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Abstract—Synchrotron radiation (SR) offers a unique chance to study the structure of a substance in fast
processes. Since SR is emitted by electron bunches in a storage ring, the SR burst corresponding to a single
bunch may be very short. Should a detector capable of detecting SR from a single bunch without mixing
signals from different bunches be available, it is possible to obtain information on changes in the state of
the material in a sample under investigation with a very high time resolution. A detector for imaging of
explosions on an SR beam—DIMEX—has been developed by the Budker Institute of Nuclear Physics
(Siberian Division of the Russian Academy of Sciences, Novosibirsk). This detector is a high-pressure ion-
ization chamber with a strip readout at a pitch of 0.1 mm. The electron component of primary ionization
is collected within 50 ns, which is substantially shorter than the orbital period of a bunch in the VEPP-3
storage ring (250 ns). The DIMEX is filled with a Xe—CO, mixture (3 : 1) at an absolute pressure of 7 atm.
The spatial resolution of the detector is ~210 um, and its efficiency for radiation with an energy of 20 keV
is 250%. The dynamic range of the detector is ~100, which allows one to measure the signal with an accu-
racy of ~1%. In this case, the maximum flux of X-ray photons, at which the DIMEX operates in a linear
region, is ~10'? photons/(channel s). Today, the detector has been used in experiments aimed at studying evo-
lution of the density in detonation waves and processes of nanoparticle production at the VEPP-3 storage ring

by employing the small-angle X-ray scattering technique.

DOI: 10.1134/50020441210030036

INTRODUCTION

Synchrotron radiation (SR) is a unique tool for
studying the structure of a substance. The time depen-
dence of the SR flux is governed by the length and
quantity of electron bunches in a storage ring. For
example, in the VEPP-3 storage ring at the Budker
Institute of Nuclear Physics (BINP) of the Siberian
Branch of the Russian Academy of Sciences, the
bunch length is ~30 cm and the orbital period is 250 ns;
therefore, SR is emitted in a single-bunch mode by bursts
with a duration of ~1 ns and a period of 250 ns. The inte-
gral SR flux is very high. In the VEPP-3, the SR flux den-
sity from the wiggler with a field of 2 T at a distance of
20 m from the source is >10'?> photons/(mm?s) at an
electron energy of 2 GeV and a current of 100 mA with
allowance for the absorption in the 2-mm-thick exit
Be window. In this case, the mean SR energy is close
to 20 keV. These beam parameters help obtain the
photon flux density of >10° photons/mm? from one
bunch, which provides a means for X-ray imaging, i.e.,
for measuring the radiation absorption coefficient in a

sample located on the beam path (i.e., its X-ray den-
sity) with an accuracy of about a percent and a spatial
resolution of ~0.1 mm.

To implement this technique, one must use a
detector capable of measuring the distribution of the
photon flux density with a high efficiency (~50%) and
a high spatial resolution (~100 pm). Incidentally, this
detector must be able to measure the signal from one
bunch before the signal arrives from the next bunch
and to store the signal from a sequence of several tens
of bunches to allow investigation of changes in the
sample over time. These detector parameters will also
allow it to be used to measure the small-angle X-ray
scattering (SAXS) from a single bunch and record
changes in the SAXS with time. The SAXS is governed
by fluctuations of the electron density in the sample
and factually provides a means for recording forma-
tion and evolution of nanoparticles in a sample under
investigation.

In this paper, we describe the DIMEX detector
developed by the BINP for imaging of explosives on
the SR beam [1—3]. The DIMEX measures SR from
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Fig. 1. Schematic diagram of the DIMEX detector:
(/) aluminum casing with the entrance window,
(2) 1-mm-thick coal-plastic insert, (3) drift electrode,
(4) GEM, (5) strip structure, (6) entrance aperture,
(7) radiation shielding of the electronics, and (&) integra-
tor chips and other electronic components.

individual bunches and does not mix the signals from
consecutive bunches. It is able to record 32 images,
each of which is an array of 256 to 512 coordinate
channels (detector modifications differ in the number
of channels). The DIMEX is currently being used to
conduct experiments on the SR beamline at the
VEPP-3 storage ring. In this paper, we also discuss the
feasibility of using the DIMEX at the VEPP-4M stor-
age ring with higher energy SR beams.

DESIGN AND OPERATING PROCEDURE
OF THE DETECTOR

Detector Design

The DIMEX detector is a high-pressure ionization
chamber with a strip readout. The strips are located
with a pitch of 0.1 mm. The SR beam collimated in a
vertical direction enters the sensitive volume of the
detector through a 1-mm-thick entrance window
made of coal plastic or beryllium (different materials
of the entrance window were used in detector modifi-
cations). Depending on the type of the experiment,
the beam has a vertical dimension of 0.1—1.0 mm and
a horizontal dimension of up to 14 mm. The SR beam
penetrated into the gas volume between two parallel
electrodes (Fig. 1): a high-voltage drift electrode, to
which a negative potential is applied, and a strip read-
out plane, the strips of which are parallel to the beam.

