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(57) ABSTRACT

A multi-channel system for truck scanning, includes an
impulse radiation source; and a plurality of detection cir-
cuits, each detection circuit comprising a scintillator, a
photodiode, a supplemental circuit, an integrator and an
ADC, connected in series. A current of the photodiode is
proportional to radiation from the impulse radiation source.
A data storage device stores outputs of the ADCs and
provides the outputs to a computer that converts them to a
shadow image of the scanned truck. The supplemental
circuit isolates a capacitance of the photodiode from the
integrator, filters out low frequency signals from the photo-
diode, amplifies the signal from the photodiode and reduces
a bandwidth of the photodiode seen by the integrator. The

CPC ......... GO1T 1/2018; GO1T 3/00; GO1T 1/20; supplemental circuit reduces an influence of capacitance of
GO1T 1/22; GO1V 5/0016; GO1V 5/0041; the photodiode on system noise, increases a signal-to-noise
GO1V 5/0069; GO1V 5/0091; HOSH ratio of the system, and reduces an influence of photodiode
11/00; GOIN 23/04; GOIN 2223/639;  temperature changes on a quality of the scanned image.
GOIN 23/046; GOIN 2223/402; GOIN
2223/419; GOIN 2223/626; GOIN 17 Claims, 5 Drawing Sheets
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1
MULTI-CHANNEL SYSTEM FOR TRUCK
AND CARGO SCANNING USING IMPULSE
RADIATION SOURCES

BACKGROUND OF THE INVENTION
Field of the Invention

The invention relates to scanning systems, and, more
particularly, to a system for truck and cargo scanning that
uses multiple photodetectors with increased sensitivity and
improved noise resistance.

Description of the Related Art

A conventional multi-channel system for truck scanning
comprises multiple lines of scintillators coupled with pho-
todiodes, where the current of the photodiodes is propor-
tional to a quantum of impulse gamma radiation they are
exposed to. The radiation is generated by a radiation
source—a betatron. The photodiode current flows to corre-
sponding integrators that convert it to voltage, which, in
turn, is converted to a digital value, proportional to the
current, by analog-to-digital converters (ADCs). Then, a
code containing these numbers is transferred to a data
storage device (such as local memory or a register) and
further to a computer, so that the computer displays a
shadow image of the scanned object, as shown in FIG. 1
(patent RU 2284511; patent RU 2430424; Journal of Semi-
conductors, April 2013, Vol. 34, #4 P045011-1-P045011-6).

In FIG. 1, 101,-101,, are scintillators; 102,-102,, are pho-
todiodes; 103,-103,, are integrators; 104,-104,, are analog-
to-digital converters; 105 is a data storage device; 106 is a
computer; and 107 is an impulse radiation source.

Nevertheless, such conventional systems have the follow-
ing drawbacks:

Integrator’s noise is proportional to photodiode capaci-
tance. In order to improve sensitivity, photodiode area has to
be increased accordingly, which results in increased capaci-
tance, up to thousands pF (photodiode PIN-44DI by OSI
Optoelectronics), while individual photodiode capacitance
may vary, all of which deteriorates image quality.

Temperature fluctuations cause major changes in photo-
diode reverse current resulting in shifting of output code
baselines, which also deteriorates image quality.

Since betatron impulse duration is about 2 ps and usual
integration time is 50-100 ps (see descriptions of analog-to-
digital converters DDC112, DDC114, DDC118, DDC316,
DDC264, etc. designed to convert photodiode current to
digital values), integrators spend more time integrating noise
and less time integrating signals, which results in lower
signal-to-noise ratio.

Accordingly, there is a need in the art for a more sensitive
cargo scanning system with higher noise immunity.

SUMMARY OF THE INVENTION

The invention relates to a multi-channel system and
detector for cargo scanning, and, more particularly, to a
system with a modified photodetector circuit for use with
impulse radiation sources that substantially overcomes one
or more disadvantages of the related art.

In an exemplary embodiment, a multi-channel system for
truck scanning, includes an impulse radiation source; and a
plurality of detection circuits, each detection circuit com-
prising a scintillator, a photodiode, a supplemental circuit,
an integrator and an Analog to Digital Converter (ADC),
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2

connected in series. A current of the photodiode is propor-
tional to impulse gamma radiation from the impulse radia-
tion source. A data storage device storing outputs of the
ADCs and providing the stored outputs to a computer that
converts the outputs to a shadow image of the scanned truck.
The supplemental circuit isolates a capacitance of the pho-
todiode from the integrator, filters out low frequency signals
from the photodiode, amplifies the signal from the photo-
diode and reduces a bandwidth of the photodiode seen by the
integrator. The supplemental circuit reduces an influence of
capacitance of the photodiode on system noise, and
increases a signal-to-noise ratio of the system. The supple-
mental circuit reduces an influence of photodiode tempera-
ture changes on a quality of the scanned truck image.

