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ABSTRACT

The spatial resolution of the gamma-rays camera was measured on a “°Co gamma-rays source with edge method. The
gamma-rays camera is consisting with rays-fluorescence convertor, optical imaging system, MCP image intensifier,
CCD camera, electronic control system and other devices, and is mainly used in the image diagnostics of the intense
pulse radiation sources [1]. Due to the relatively big quantum detective efficiency (DQE) and quantum gain of the
gamma-rays, etc., the experimental data were processed by averaging multiple images and fitting curves. According to
the experimental results, the spatial resolution MTF (modulation transfer function) at the 10% intensity was about 2
lp/mm. Meanwhile, because of the relatively big dispersion effects of the fluorescence transmissions in the scintillator
and the optical imaging system, the maximal single-noise ratio (SNR) of the camera was found to be about 5:1. In addi-
tion, the spatial resolution of the camera was measured with pulse X-rays with 0.3 MeV in average energy and exclu-
sion of the effects of secondary electrons from consideration. Accordingly, the spatial resolution MTF at the 10% inten-
sity was about 5 Ip/mm. This could be an additional evidence to verify the effects of secondary electrons induced by the
1.25 MeV gamma-rays in the scintillator upon the spatial resolution. Based on our analysis, the dispersion sizes of the
secondary electrons in the scintillator are about 0.4 mm - 0.6 mm. Comparatively, as indicated by the detailed analysis
of the spatial resolutions of the MCP image intensifier and CCD devices, both of them have little effect on the spatial
resolution of the gamma-rays camera that could be well neglected.

Keywords: Gamma-Rays Camera; Point Spread Function (PSF); Gamma-Rays Image Detector; Scintillator; MCP
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1. Introduction tainty evaluation of a given image and for the image su-
per-resolution reconstruction. Other parameters to de-
scribe the system spatial resolution are including modu-
lation transfer function (MTF) and the linear spread func-
tion (LSF), etc. The integration of PSF along the 1-D di-
rection would then provide the LSF, which would then
provide MTF after the Furrier Transform. All of three pa-
rameters (PSF, LSF and MTF) could reflect the spatial
resolution of the rays system [3].

The edge method is a common method for the meas-
urement of spatial resolution of y-rays cameras [3]. In its
application, the edge would be placed in a 2° - 3° with the
pixel array to minimize the effects of the sub-pixels upon

A y-rays camera was developed for the image diagnostics
of the intense pulsed y-rays radiation sources, which was
consisting with rays-fluorescence convertor, optical im-
aging system, MCP + CCD, electronic control system
and other devices. Due to its good performances in vari-
ous tunable (adjustable) parameters including exposure
time spot, exposure time duration and gain, etc., the ca-
mera has been widely used in the framing image diagnos-
tics of the pulse radiation fields [1,2].

The point spread function (PSF) of the image diagnos-
tic system is not only the major technical specification of
image system performances, but also a major factor to

cause the image degradation. For a given or a certain PSF the spatial resolution, and the data would be fitted to the
it could be considered as a major criteria for the uncer- ~ curves to proved a very smooth measurement data at the

same time. However, in dealing with the spatial resolu-
"Corresponding author. tion measurement of the y-rays cameras with thick
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228 Evaluation of Major Factors Affecting Spatial Resolution of Gamma-Rays Camera

scintillator and/or high energy, such a data processing
might be technically difficult in various aspects as fol-
lows [4]: 1) the big DQE fluctuations induced by the
interactions between the high energy y-rays and scintil-
lator; 2) the relatively big quantum gain of the y-rays-
fluorescence convertor; 3) the relatively more measure-
ment steps of the system. Another important factor to

affect the spatial resolution is the measurement condition.

Presumably, an ideal parallel radiation source with step

distribution would be most desirable for the measurement.