The detector is filled with a Xe—CO, mixture (3 : 1)
at an absolute pressure of 7 atm; the depth of the sen-
sitive volume downstream of the beam is 30 mm. SR
photons are absorbed in the working gas, producing

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

Fig. 2. Cross sectional view of the GEM structure with a
pattern of the electric field lines.

primary ionization. Primary ionization electrons drift
toward the readout strip structure, while positive ions
move toward the drift electrode. A gaseous electron
multiplier (GEM) is located on the path of the drifting
electrons at a distance of 1.5 mm from the strip struc-
ture; it shields the readout structure from the positive
ion field. The GEM is a polymer film (polyimide)
50 um thick with double-sided metallized coating and
through holes @~80 um in diameter that form a regu-
lar hexagonal structure with a pitch of ~140 um [4, 5]
(Fig. 2). When a voltage is applied between the metal-
lized GEM nplates, electrons in the gas drift through
the holes. Depending on the electric field strength
outside and inside the holes, electrons can either
increase in number due to collision ionization during
their drift through the GEM holes, or decrease in
number through partial neutralization upon absorp-
tion at the top or bottom GEM plates. In the DIMEX
detector, the GEM operates in a mode such that gas
amplification does not occur and, on the contrary,
electrons decrease in number as they drift through the
GEM.

After penetration through the GEM, some elec-
trons continue drifting toward the strip structure. In
this case, a charge is induced on strips; it arrives at the
inputs of low-noise integrators connected to each
individual strip. The field of positive ions is fully
shielded by the GEM plates and does not affect the
charge induced on the strips of the readout structure.

It should be noted that positive ions drift ~1000
times slower than electrons and create a region with a
high density of the space charge in the gap between the

Vol. 53 No. 3 2010



336

AULCHENKO et al.

2
—_—————————————— — — ! :
— — — — — — —— —— —— — —— — — — — E
_________________ ot
| Reset | _g
| oo | §
=
| '—éi—o/o—< | 128 channels -~ “é
| C, 0.95 pF . | %;
| C, 0.45pF | g
[75]
| i |
| Dot > e
| c\ 32 analog 4{ |
: e {
' S s
| | I
| Il Il |
C C o
| l P l P | g
| = | | | :
| ‘ |
| |
Output
| shift register |
e - - - _

Fig. 3. Diagram of the APC128 chip.

SR beam plane and the drift electrode. At a sufficiently
high SR flux density, this space charge may shield the
field so that both the drift velocity of electrons and the
GEM transparency change.

Detector Electronics and Operating Procedure

Since fast detection of a signal from each electron
bunch is the primary task of the detector, the elec-
tronic system selected is such that the signal is
recorded in the analog memory during an experiment,
being digitized and read out after the end of measure-
ments. Each strip of the detector’s readout structure is
connected to the input pad of the APC128 integrators
chip [6]. The APC128 is an unpacked chip containing
128 channels, each of which consists of a low-noise
integrator at the input and 32 analog memory cells.
In addition, the chip contains an output analog multi-
plexer, through which all channels can be sequentially
read. (The maximum frequency for reading and scan-
ning the analog memory is 10 MHz.) The APC128
integrator has two different feedback capacitors for
changing its sensitivity. The equivalent integrator
noise referring to the input does not exceed 2000 elec-
trons. The circuit diagram of the APC128 is shown in
Fig. 3.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

After the power is turned on and the program con-
trolling operation of the detector electronics is loaded,
the measuring cycle is started. Each analog memory
cell is connected to the integrator output, the integra-
tor stores the charge arriving from the strip of the read-
out structure, the memory cell is thereafter discon-
nected, and the integrator feedback capacitor is
cleared. Afterward, the next analog memory cell is
connected to the integrator input, and so on. In this
case, memory cells are filled cyclically, with rewriting
of the earliest value. This process independently pro-
ceeds in all channels of all chips. As a result, at each
instant of time, the analog memory contains informa-
tion about the signal stored over 32 time intervals pre-
ceding the current instant of time.

The time structure of the measuring cycle is deter-
mined by the Clock signal, which is derived from the
Phase signal of the accelerator that has a frequency of
4 MHz. The Clock signal has a frequency of 40 MHz in
the first detector modification and 160 MHz in the last
version. By the Start signal, one can stop the process of
writing into memory cells or continue the cycle for a
fixed number of time intervals. This provides flexibility
for selection of the method for the synchronizing
operation of the detector and the device that starts an
experiment (e.g., a generator of the detonation wave in
Vol. 53
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Fig. 4. Structural diagram of the fast-acting shutter.

asample), since the Start signal can be produced either
before the interesting event or after it.