The supplemental circuit comprises a low-noise opera-
tional amplifier, wherein an output of the photodiode is
connected to an inverting input of the amplifier, and a
non-inverting input of the low-noise operational amplifier is
connected to ground, and a first resistor and a first capacitor,
connected in parallel between an output of the low-noise
operational amplifier and the inverting input of the low-
noise operational amplifier, second resistor, a third resistor
and a blocking capacitor, connected in series between the
output of the low-noise operational amplifier and an output
of the supplemental circuit, and a second capacitor con-
nected between the ground and a point between the second
and third resistors.

Additional features and advantages of the invention will
be set forth in the description that follows, and in part will
be apparent from the description, or may be learned by
practice of the invention. The advantages of the invention
will be realized and attained by the structure particularly
pointed out in the written description and claims hereof as
well as the appended drawings.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are intended to provide further
explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE ATTACHED
FIGURES

The accompanying drawings, which are included to pro-
vide a further understanding of the invention and are incor-
porated in and constitute a part of this specification, illustrate
embodiments of the invention and together with the descrip-
tion serve to explain the principles of the invention.

In the drawings:

FIG. 1 illustrates a conventional multi-channel system for
truck scanning.

FIG. 2 illustrates a multi-channel system for truck scan-
ning with a supplemental amplifier circuit.

FIG. 3 shows an electronic schematic of one channel
containing a supplemental circuit and an integrator.

FIG. 4 shows the performance of a conventional detector.

FIG. 5 shows the performance of a detector of the present
invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Reference will now be made in detail to the preferred
embodiments of the present invention, examples of which
are illustrated in the accompanying drawings.

To overcome these drawbacks, a supplemental circuit is
installed between the photodiodes and integrators, the circuit
comprising a low-noise operational amplifier with a low bias
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voltage of 50-100 pV and a bias current of 1-10 pA, along
with a high and low frequency filter. Also, the amplifier’s
non-inverting input is connected to a common bus, while its
inverting input is connected to a photodiode.

Between the amplifier’s output and its inverting input,
there is a high-value first resistor (around several MQ)
shunted with a smaller capacitance (about 15-30 pF). The
amplifier’s output is connected to the integrator’s input, via
second and third resistors and a blocking capacitor con-
nected in series, while the connection point between the
second and third resistors is connected to the circuit’s
common bus, via a second capacitor, as shown in FIG. 2,
which illustrates a multi-channel system for truck scanning
with a supplemental amplifier circuit.

In FIG. 2, 101,-101,, are scintillators; 102,-102,, are pho-
todiodes; 103,-103,, are integrators; 104,-104,, are analog-
to-digital converters; 105 is a data storage device; 106 is a
computer; 107 is an impulse radiation source; 208,-208,, is
a supplemental amplifier circuit. The supplemental circuit
isolates a capacitance of the photodiode from the integrator,
filters out low frequency signals from the photodiode, ampli-
fies the signal from the photodiode and reduces a bandwidth
of the photodiode seen by the integrator.

This solution allows to coordinate signal transfer band-
width and betatron impulse signal bandwidth with integra-
tion time by changing the capacitance that shunts the first
resistor, where the cut off frequency £, for photodiode signal
is determined by the equation 2xf R,C,=1, where R, is the
first resistor value, C, is its shunting capacitance, while the
noise bandwidth f, is determined by the integration chain
second resistor—second capacitor, where 2 nf R,C,=1.

By adding a blocking capacitor at the integrator’s input,
it is possible to make the output code baseline independent
both from temperature fluctuations and possible slight expo-
sure of scintillators to external light signals of constant
intensity (e.g., sunlight).

Also, when a supplemental circuit is added, integrator
noise is no longer influenced by high photodiode capaci-
tance, as the circuit separates photodiodes from integrators.

Moreover, the supplemental circuit 208 significantly
improves total sensitivity of the system by photodiode
signal-based amplification, which is K=R/(R,+R;), where
R, is the first resistor of the supplemental circuit, while R,
and R, are its second and third resistors correspondingly.