However, the measurement of the spatial resolution would
inevitably affected by various factors, including the size
of radiation source, the system structure and the working
conditions of system, etc. Moreover, the data process
from edge spread function (ESF) to LSF and then to LSF
would also amplify the noise. All of the factors add up to
lead a relatively big uncertainty in the spatial resolution
of the high energy y-rays cameras. In order to contain the
DQE effects upon the measurement results, serial proce-
dures are applied as follows. Firstly, multiple ESFs would
be averaged. Then, the averaged ESF would then be sub-
ject to linear fitting to provide a relatively uniform and
smooth ESF. And the LSF would be obtained after the
integration of the ESF. Finally, the MTF and PSF could
be well available after a certain process.

The geometrical spatial resolution of the y-rays camera
is about 0.1 mm/pixel. And in order to provide a higher
DQE, some special methods were introduced, e.g. to use
the optical structure with short distance and big field of
view and to increase the scintillator, etc. The spatial re-
solution of the y-rays camera was measured on a Co ra-
diation source with edge method. At the same time, the
spatial resolutions of the camera components were stud-
ied respectively for the scintillator, MCP image intensi-
fier and CCD camera, etc., to provide some valuable ref-
erence for the further improvement of the spatial resolu-
tion of the y-rays camera.

2. Experimental Set-Ups
2.1. Gamma-Rays Camera

The y-rays camera was developed by Institute of Nuclear
Physics and Chemistry, China Academy of Engineering
Physic (INPC, CAEP) for scientific experiments. Char-
acterized in high sensitivity, high resolution and big dy-
namic range, the camera is mainly used in the image di-
agnostics of the high energy y-rays sources. The limit
field of view of the camera is ® 100 mm. The process
could roughly be interpreted as follows. Firstly, the ra-
diation source is imaged onto the imaging plane by the
y-rays. Then the fluorescence image is imaged onto the
incident plane of the MCP image intensifier through the
optical imaging system and conversion system. Finally,
the intensified image is recorded by CCD device, and the
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MCP and CCD is coupled with fiber plate. Thus, the
major tow parts of the system are y-rays imagines system
and the image recording system. During the process, a 10
mm YAG crystal is used to convert the p-rays into the
fluorescence image. Besides, a copper reflector with an
efficiency of over 95% is placed in a 45° angle with y-
rays direction to reflect the fluorescence image. Another
purpose of the reflector is to avoid the direct y-rays irra-
diation onto the MCP image intensifier and CCD camera.
The specially developed imaging system could provide
an amplification factor of 5:1 and a light collection effi-
ciency of over 95%. The MCP image intensifier was
manufactured by Proxitronic Co. Ltd with a spatial reso-
lution of over 37 Ip/mm. Besides, the intensifier is also
characterized in tunable shutter time and electron gain,
which could facilitate the imaging of the y-rays at differ-
ent time. Finally, the amplification factor of the fiber
plate used to couple the MCP and CCD is 1.5:1, provid-
ing a stable and reliable recording system. And the CCD
camera used in the experiment was provided by Andor
Co. Ltd specifically for scientific purpose, with a pixel
array of 1024 x 1024, pixel size of 13.3 pm x 13.3 pm,
and a digital data output in 16 bit. Moreover, the CCD
could be used in a very low temperature even below
—65°C, making it a favorite option for the imaging diag-
nostic with low signal intensity. The total system is pla-
ced into an iron container to provide a sealed and shiel-
ded environment to avoid the effects of the electromag-
netic effects upon the measurement result.

