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Abstract In high-energy flash radiography, scattered
photons degrade the acquiring image, which limits the
resolving power of interfaces and density of dense object.
The application of large anti-scatter grid can reduce the
scattered photons remarkably, but this requires a
stable source position in order to reduce the loss of signal
photons in the grid structure. The pinhole imaging tech-
nique is applied to observe spatial jitters of a triple-pulse
radiographic source of a linear induction accelerator.
Numerical simulations are conducted to analyze the
imaging performance with the same or close parameters of
the pinhole object and experimental alignment. Experi-
ments are carried out to observe spatial jitters of the source
between different measurements. Deviations of the source
position between different pulses are measured in each
experiment.

Keywords Spatial jitter - X-ray source - Pinhole imaging -
Linear induction accelerator

1 Introduction

Flash radiography is an extraordinary diagnostic tech-
nique to investigate the hydrodynamic process of high
explosives [1]. The radiographic source is generally pro-
duced by a linear induction accelerator (LIA). Electron
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beam pulses are accelerated to ~MeV and focused onto a
high-Z convertor target to generate X-rays (brems-
strahlung) [2-6]. The temporal width of an E-beam pulse is
usually tens of nanoseconds, which enables a recording of
an inner stopped-motion image of a dense object. In flash
radiography, photon scattering is a major obstacle for
acquiring fine details of interfaces and object density [7, 8].

Efforts were devoted to investigations of photon scatter
properties and anti-scatter techniques, including various
kinds of collimators made of heavy materials to reduce
scatter background and improve contrast in radiography
[9-11]. However, the collimators placed between the
object and the light source is usually accompanied with a
loss of abaxial image information of the object. The Los
Alamos National Laboratory developed a structure of large
anti-scatter grid of high grid ratios, and the scattered
photons can be remarkably reduced for radiography [12].
The scintillator array of image-receiving system is directly
pinned to the grid, the correspondence of which is perfectly
matched to be one-scintillator-pixel to one-grid-hole. Since
the anti-scatter grid is designed to fit the directions in
which radiation photons are emitted, it ought to be strictly
aligned to focus exactly at the center of the light source. A
spatial jitter of the source can result in a loss of primary
radiation in the grid structure [13]. The higher the grid ratio
is, the more sensitively the source spatial jitter would
degrade the image.

In this paper, the pinhole imaging technique [14, 15] is
applied to measure spatial position of a triple-pulse X-ray
source produced by the Dragon-II LIA. The acquiring image
denotes a two-dimensional distribution of the X-ray source,
by which the spatial position of the source centroid can be
obtained. Experiments are performed to observe spatial jit-
ters of the source between different measurements. The
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interpulse differences of the source centroid are measured in
each experiment.

2 Principle and setup

In flash radiography, photons from the X-ray source pass
through the objects in the light field and finally reach the
image-receiving system. The spatial distribution of radio-
graphic image i(x, y) is a convolution of the source spatial
distribution s(x, y), the transmitted intensity distribution of
object o(x, y), and the detector response to a point X-ray
source r(x, y), i.e.,

i(x,y) = s(x,y) xo(x,y) *r(x,y), (1)

where the sign * denotes the convolution operation. The
modulation transfer function (MTF) of a radiographic
system is simply the product of MTFs of each component
[16], and a Fourier transform of Eq. (1) can be done to
obtain Eq. (2)

1(:1) = SEfy) - OUnks) - RU o) 2)

where I, S, O, and R stand for MTFs of each component in
Eq. (1). A sketch of pinhole imaging setup is illustrated in
Fig. 1. A pinhole object is placed between the X-ray source
and the image-receiving system. For an ideal pinhole, the
spatial intensity distribution o(x, y) can be described by the
delta function J(x, y), which denotes the MTF of O(f,,
fy) = 1. The geometrical magnification of the experimental
arrangement M is defined as the ratio of the pinhole-image
distance b to the source—pinhole distance a. If the blurring
of image-recording system is ignored in the setup with a
large magnification, the relation of the source MTF and the
image MTF will be simplified as

1(fofy) = S(fefy)- )

So, spatial distribution of the image is exactly a reflec-
tion of the source. Then the relation between the source
centroid Py(x, y) and the image centroid P(x, y) can be
expressed as
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Fig. 1 Sketch of pinhole imaging setup
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PO(xvy) = _P(X’Y)/Mv (4)

where the negative sign indicates opposite directions of the
image position and the source position.

3 Numerical simulations

The precondition of a tenable relation between the
source and image positions given by Eq. (4) is to image the
source with an ideal pinhole, i.e., an infinitesimally small
hole through an infinitesimally thin and completely opaque
sheet [17]. This, however, cannot be realized in practice,
especially with penetrating X-rays, so high-Z materials are
used to construct the pinhole object, which ought to be
thick enough to make the “opaque” sheet. The pinhole
aperture cannot be too small either because the view field
shall cover enough area of the source. Besides, the screen
blur effect should be considered.