A fast-acting shutter that opens the SR flux only for
the time of an experiment is used to reduce the space
charge of positive ions being accumulated in the drift
gap. The shutter is a disk with a narrow slit, rotating
with a period of 18 ms (Fig. 4). The shutter opens for
60 us, which is sufficient for carrying out an experi-
ment. The time between two open-shutter phases is
enough for positive ions to reach the drift electrode.
For the disk position to be determined, there are three
closely spaced holes in it. A light guide is located
opposite these holes on the one side of the disk, and a
photodiode is located on the other side. When the disk
rotates, a sequence of three pulses is induced in the
photodiode. Based on these pulses, the instant when
the slit passes through the optoelectronic couple is
determined, and the current disk speed is determined
from the time interval between two such sequences.
The signal from the optoelectronic couple is processed
by the control unit and it calculates the time to the
next phase of shutter opening. A certain time is sub-
tracted from this value in order to compensate for the
delay in generation of the detonation wave and its
propagation to the sample region exposed to SR. On
the expiry of the calculated time, a command is issued
to the generator of pulses for the detonator.

The block diagram of the experimental setup is
shown in Fig. 5. The control unit responsible for syn-
chronization of the experiment is the key component
of the setup. In the first detector modification, it was a
special module made to the CAMAC standard; in the
latest modification, the control unit was integrated
with the DIMEX detector. The control sequence of
commands for carrying out an experiment is launched

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

by an operator from the computer. In this case, the
program in the control unit expects for the next
sequence of pulses from the fast-acting shutter and
produces a command for the generator of pulses for
the detonator in view of the generator’s response time
and the instant when the fast-acting shutter opens.
The spread of time between the command for the gen-
erator and production of the detonation wave in a
sample may exceed 10 ps. Therefore, a wire sensor
composed of two parallel wires is used for more precise
synchronization of the Start signal for the detector.
The wires close upon passing of an ionized plasma in
the detonation wave. This sensor can also be located so
that it operates after the interesting event and does not
disturb the detonation wave. In this case, the detector
stops the write cycle immediately after the arrival of
the Start signal, storing information on the interesting
event in the analog memory. After stopping the write
cycle, the program operating in the FPGA of the
DIMEX detector starts the read cycle. In response to
this command, the charge is read out of the analog
memory of all APC128 channels via an output analog
multiplexer, is digitized, and buffered in the memory
located on the detector; afterward, all information is
transmitted over the Ethernet channel to the computer
(Fig. 6). The latest detector modification has 512
channels (four APC128 chips).

Detector Characteristics

The detector must be capable of measuring the dis-
tributions of the X-ray photon flux with a high accu-
racy in the coordinate and the value. In addition, the
ability of the DIMEX detector to detect a signal arriv-
ing from each flying electron bunch before passage of
the next bunch is the most important property of this

Vol. 53 No. 3 2010



338

AULCHENKO et al.

DIMEX

SR

N VEPP phase, 4 MHz

Start

Monitor unit

for the detonator

Generator of pulses ]

Synch pulse

Fast-acting shutter Wire sensor

) Command
for detonation

Sample

Fig. 5. Block diagram of the experimental setup for the VZRYV station.

detector. Therefore, the spatial resolution, the accu-
racy in measuring the signal value (the signal-to-noise
ratio and the dynamic range), and the time resolution
are the most critical detector parameters. Incidentally,
since the photon flux from a single bunch is limited,
the quantum efficiency (which must be rather high) is
an important property of the detector.

Spatial Resolution and Efficiency

The spatial resolution of the detector is determined
by the ranges of secondary particles produced upon
absorption of an X-ray photon in the working gas
(photoelectrons, Auger electrons, and fluorescent
photons), as well as by diffusion of electrons during
their drift toward the strip structure. The photoelec-
tron ranges depend, in turn, on the energy of incident
X-ray photons.

The energy spectrum of SR from the wiggler with a
field of 2 T at the entrance into the detector is shown
in Fig. 7. The calculation was made using the XOP2.0
code. The figure presents the spectra after passing
through a 3-m-thick air layer at the exit from the vac-
uum channel and after passing through explosive sam-
ples 5 and 10 mm thick. It is apparent that, after pass-
ing through a 10-mm-thick sample, the most probable
energy in the emission spectrum is ~20 keV. The mean
energy in this spectrum is also close to 20 keV.

The theoretical dependence of the DIMEX effi-
ciency (i.e., the fraction of the photon flux absorbed in
the sensitive region) on the energy of X-ray photons is
shown in Fig. 8. The calculation was made using the
XOP2.0 code for an expected energy spectrum of SR
from a 5-pole wiggler with a field of 1.3 T at the
VEPP-4M storage ring at a beam energy of 4 GeV after
passing through an explosive sample 20 mm thick.
Pure carbon with a density of 1.2 g/cm® was taken as
the sample material. The thickness of the dead zone
behind the entrance window is 3 mm, and the thick-
ness of the sensitive zone is 30 mm. The working gas is
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a Xe—CO, mixture (3 : 1) at a pressure of 7 atm. It is
apparent that the fraction of the absorbed flux exceeds
50% in the energy region of 15—30 ke V.

The effect of different physical processes and
detector parameters on the spatial resolution was
determined by simulation using the FLUKA2006.03
software package [7, 8]. FLUKA is a versatile package
for Monte Carlo simulation, with which it is possible
to simulate particle transport and calculate results of
particle interactions with a substance. FLUKA pro-
vides a means for performing precise simulations of
transport and interactions with a substance for 60 dif-
ferent particles (in particular, photons and electrons)
with energies ranging from 1 keV to several thousand
TeV.