2.2. Spatial Resolution Measurement with Edge
Method

The experiment was carried out on the intense Co source
in CAEP. The schematic experimental set-up is given in
Figure 1. The 60 Co prays source used in the experi-
ment is a line source with a geometrical parameter of @

Radiation source YAG
W edge

Full reflector
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Slit gap
lens
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controler
Pb shield CCD

A
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PC & control system

Figure 1. The schematic diagram for the PSF measurement
of the j~rays camera.
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11 mm x 450 mm. And the source intensity for every line
is about 10* Ci (1 Ci=3.7 x 10" Bq). A 5 mm x 50 mm
Pb silt gap (200 mm in thickness) was used for the beam
collimation and constraint. A 100 mm tungsten edge col-
limator was placed in front of but closely contacted with
scintillator at the same time. The radiation flux of the
s-rays at the scintillator was about 9.0 x 10° y/cm®'s. As
for the system collimation and adjustment, the proce-
dures might be described as follows. Firstly, a laser beam
0.5 mm in diameter was transmitted to transverse the
front center and back center of the slit gap collimator.
Then the beam would be irradiated onto the scintillator
surface perpendicularly. Finally, the 100 mm-thick tung-
sten edge would be placed parallel with the laser beam,
and the edge image would be adjusted to be at the center
of the field of view of the system. In addition, due to
high sensitivity of the MCP image intensifier and CCD
devices to the jy-rays, another 10 cm-thick Pb shield was
used to protect the system. After installation and adjust-
ment, the radiographic system could be operated with PC
remote control.

3. Experimental Data and Data Processing

3.1. Performance Calibration of Radiographic
System

Firstly, the flat field response is a major standard to
evaluate the response uniformity of the radiographic sys-
tem. A Pb collimating aperture (100 mm in diameter)
was used to provide beam constraint and shield for the
radiation source, and a YAG scintillator was placed 400
cm away from the radiation source. With such a set up,
the y-rays could presumably have a homogenous spatial
distribution. The image signals corresponding to various
radiation doses were experimentally calibrated. Accord-
ing to the results, the flat field responses under various
radiation doses were same, the intensities in the central
region were relatively high, and the non-homogeneities
in the central region and edge region were about 30%.
The flat field images are mainly used for the homoge-
nous correction of the radiographic images. After the cor-
rection, the images could convey information about the
intensity distribution of the incident j-rays.

Secondly, the geometrical distortion of the radiogra-
phic system was also calibrated with black-and-white
squares (5 mm x 5 mm in size). The image signals were
obtained and analyzed with the image processing pro-
grams. As indicated by the results, the geometrical dis-
tortion of the radiographic system was in agreement with
the experimental requirements.

Finally, the dynamic sensitivity of the radiographic
system was calibrated. The homogenous y-rays were
used to irradiate the YAG scintillator, and the radiation
images corresponding to various radiation doses were
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recorded. After data processing, the relationship curves
between the radiation doses and image signal intensities
could be well obtained. As indicated by the curves, with
a radiation dose rage of 1.0 x 10° — 2.0 x 10® y-cm 2, the
radiographic system could demonstrate a fairly good lin-
earity.

3.2. Experimental Data

The edge image experimentally obtained is given in
Figure 2. Despite of the fact that a 100 mm-thick W col-
limator was placed in region with relatively lower inten-
sity to provide an attenuation (a decay) factor of more
than 107, the SNR of the system was found to be only
5:1. The major reason for this might be attributed to the
fluorescence dispersion effects through out the fluores-
cence transmittance, including: 1) the dispersion in the
scintillator; 2) the dispersion in the optical system; 3) the
dispersion in the MCP image intensifier; 4) the disper-
sions in the coupling fiber plate between the MCP and
CCD and the ambient materials. Despite of the Pb shield
of more than 10 cm in thickness, the scattered p-rays
along the optical path still acted as a non-negligible sour-
ce to induce the noise.

Due to the relatively big non-homogeneity of the sys-
tem, only an effective region 100 x 100 in size was adop-
ted for data processing. As shown in Figure 2, the image
signals fluctuated in relatively big amplitude with a stan-
dard deviation of about 3753. The reasons for this might
be attributed to the single-particle detecting effects of the
scintillator and the relatively high quantum gains of the
scintillator and MCP image intensifier, etc. Thus, during
the data processing, the average was made for 100-line
data. After that, the averaged data were subject to Gaus-
sian fitting. Finally, the ESF curves could be obtained to
be very uniform and smooth (as shown in Figure 3).