Here we perform numerical simulations to analyze the
pinhole imaging process with the same or close parameters
of the object and the experimental alignment. Monte Carlo
method [18, 19] is applied to simulate the X-ray generation
by striking an electron beam of 19.0 MeV onto a tantalum
target of 1.2 mm thickness and transmitting the photons
through a tungsten pinhole object of 65 mm thickness with
an aperture of 0.47 mm. Then we calculate the convolution
of the transmitted photon intensity distribution with the
point-spread function (PSF) of the screen blur as the obtained
image. The source—pinhole distance is @ = 1119 mm and
the pinhole-image distance is b = 4681 mm. The PSF of
screen blur is assumed to a Gaussian function with the
standard deviation of 0.7 mm, according to measurement
result by the edge response technique [20].

In the simulation, a Gaussian function is used to model
spatial distribution of the source, with the FWHM being
1.0 mm at first. The source center (x, y) is located (in mm)
at (2, 0), (=2, 0), (0, 2) or (0, —2). For each simulation, the
sampling amount is 10°. The simulated images are shown
in Fig. 2. Because the pinhole imaging process is not
rotationally symmetric when the source is laterally
decentered, we calculate the image centroid within
boundaries containing 90 or 50 % of the photon intensity
sum (PIS). The corresponding source centroid is worked
out according to Eq. (4). Table 1 shows the calculated
source centroid (Ppc,) and the set source position (Pogeq)-
AL = |Pyca1 — Poseql, the distance between the calculated
and the set source positions, is superior to 0.1 mm with a
2-mm source displacement from the origin. The source
FWHMs of 1.5 and 2.0 mm are then calculated and listed
in Table 1. The results of Py, show a good agreement
with the results of Ppg.q.
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Fig. 2 Simulated pinhole
images at different source (@) x=2, y=0 al aitl:
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Table 1 St and calculated Source FWHM Set Py(x, y) Calculated Py(x, y)
source positions by numerical
simulations (in mm) 90 %PIS AL 50 %PIS AL
1.0 (2.000, 0.000) (2.063, 0.002) 0.063 (2.056, 0.002) 0.056
(—2.000, 0.000) (—2.017, 0.001) 0.017 (—2.024, 0.003) 0.024
(0.000, 2.000) (0.022, 2.042) 0.047 (0.020, 2.046) 0.050
(0.000, —2.000) (0.022, —2.039) 0.044 (0.014, —2.044) 0.046
1.5 (2.000, 0.000) (2.045, 0.005) 0.045 (2.034, —0.002) 0.034
(—2.000, 0.000) (—1.977, 0.000) 0.023 (—1.989, 0.005) 0.012
(0.000, 2.000) (0.034, 2.015) 0.037 (0.020, 2.010) 0.022
(0.000, —2.000) (0.031, —2.011) 0.033 (0.018, —2.009) 0.020
2.0 (2.000, 0.000) (2.017, 0.004) 0.017 (1.995, —0.011) 0.012
(—2.000, 0.000) (—1.928, —0.002) 0.072 (—1.940, 0.004) 0.060
(0.000, 2.000) (0.044, 1.978) 0.049 (0.019, 1.967) 0.038
(0.000, —2.000) (0.040, —1.974) 0.048 (0.028, —1.972) 0.040

4 Measurements of the source position

Experiments are performed to observe the source posi-
tion of the Dragon-II LIA, which generates triple X-ray
pulses of ~60 ns in pulse length and ~400-ns spacing
between neighboring pulses. A lead collimator is placed
just in front of the radiographic source as a radiation shield
of the area away from the central field. A 65-mm-thick
tungsten bar with a pinhole of 0.47 mm diameter is pre-
cisely placed along the central axis (z-axis). The image-

receiving system consists of an LYSO scintillator screen, a
flat mirror tilted at 45° with respect to z-direction, and a
framing camera to record each pulse image. The camera is
composed of an optical framing element and several
intensifier CCD cameras, and its gating time is controlled
by a high-speed microchannel plank. Precisions of the
trigger time and exposure time are less than 5 ns. By
inputting external trigger synchronization signals, the
camera records each pulse image separately. The experi-
mental alignment is ¢ = 1119 mm and b = 4681 mm,
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Fig. 3 Typical images of triple-pulse x-ray source by the pinhole method. The inside and outside curves denote the boundaries of 50 %PIS and