The simulated distribution of the signal in the
detector irradiated by an infinitely narrow photon
beam with an energy of 20 keV is shown in Fig. 9. The
detector configuration and its materials in this simula-
tion are similar to those used in the calculation of the
efficiency (see above). The result of the simulation was
obtained ignoring diffusion of electrons during their
drift from the gap between the drift electrode and the
GEM toward the strip structure. Diffusion of electrons
is added by convolution of the obtained distribution
with the Gaussian function with a variance deter-
mined by the drift length and the diffusion coefficient.
The drift length is assumed to be 2.5 mm, and the
transverse diffusion coefficient is taken from [9] for the
Ar—CO, mixture (3 : 1). The square root of the vari-
ance for the corresponding Gaussian distribution is
33 um. The distribution of the signal from the infi-
nitely thin beam in the detector with diffusion allowed
for is also shown in Fig. 9. It is apparent that diffusion
of electrons makes the main contribution to the spatial
resolution.

The measured spatial resolution is shown in
Fig. 10. The line spread function of the detector (the
image of the infinitely thin beam), measured using the
opaque edge method, is also shown in Fig. 10. In this
Vol. 53
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Fig. 6. Block diagram of the DIMEX electronics.

case, an opaque sample with an accurately treated
edge is placed in the uniform beam. The image of the
edge is thereafter differentiated, and the obtained dis-
tribution is the sought line spread function. It is appar-
ent that the full width at half-maximum (FWHM) of
the function is 210 um, which is in good agreement
with the result of the simulation with due account of
the electron diffusion.

Time Resolution

The time resolution of the DIMEX detector is gov-
erned by the time it takes for collection of all electrons
drifting through the induction gap. Using the data in
[9] for the Ar—CO, mixture (3 : 1), we can draw a con-
clusion that the drift velocity is ~5 cm/us at a field
intensity of >1 kV/(cm atm). In this case, the time of
the drift through a 1.5-mm gap is 30 ns. The electron
collection time is also dependent on the SR beam
thickness and the longitudinal diffusion, which is
<0.1 mm (the FWHM of the distribution). At a maxi-
mum SR beam thickness of 1 mm, the collection time
of electrons is <50 ns.

The bunch period in the VEPP-3 is 250 ns, and the
maximum frequency for writing into the analog mem-
ory of the APC128 chip is 10 MHz. Therefore, the sole
method for testing the time resolution of the detector
is to record the SR signal within 125 ns; in this case,
the signal must be recorded every second cycle. The
ratio of the signals recorded in two sequential cycles is
the measure of the time resolution.

The result of such a measurement is shown in
Fig. 11, which presents the dependence of the signal
on the analog memory cell number. Record in the
memory was made within 125 ns; in this case, the
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charge stored in the feedback capacitor of the APC128
integrators was not reset. Therefore, recording of the
signal from the next bunch implies an increase in the
signal value, while the absence of a bunch in a mea-
surement cycle corresponds to the absence of a varia-
tion in the signal. In Fig. 11, it is apparent that no
greater than 5% of the total signal (i.e., the sum of the
signals in two sequential cycles) is recorded during a
cycle when the bunch is absent. If we assume that the
electron flux decreases over time according to the
exponential law, < 2.5 x 10~ of the total signal will be
recorded in 250 ns. This value corresponds to the mix-

Flux, photons/(channel bunch keV)
104

103

102

1 L H R
10 0 10 20 30 40 50

Energy, keV

Fig. 7. Energy spectra of SR in the VZRYYV station at the
VEPP-3: (1) spectrum at the exit from the vacuum channel
after passing 3 m in air and (2, 3) spectra after passing
through EM samples 5 and 10 mm thick, respectively.
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beam with the energy distribution corresponding to spec-
trum 3 (see Fig. 17).

ing coefficient of the signals from two sequential
bunches.

Accuracy in Measuring the Signal
and the Dynamic Range

The accuracy in measuring the signal is determined
both by fluctuations of the detected photon flux and by
electronic noise. The dependences of the detector sig-
nal and the signal-to-noise ratio (SNR) on the photon
flux incident on the detector are shown in Fig. 12. The
photon flux was varied by means of Plexiglas (PMMA)
filters. The flux calculated using the XOP2.0 code is
presented in the graph. The signal is seen to increase in
direct proportion to the incident flux over the whole
measurement range. The SNR varies as the square
root of the signal (the slope of the dependence is two-
fold smaller on the double logarithmic scale). There-
fore, fluctuations of the number of detected photons
are the factor determining the signal measurement
accuracy, and the best accuracy is attained at a maxi-
mum signal.