3.3. Spatial Distribution of System

Both of the MTF and PSF are important parameters to
evaluate the spatial resolution of the radiographic system,
but very difficult to be measured directly. However, they
are functions of the LSF. LSF could be determined by

Figure 2. The experimentally obtained edge fluorescence
image.

JASMI



230 Evaluation of Major Factors Affecting Spatial Resolution of Gamma-Rays Camera

1.2 T Y T
1
z
g 0.8
E
> 0.6
=
S 04
—
0.2
0 :
0 20 40 60 80
position/pixel

Figure 3. The experimentally obtained ESF distribution.

differentiating ESF. And the relationships among LSF,
MTF and PSF could be described in the following equa-
tions. For a given ESF, the LSF could be determined in
Equation (1) [4]:

d[ ESF (x)]
- dx

Since MTF is the result of the Furrier Transform of
LSF, we have:

LSF (x) (M

T LSF (x)exp(—j2mnfx)dx
= ‘ (2)

MTF ()=
I LSF(x)dx

—0

And the relationship between PSF and LSF could be
given as follows: [4]

d| LSF d
PSF(I’):—er{ |: (x):|1/ x}

NG
Based on the equations mentioned above, after proc-

essing of the edge image, the LSF, MTF and PSF of the
y-rays camera could be obtained as given in Figure 4. As

dx 3)

shown in the figure, with 10% intensity, the MTF is only
2 Ip/mm, and the point spread size is about 2 mm.

4. Major Factors Affecting Spatial
Resolution

The spatial resolution of the y-rays camera was measured
with edge method. In the following parts, the effects of
YAG scintillator, MCP image intensifier and CCD cam-
era upon the system spatial resolution will be analyzed,
respectively.

4.1, PSF of CCD Device

The spatial resolution of CCD device is mainly depend-
ent on the pixel size and the electron diffusion in the sil-
ica substrate. In the silica substrate, the electron-hole
pairs would be induced by photons. And the electrons
would spread in the substrate and move driven by the
superposed voltage before stored in the potential wells.
The spread size or dimension of the electrons in the silica
substrate is dependent on the superposed voltage [5,6].
And the superposed voltage is then dependent on the
substrate thickness and manufacturing process. With a
superposed voltage ranging in 2.84 V - 1154 V, the
electron spread sizes are within 48.8 um to 3.7 pm, and
the electron spread function is basically in accordance
with the Gaussian function distribution. The LSF of the
electrons could be described in the following equation

[6]:
{ (x—xo)zj
LSF(x)=a+b~exp —_— “4)

207

where: a, b, Xy and o are fitting constants. The spread of
the electrons in the silica substrate could be obtained by
using a point light source with a negligible size, sub-
pixel sampling method and Gaussian function fitting [7].
In the high precision image measurement, the electron
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Figure 4. The experimentally obtained LSF, MTF and PSF of the y-rays camera.
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spread in the silica substrate is a non-negligible factor to
cause the degradation. Thus, in the common design of the
scientific-level high sensitivity CCD, the back illumina-
tion method is used, and the thickness of the silica sub-
strate is deliberately determined to be 10 um - 15 um,
which is roughly equal to the electron spread sizes (5 - 10
pum) [7]. The typical electron PSF is given in Figure 5.
As shown in the figure, the electron spread size is about
20 pum corresponding to 10% intensity. Specifically, for a
CCD with a pixel size of 13.3 pm x 13.3 um, the elec-
tron spread might be about 1 to 2 pixels.