90 %PIS, respectively

Table 2 Experiment results of

spatial position of the source Exp. no. Pulses E MeV) F&A) Pox, y) (mm)
centroid 90 %PIS 50 %PIS
#1 A 18.9 2.04 (0.000, —0.099) (0.022, —0.073)
B 18.9 1.98 (0.709, 0.230) (0.627, 0.374)
C 18.8 2.07 (—0.562, —0.296) (—0.532, —0.110)
#2 A 19.0 2.03 (0.023, —0.341) (0.007, —0.342)
B 18.8 2.04 (0.685, 0.048) (0.668, 0.195)
C 18.7 2.08 (—0.567, —0.401) (=0.491, —0.261)
#3 A 19.0 2.05 (—0.039, —0.353) (—0.037, —0.367)
B 19.0 2.08 (0.611, —0.032) (0.561, 0.034)
C 18.9 2.09 (—0.633, —0.420) (—0.547, —0.254)
#4 A 19.0 2.06 (0.041, —0.321) (0.088, —0.347)
B 18.9 2.06 (0.659, 0.020) (0.707, 0.148)
C 18.9 2.06 (—0.664, —0.387) (—0.658, —0.326)
#5 A 19.0 2.04 (0.035, —0.354) (0.044, —0.403)
B 19.0 2.06 (0.646, —0.071) (0.659, —0.050)
C 18.9 2.07 (—0.603, —0.380) (—0.503, —0.236)
#6 A 19.0 2.05 (0.150, —0.368) (0.210, —0.399)
B 19.0 2.08 (0.730, —0.003) (0.721, 0.110)
C 19.0 2.07 (—0.636, —0.398) (—0.536, —0.255)
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Fig. 4 Spatial jitters of triple-pulse X-ray source centroid, for centroid within 90 % (a) and 50 % (b) PIS boundary

hence a magnification of M = 4.183. The experiments are
conducted with electron beams of 18.9 MeV and 2.05 kA,
trying to maintain a steady and identical state for all pulses.
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The pinhole object is

placed close to the source to obtain a

large magnification so as to acquire image with a better
resolution and reduce the image blur effect. According to
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the parameters of the pinhole object and the experimental
alignment, the view field width for the source reaches
15.7 mm, which is about ten times the source FWHM, so
collimating effect of the pinhole object can be neglected.

Typical images of the triple-pulse X-ray source obtained
by the pinhole imaging technique are shown in Fig. 3. The
conversion ratio of the image pixel to the spatial distance is
0.104 mm/pixel. In order to correct pixel-to-pixel varia-
tions of the screen sensitivity and dark current of the
camera, a standard procedure for gain and offset modifi-
cation is applied to the images [21]. Besides, relative dis-
placements of the origin and azimuths of the axes are
corrected for different framing images. The source cen-
troids of triple pulses are calculated, considering both the
image boundary of 90 %PIS and that of 50 %PIS. The
experimental results of X-ray source centroid are listed in
Table 2. For each pulse, the center and radius of a mini-
mum circle which contains all centroid positions in dif-
ferent measurements are used to denote the center and the
range of source centroid jitters (Fig. 4). For the boundary
of 90 %PIS, the jitter radii of the triple-pulse source cen-
troid are 0.155, 0.153 and 0.072 mm for psulses A, B and
C, respectively. The deviation distances between the
source—jitter centers of each pulse pair are Lyg = 0.690 -
mm, Lgc = 1.349 mm and Lsc = 0.674 mm. For the
boundary of 50 %PIS, the jitter radii are R, = 0.188 mm,
Rz = 0.213 mm, and Rc = 0.125 mm, and the deviation
distances are Lag = 0.673 mm, Lgc = 1.295 mm, and
Lac = 0.700 mm. The spatial jitters of the source centroid
are relatively small for each pulse. However, deviations of
the source positions are distinct between different pulses,
because of, most probably, corkscrew oscillation of the
electron beam due to tilted beam injections, inaccurate
alignments of solenoid field, and energy spread of the
electron beam [22, 23].

5 Conclusion

Spatial jitters of the triple-pulse X-ray source generated
by the Dragon-II LIA are measured using the pinhole
imaging technique. For flash radiography with a large anti-
scatter grid, the spatial jitter of each X-ray pulse and the
deviation between different pulses should be smaller than
0.5 mm for reducing direct radiation loss [24]. Numerical
simulations are performed for the source position mea-
surement, and the obtained source centroid agrees well
with the set one. In each measurement, images of triple
pulses are obtained, and the centroids are calculated within
90 %PIS or 50 %PIS boundaries. For each pulse, the spa-
tial jitter of source centroid is small. However, centroids of
different pulses deviate distinctively from each other. For a
flash radiographic system of large anti-scatter grid to

provide stable and uniform positions of all pulses, the
X-ray source should be optimized by reducing the electron
beam injection tilt, accurate aligning the magnetic field,
and decreasing energy spread of the electron beam.
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