The limiting signal measurable by the detector is
limited by the dynamic range of APC128 integrators.
Since integrators are saturated at a certain value of the
input signal, the maximum detectable photon flux can
be increased by reducing the charge detected from one
photon. This effect can be attained by changing the
fraction of the electron flux passing through the GEM
and by varying the relation between the electric field
value in the GEM holes and in the drift and induction
gaps [10]. One should bear in mind that further
increase in the photon flux absorbed in the drift gap
will give rise to another significant effect that restricts

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

AULCHENKO et al.

the limiting flux—the space charge of positive ions.
Positive ions accumulated in the drift gap shield the
electric field. A decrease in the electric field leads to a
decrease in the drift velocity of electrons, enhance-
ment of their recombination, and, finally, a decrease in
the signal. To reduce this effect, one should increase
the field in the drift gap and inject a photon beam as
close as possible to the drift electrode in order to
reduce the density and thickness of the ion layer.

From Fig. 12, it is apparent that, at a maximum sig-
nal in the detector, the SNR is close to 100; i.e., it is
possible to measure variations in the signal at a level of
1%. Today, we perform further investigations of the
possibility of extending the dynamic range and
improving the accuracy of measurements using the
above technique.

THE USE OF DIMEX IN EXPERIMENTS

Below, we describe two experiments on the SR
beam with the use of the DIMEX detector.

Tomography of the Density and the Flow Field
of Detonation Products Using SR

Tomographic methods for examining the density of
static objects have been developed and successfully
used. As applied to dynamically changing objects, they
are used with lesser success in gas dynamics and
plasma physics for determining the temperature and
the density [11] and in pulsed X-ray density radiogra-
phy [12]. In these tasks, it is nearly always impossible
to obtain experimental data from different angles with
a high accuracy. Therefore, selection of the error-tol-
erant reconstruction algorithm capable of efficiently
using a priori information on the sample under inves-
tigation is of principal importance for high-quality
density reconstruction.

The use of the VEPP-3 storage ring as a radiation
source (with its high X-ray flux) and the DIMEX as a
detector offers a chance to conduct explosion experi-
ments with a nanosecond exposure and a spatial reso-
lution of ~100 um. The procedure of these experi-
ments was described in [13, 14].

To determine the spatial distribution of the density
in detonation products of a cylindrical charge of
explosive material (EM) in a particular cross section,
the X-ray shadow was sequentially recorded with a
0.5-ps interval between frames (Fig. 13). The amount
of material examined with X-rays along the beam was
determined from the X-ray flux attenuation using the
appropriate calibration.

The method for reconstructing the density by the
recorded X-ray shadow from the sample under investi-
gation was developed in the above papers. This method
is based on regularization, involves a priori informa-
tion on the type of the sought function, and provides a
means for attaining a high accuracy in reconstructing
distribution p(r, z). This method was used to recon-
Vol. 53
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Fig. 9. Charge distribution in the detector under irradiation with an infinitely narrow beam (simulation results). The distributions
were obtained (/) ignoring diffusion and (2) taking into account diffusion of electrons at a photon energy of 20 keV.

struct spatial density distribution p(r, z) of expanding
TNT explosion products, which is presented in
Fig. 14.

Tomographic data for detonation products of
pressed charges made from a mixture of trotyl and
hexogen (TH 50/50) with an initial density of
1.7 g/cm? and detonation speed D = 7.6 km/s were
presented in [15]. The diameter of the charges was
15 mm, and the distance from the initiated end surface
to the cross section in which measurements were taken
was 60 mm. A plane wave generator was used for the
initiation. Since the process is steady-state, the rela-
tionship between time ¢ and spatial coordinate z = D¢
is used in data representation.

Knowing density distribution p(r, z), we can state a
problem of reconstructing the other flow parameters,
i.e., the fields of the mass velocity and pressure.
To solve it, we can use the system of equations of sta-
tionary gas dynamics

div(pv) =0, (1)
div(pvv) + Vp =0. 2)

In this case, the energy conservation equation is
not used, and the equation for the state of detonation
products may be unknown. Such a statement is an
untraditional approach to solving gas dynamic equa-
tions, and, in general, possible correct statement of the
problem must be analyzed. In our case, the problem is
simplified, since, in the stationary case, the flow is
potential, and the system of Egs. (1) and (2) breaks up
into two independent equations, which are solved in
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sequence. Examples of the velocity and pressure fields
obtained for the TH 50/50 were presented in [15].

Experiments on Measuring the SAXS Signal

Small-angle scattering provides information on the
distribution of electron density fluctuations in a sam-
ple. From the practical standpoint, this is an efficient
tool for determining the characteristic particle size
and the size distribution of particles in the object of
investigation. The typical layout of an experiment
aimed at measuring the SAXS is shown in Fig. 15.
A spot 0.4—1.0 mm high and 3—20 mm wide is formed
at the central part of the EM charge from the SR beam
with the aid of upper K, and lower K, knives of the
Kratki collimator. In front of the detector, the direct
beam is shuttered by lower knife K;. The deflected
SAXS beams are detected by the detector. To perform
additional monitoring, a fraction of the direct beam is
passed through a filter (a copper plate 1 mm thick) and
is incident on the detector.