4.2. PSF of MCP Image Intensifier

The MCP image intensifier is mainly consisting with
optical cathode, micro-channel plate (MCP) and fluores-
cence screen. The MCP location is between the optical
cathode and fluorescence screen. The MCP input plane is
0.1 mm - 0.3 mm away from the optical cathode and the
output plane is about 0.5 mm - 1.3 mm away from the
screen. Firstly, the photoelectrons are excited from the
cathode by the incident beams. Then, driven by forward
accelerating electric field between the cathode and MCP
input plane, the electrons would be injected into the MCP
input plane almost along a straight direction before being
multiplied in the micro-channels. Then the electrons
would be transmitted out of the MCP output plane and
accelerated again by the electric field between the output
plane and the screen. Finally, the electrons would impact
onto the screen to generate the corresponding fluores-
cence image.

The spatial resolution of the MCP image intensifier is
dependent on multiple factors, including various super-
posed voltages, the exposure quantity of the optoelec-
tronic cathode and the manufacturing process, etc. Be-
sides, the dispersion effect of the electrons in the cathode
and fluorescence screen would be another important fac-
tor to damage the spatial resolution. The MCP image
intensifier used in the experiment could provide a spatial
resolution of more than 37 Ip/mm. And the PSF could be
given as follows [8]:
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Figure 5. The spread size of electrons in the silica substrate.
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PSF (r)=exp| ~(r/0.02)’ | (5)

where: r stands for the radius (mm). The electron spread
function of a typical MCP image intensifier is given in
Figure 6. As shown in the figure, the diameter is about
0.06 mm corresponding to 10% of PSF. Take account the
minification factor of 1.5, and the spatial resolution of
the MCP image intensifier is basically equal to that of the
CCD camera.

4.3. Fluorescence Dispersion Effects

The fluorescence dispersion could be divided into two
parts. One is the fluorescence dispersion in the scintilla-
tor; another one is due to the defocusing in the optical
imaging system. The secondary electrons would be gen-
erated by the interactions between the y-rays and the
scintillator. And the electrons would move within the
scintillator and induce energy deposition. Part of this
energy would be converted into fluorescent lights. Each
of the electron trajectories would be acting as a point
light source. Due to the homogenous spatial distribution
of the lights, only some of the lights could be collected
by the light collecting system, while most of them would
be dispersed within the scintillator. During the dispersion,
in the interface, half penetration half refection and full
reflection occur, while in the scintillator, only scattering
takes place. The deliberately designed optical imaging
system used in the experiment was made up of 12 lenses
to provide a light collecting efficiency 30°. At the same
time, the defocusing effects induced by the fluorescence
dispersion would also affect the spatial resolution.
Similarly, the edge method was again used to measure
the fluorescence spatial resolution in the radiographic
system. The spatial resolution of the fluorescence was
calibrated on a pulsed X-rays source with energy of
about 0.3 MeV. The distance between the YAG scintil-
lator with the radiation source was about 250 cm, and the
spatial resolution of X-rays was presumably homoge-
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Figure 6. The experimentally obtained electron spread
function of the MCP image intensifier.

JASMI



232

nous. In addition, the effects of transmittance range the
secondary electrons was neglected, which had been ra-
tionalized experimentally and theoretically. During the
experiment, a 0.1 mm-thick copper film was tightly con-
tacted with the scintillator surface, and the film was rea-
sonably considered as the edge in the experiment. The
SNR of the optical imaging system was finally found to
be 10:1. After data processing, the MTF of the spatial
resolution corresponding to 10% intensity was about 5
lp/mm (as shown in Figure 7), which was obtained with
the additional contributions from the effects if the spatial
resolutions of the MCP image intensifier and CCD de-
vice upon the fluorescence transmission.

4.4. Transmittance Range of Secondary
Electrons in Scintillator

The spatial resolution of the y-rays in the YAG crystal is
mainly dependent on the transmittance range of the sec-
ondary electrons and the fluorescence dispersion in the
scintillator, etc. [9,10]. The interactions between the y-
rays and the scintillator would generate secondary elec-
trons. Each of the electrons would be a small light source,
whose size would be decisive for the resolution limit. In
order to get the fluorescence size of a single secondary
electron, an optical imaging system with high light col-
lecting efficiency was adopted in addition to a high sen-
sitivity camera consisting with a MCP image intensifier
and cooler-equipped CCD camera. And the movement
trajectories of the secondary electrons were experimen-
tally obtained.

