusion, astrophysics, x-ray laser and atomic physics in
future.
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