The distance between knives K, and K, is ~200 mm.
The distance between knife K, and the EM charge is
~700 mm; between the charge and knife K5 ~ 640 mm,;
and between knife K and the detector, ~ 260 mm. The
angular range of SAXS measurements is ~4 x 1074—
102 rad. This measurement range allows detection of
the SAXS from particles with a size of 1—100 nm.

The result of one of the experiments aimed at
detecting the SAXS is shown in Fig. 16 [16]. The figure
presents the spatial distribution of the SR photon flux
obtained in a set of measurements, in which each next

Vol. 53 No. 3 2010



342

Signal, arb. units
2500 -

2000

1500

1000 -

500 -

OL!.I[I

AULCHENKO et al.

170 172

184 186 188 190

X, channel no.

Fig. 10. Signal in the detector from a narrow beam; the FWHM corresponds to 2.1 channels.

measurement is taken 0.5 ps after the previous one.
The measurement corresponding to an instant of
3.0 us corresponds to passing of the detonation wave.
It is apparent that formation of nanoparticles (nanodi-
amonds [16]) is initiated during the first us after pass-
ing of the detonation wave and then increases in the
next 4-ps interval. The mean size of nanoparticles in
the sample can be calculated based on the shape of the
SAXS distribution.
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Fig. 11. Dependence of the signal on the number of the
analog memory cell at a 125-ns measurement time interval
without signal reset between measurements.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

Possibilities of Use of the DIMEX Detector
at the VEPP-4M

The DIMEX detector currently operates on the SR
beam from the wiggler with a field of 2 T at the
VEPP-3 with a beam energy of 2 GeV. The mean pho-
ton energy in the beam is ~20 keV after its passing
through beryllium windows with a total thickness of
5mm and a l-cm-thick EM sample. Such a low
energy makes it impossible to use thicker samples due

Signal, ADC counts SNR
_ 3 10*
104 £
3 103
103 E Ny 1
i 110?
102 310!
E ] ]
10? 10° 10*

Input flux, photons/channel

Fig. 12. Dependence of the signal in the detector and the
SNR on the incident photon flux.
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Fig. 13. Layout of the X-ray radiography experiment:
(1) DIMEX detector, (2) EM charge under investigation,
and (3) SR beam.

to the significant absorption of the photon beam and,
as a result, the limitation on the accuracy of material
density measurements. A higher-energy beam can be
obtained at the VEPP-4M storage ring with a 1.3-T
wiggler, which is currently being designed. To estimate
the detector parameters upon a change to the VEPP-
4M beam, the experiment was simulated using the
FLUKA2006.3 software package.

The expected energy spectrum of SR from the
5-pole wiggler with a field of 1.3 T at the VEPP-4M at
abeam energy of 4 GeV is shown in Fig. 17. The figure
presents the spectrum at the exit from the channel
after passing through the beryllium windows with a
total thickness of 5 mm and after passing through a
20-mm-thick EM sample. Carbon with a density of
1.2 g/cm? is the sample material. Hereinafter, this
spectrum will be referred to as spectrum 3. It is evident
that the maximum of spectrum 3 is at an energy of
30 keV, and the spectrum density decreases twofold at
an energy of ~50 keV and >10 times at an energy of
100 keV.

The fraction of the absorbed flux for spectrum 3
was determined by simulation. The detector model is
composed of successive layers of carbon with a density
of 1.2 g/cm? and a thickness of 1 mm, a 3-mm-thick
layer of the Xe—CO, mixture (3 : 1) at a pressure of
7 atm, and a layer of the same mixture 30 mm thick
and 1 mm high, in which the charge of absorbed pho-
tons is detected. A uniform photon flux with an energy
distribution presented by spectrum 3 was incident on
the model. The fraction of absorbed flux was deter-
mined as the ratio of photons absorbed in the 30-mm-
thick working gas mixture to the incident photon flux.
The value obtained is shown with dot / at an energy of
30 keV (the maximum in spectrum J3) in Fig. 8.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES
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Fig. 14. Spatial density distribution p [g/cm] measured
using the DIMEX detector; the charge was composed of
trotyl and hexogen (TH 50/50).

The probability that a photon will be absorbed in
the detector’s sensitive volume fails to be the total
characteristic of integrating detectors, among which
the DIMEX detector can be ranked. This value ignores
noise sources other than Poisson fluctuations of the
absorbed flux, in particular, fluctuations of the
absorbed photon energy. Detective quantum effi-
ciency (DQE) [17—19] is a more complete character-
istic of the detector:

DQE:MM (3)

Fig. 15. Layout of the experiment aimed at detecting
SAXS: (EM) cylindrical charge, (Kj) upper knife and
(K, K3) lower knives of the Kratki collimator, and (D)
detector.
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Fig. 16. Measured SAXS from the blasting sample.

where SNR,,, is the SNR measured by the detector,

and SNR,, is the SNR in the incident photon flux. For

experimental measurement and simulation of the

DQFE value to be performed, the DQE must be

expressed in terms of the measurable parameters. In
this case, the generally accepted approach consists in
presenting all characteristics in the spatial—frequency
region, i.e., in terms of Fourier transforms of the spa-
tial functions. If this representation is used, the char-
acteristics of complex systems are divided into sepa-
rate factors that can be analyzed independently of
each other.