The experiment was carried out on a Co radiation
source, whose principles are same with those given in
Figure 1. The distance between the scintillator and the
radiation source was 400 cm, and the radiation dose on
the scintillator was 3.7 x 10’ cm >'s”'. At the same time,
a shading plate 30 mm in diameter was place behind the
scintillator to contain the effective image size within this
range. The exposure time was 0.1 ms. The fluorescence
image is given in Figure 8. As shown in the figure,
there’re miscellaneous speckle effects.

Evaluation of Major Factors Affecting Spatial Resolution of Gamma-Rays Camera

As for the miscellaneous speckle effects in the image,
the speckle images are in array distribution, and there’s
nearly no signs for the linear propagation of the electrons.
The reason for this might be attributed to the limit of the
spatial resolution of the optical system and the fluores-
cence dispersion effects in the scintillator and transmis-
sion system. Due to their effects, only the degraded elec-
tron trajectories could be observed in the image.

With energy higher than 0.1 MeV, the ratios between
the energy depositions in the scintillator with the lumi-
nescent efficiencies could be considered to be equal. In
this extent, for any of the speckle arrays, approximately,
the signal intensities over 50% higher than the peak
would be classified as the electron trajectories, while
those below those level would be the results of the scat-
tered fluorescence. According to the estimation of the
miscellaneous speckle sizes, the electron dispersion size
is predictably 2 to 3 pixles, which, in dealing with the
PSF of about 4 to 6 pixels, corresponds to a spread size
of 0.4 mm to 0.6 mm size.

For a detailed description of the PSF of the y-rays in
the scintillator, MCNP program was introduced to track
and simulate the transportation process of the y-rays in
the scintillator. And for the theoretical computation, the
electronic fluorescence efficiency was supposed to be
proportional to the electronic energy deposition efficien-
cy. Other conditions for the computation were including
the scintillator thickness (10 mm) and the interval of the
radiuses of the concentric cylinders (0.010 mm). The
energy disposition distributions in the scitillator were
calculated for the y-rays respectively 0.3 MeV and 1.25
MeV in energy, whose results are given in Figure 9. As
shown in the figure, the maximal transmittance range of
the 0.3 MeVy-rays on the projecting plane is about 0.2
mm, while the range increases to be 0.8 mm for 1.25
MeV rays. And the PSF sizes corresponding to the 1%
intensity are 0.44 mm.

5. Conclusion

The spatial resolution of the y-rays camera was measured

relative intensity
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0 20 40
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60 80
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Figure 7. The spatial resolution of the fluorescence transmission in the system.
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Figure 8. The speckle effects of the secondary electrons in
the scintillator.

0— SI-t-d-I-tm o It o-T
10 : ——1.25 MeV rayy
——0.3 MeV ray ||
2 107 '
7]
g
k=
B
g
e L
107
s
10 R

radii/mm

Figure 9. The PSF of the p-rays in the scintillator.

on a 1.25 MeV source with edge method. Due to the rel-
atively big quantum detective efficiency (DQE) and
quantum gain of the gamma-rays, etc., the experimental
data were processed by averaging multiple images and
fitting curves. According to the experimental results, the
MTF (modulation transfer function) of spatial resolution
at the 10% intensity was about 2 Ip/mm. Based on this,
further analysis was made for the spatial resolutions of
the MCP image intensifier and CCD device. Besides, the
spatial resolution of the scintillating fluorescence in the
y-rays camera was measured as well as the dispersion
effects of the secondary electrons in the scintillator. As
indicated by the results, both the fluorescence dispersion
and the dispersion of the secondary electrons are the ma-
jor factors that affect the spatial resolution.
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