The Fourier transform of the output detector signal
can be presented as g T(u), where g is the mean inci-
dent photon flux, and 7 is the characteristic function
describing the transfer of the incident flux into the
output signal versus spatial frequency u.

Therefore, the SNR at the detector output can be
written in the form

2

VR, - AT
O NPS(u)

where NPS(u) is the noise power spectrum or the Fou-
rier transform of the autocorrelation function
(5)

NPS(u) = F{K(x)},
RTINS | ' ' '
Ko =lim - XjAa(x YAa(x'+ x)dx'. (6)

4

X—ox©

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

The input signal is equal to the mean photon flux g,
and the input noise is equal to the rms deviation of the

input flux, i.e., \/5 Therefore,

SNR, =1, (7)
and
_ g’
DOE(u) NES@) (8)

The DQE value at zero spatial frequency is a con-
venient quantity, with which the detector can be char-
acterized by a single number. At zero frequency, the
noise power spectrum can be presented in the form

NPS(0) = j K(x)dx = X,,,,K(0), )

where X, is usually called the correlation length.
The K(0) value is the signal variance in the image c?;
therefore,

NPS(0) = 6°X,,, (10)
and
— 2 2
DOE(0) = ATW)_ _ SNRy, (11)
— 2 —
qA con O chorr

where SNR,f,, is the SNR in the image with the spatial
noise correlations being ignored.
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Fig. 17. SR spectra from the 5-pole wiggler with a field of
1.3 T at an electron energy of 4 GeV: (/) spectrum at the
exit from the channel; (2) spectrum after passing though
the beryllium windows at the exit from the channel, in the
collimators module, and in the blasting chamber; and
(3) spectrum after passing through the EM sample 20 mm
thick.

As a result, the DQE can be calculated in terms of
the parameters determined from the image recorded
using the detector.

To calculate the DQE, we simulated the distribu-
tion of the energy deposited in the detector perpendic-

Signal, arb. units
0.002

0.001

345

ularly to the direction of strips in the readout structure,
i.e., along the length of the entrance window. The uni-
form photon flux was incident on the detector in the
I-cm-long zone along the entrance window. The
whole region was divided into 200 50-um intervals.
The mean value and the rms deviation of the energy
deposited in these intervals were calculated. The SNR
in the image was calculated as the ratio of the mean
value to the rms deviation of the deposited energy. An
infinitely thin photon beam was used to simulate the
autocorrelation function, and the line spread function
was obtained. The autocorrelation function coincides
with the line spread function squared. The efficiency
and the DQE obtained as a result of the simulation
were 59 and 48%, respectively. The DQE is smaller
than the photon absorption probability, since it takes
into account fluctuations of the energy deposited upon
absorption of a photon.

The simulation results obtained for the spatial res-
olution of the detector are shown in Figs. 18—21. The
effect of the gas pressure on the spatial resolution is
demonstrated in Fig. 18. Diffusion of electrons, which
is inversely proportional to the square root of the pres-
sure, is the key factor that governs the spatial resolu-
tion. Therefore, variations in the line spread function
upon a change in the pressure from 7 to 10 atm are
negligible. Further rising of the pressure is a compli-
cated engineering problem, since it requires the
appropriate increase in the high voltage applied to the
detector electrodes (for the drift velocity of electrons
to be maintained).

Fig. 18. Comparison of the line spread functions at 7- and 10-atm gas pressures in the detector; the photon energy was 50 keV.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES
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Fig. 19. Comparison of the line spread functions at energies of 20 and 50 keV with diffusion being ignored.
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Fig. 20. Comparison of the line spread functions with diffusion being ignored for an energy of 20 keV and for the energy distribu-

tion corresponding to spectrum 3.

Comparison of the line spread function for photon
beams with different energies is presented in Fig. 19, in
which the spatial resolutions for 20- and 50-keV pho-
tons (without diffusion) are compared. It is apparent
that, in this energy range, the line spread function
changes only slightly. In fact, the main contribution to
the “smearing” of the line spread function is made by

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

photoelectrons, the energy of which is ~15 keV at both
values of the photon energy. The range of such an elec-
tron in the Xe—CO, mixture (3 : 1) at a pressure of
7 atm is ~100 pm on the average [20].

The spatial resolution for photons with the energy
distribution corresponding to spectrum 3 is presented
in Fig. 20. The line spread function for 20-keV pho-
Vol. 53
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Fig. 21. Comparison of the spatial resolution for a photon energy of 20 keV and for the beam with the energy distribution corre-

sponding to spectrum 3.

tons is also presented in Fig. 20 for comparison. For
better extraction of the effect from different photon
energies, both line spread functions were calculated in
the absence of diffusion. In Fig. 20, it is apparent that
the line spread function for 20-keV photons is wider in
its central part, which can be attributed to production
of numerous low-energy photoelectrons from the beam
with the distribution corresponding to spectrum 3.
In fact, as Fig. 17 shows, the spectral density in spec-
trum 3 slowly decreases at energies above the maxi-
mum (~30 keV), remaining rather high at energies
above the K-edge energy of xenon (~35 keV). This
results in production of many low-energy photoelec-
trons that have a very short range and provide high ion-
ization density at the beam’s point of incidence.
On the other hand, the line spread function for spec-
trum 3 has long “tails,” which can be attributed to the
presence of high-energy photoelectrons both from the
part of the spectrum at energies slightly lower than the
xenon K edge, where photon absorption proceeds at
the L edge, and from the high-energy part of the spec-
trum.

The total line spread function that takes into
account the diffusion for the beam with the energy dis-
tribution corresponding to spectrum 3 is compared to
the line spread function for 20-keV photons in Fig. 21.
Both distributions are seen to have the same FWHM,
although the distribution for spectrum 3 has more pro-
nounced “tails.” In both cases, the FWHM is close to
170 pm, which is in good agreement with the experi-
mental result obtained at the VEPP-3 (Fig. 10).

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

A solid-state detector is considered to be an alter-
native for a gas-filled one. To study the properties of a
possible alternative version, a silicon detector with a
length of 1 cm along the beam and a thickness of
300 um was simulated. The probability of Compton
scattering (at least once), the probability of absorption
(i.e., the photoeffect), and the total probability of a
photon interacting in the detector material are shown
in Fig. 22 versus the energy. Below 30 keV, the photon
absorption probability is nearly unity, whereas the
probability of Compton scattering is ~30% in the
range of 20—100 keV. The figure also shows the photon
interaction probability with the energy distribution
corresponding to spectrum 3 and the DQE for this dis-
tribution.

Since Compton scattering results in deposition of
energy by means of a recoil electron, this process was
taken into account when calculating the efficiency.
The average energy deposited in this process is sub-
stantially lower relative to photon absorption, which
causes additional energy fluctuations and reduces the
DQE. The efficiency (the interaction probability) for
photons with the energy distribution according to
spectrum 3 is ~81%, whereas the DQE is ~42%.

The spatial resolution of the silicon detector is sub-
stantially higher than that of the gas-filled DIMEX
modification. The line spread function of the silicon
detector, obtained by simulation for a photon beam
with the energy distribution corresponding to spec-
trum 3, is shown in Fig. 23. It is apparent that the
FWHM of this distribution is ~20 pm.
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348

Efficiency

1.0 -
0.8 -
0.6
0.4

0.2r

0 20000

100000
E eV

40000 60000 80000

Fig. 22. Probability of photons interacting with the mate-
rial of the silicon detector 1 cm in length and 0.3 mm in
thickness: (/) probability of a single Compton scattering,
(2) absorption (photoeffect) probability, (3) total interac-
tion probability vs. energy, (a) simulation of the photon
interaction probability and (b) DQE for the beam with the
energy distribution corresponding to spectrum 3.

CONCLUSIONS

The experience gained over 6 years of operation of
the DIMEX detector on the SR beamline at the
VEPP-3 storage ring has demonstrated a considerable
potential of the method for separate detection of radi-
ation from individual bunches as applied to direct
X-raying of a sample (X-ray radiography) and to mea-
suring the SAXS. The available detector is capable of
detecting SR with a mean energy of 20 keV, a spatial
resolution of ~0.2 mm (FWHM), a maximum accu-
racy of ~1% (the maximum SNR is ~100), and a time
resolution of <2.5 x 10~%, which corresponds to the
mixing coefficient for the signals from adjacent
bunches.

In spite of the successful operation on the VEPP-3
beamline, it is desirable that the detector be further
upgraded and that its characteristics be refined. Devel-
opment of a wiggler with a field of 1.3 T for the
VEPP-4M collider and building of the appropriate SR
beamline will make it possible to increase the beam
energy and intensity, which will offer a chance to con-
duct experiments with thicker samples. The simula-
tion performed in our study shows that the detector
will change its characteristics only slightly, its spatial
resolution will remain ~0.2 mm, and its DQE will be
~50%.

The spatial resolution and the maximum photon
flux (the maximum SNR) detectable by the available
detector are limited by the gas technology. These
parameters can be substantially enhanced by using the
solid-state technology. A silicon microstrip detector
can be used in this technique if it is located at a small

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES
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Fig. 23. Spatial resolution of the silicon detector for the SR
beam with the energy distribution corresponding to spec-
trum 3.

angle with the beam, so that the length on which the
beam intersects the detector is > 10 mm. In this case,
the DQE will be rather high (~42%), whereas the spa-
tial resolution of such a detector can be an order of
magnitude better relative to the gas-filled DIMEX
(=20 pum). Of course, this resolution can be attained
only with appropriate segmentation of readout elec-
trodes.

The experimental investigation of the properties of
such a detector has already been started. It should be
noted that this detector modification requires com-
plete redesigning of the data acquisition electronics, as
well as careful analysis of possible effects of radiation
damage to the silicon under irradiation with an intense
“white” SR beam.
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