FIG. 3 shows an electronic schematic of one channel
containing a supplemental circuit and an integrator. In FIG.
3, 310 is a supplemental circuit; 311 is a photodiode; 312 is
an operational amplifier; 313 is a first resistor R; 314 is a
shunting capacitor C,; 315 is a second resistor R,; 316 is a
second capacitor C,; 317 is a third resistor R;; 318 is a
blocking capacitor C; of the high-pass filter.

The blocking capacitor and R,+R; are chosen, so that the
operational amplifier’s output signal would charge the inte-
grator’s capacitor up to 90-95% of its maximum value at a
pre-set integration time (e.g., at betatron impulse duration of
2 ps, radiation period of 2500 ps, and integration time of 50
us):

a) if R,+R;=200 kQ, then C,=1200-1500 pF;

b) if R,+R;=100 kQ, then C;=2400-3000 pF.

Thermal noise of a feedback resistor is

— 1
\Uzyer = VAKIRIA =861 v, W

where k=1.38-10"2* J/K is Boltzmann constant;
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4
T=300 K is temperature;
R,=5.6 MQ is resistance of the feedback resistor;
Af=800 Hz is transfer bandwidth.
Dark noise of a photodiode is

VUZa = 24l REA7 =285 v, @
where q=1.6-107*° C;
1,-10"° A is dark current of the photodiode.
Therefore, total noise of the supplemental circuit is
©)

\/Ur%oixe.ror = ‘/ Upise + Upoigeg =9 1V.

Then, noise current at the input of the integration chain is

/Dm @)

I =
! Ry + R3

=45.10712 A,

and its noise charge is

Oroise =L, =2250-10718 C, 5)

in tin

where t,,=50-107% s is integration time.

Since the Q,,, range of ADC DDC118 that corresponds to
maximum sensitivity is 50-107** C. ADC bit depth is 20
(n,,~10°), therefore an ADC step has a noise of

o 6
Qapc = Qe =50-1071% ¢, ©)
Tior
and therefore, the circuit noise, in ADC steps, is
noise 7
N = Q— =45 quants. D
Qapc

Empirical tests of the proposed schematic with a supple-
mental circuit including a low-noise operational amplifier
AD8656 showed that total noise of the demodulation system
is less than 32 ADC steps, which is close to the target value.

An article titled 4 low noise multi-channel readout IC for
X-ray cargo inspection (published in Journal semiconduc-
tors, April, 2013, Vol. 34, #4 P045011-1-P045011-6)
describes a schematic similar to FIG. 1, and lists the results
of its analysis. The expressions and formulas from this
article can be used to calculate noises generated by employ-
ing a scintillator, a photodiode, an integrator, and an ADC.
The results are as follows:

Total noise of the integration cascade is

®

C 2
2 72 pd 2
Vpre,xample,ror ~ Vpd,im,rort Cf ] + Vpre,im,hoki-

The first addend—photodiode noise V,, @ intsor —is defined
as follows:
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ng,im,rm = ﬁd,im,amp + ng,im,holds )
where

— 4 kT Cy 10
Viod intamp ® 307 m AT

AP " 37 Co Cpg + Cp + Cpg
% kT Cy ( C, cpa+cf] (1
; N =1
pd_int,hold C. CpatCr +Cpa 8mPhold Cra c;

where 0=2.1 is correction coefficient; k=1.38-1072* J/K is
Boltzmann constant; T=300 K; C, =440 pF is photodiode
capacitance; C/~12.5 pF is integrator feedback capacitance;
C,.=2.1 pF is amplifier’s input capacitance; C.=128 pF is
capacitance added to the amplifier for its stable operation;
g,=1271 pQ; R, , =9 kQ is integrator key resistance.
Meanwhile, amplifier noise mejm’holdz is

12
ere,im,ror = ere,im,amp + ere,im,holda o)
where
7 4 kT Cpa+ Cy+Cpa (%)

pre_int,amp = 505 C. C;

kT Cy (14

vz ~ Ruoud| 2
pre_inthold = C. CpatCr +Cpa 8m R hold C; s

where total noise is defined by equation 8.

By adding a supplemental circuit between a photodiode
and an integrator (as shown in FIG. 2 and FIG. 3), it is
possible to remove the influence of photodiode capacitance
on the integrator operation. In this case, one may calculate
the noise of the analogous schematic when a photodiode
with a capacitance of 440 pF is added to the integrator’s
input and compare it with the noise in case there is no such
capacitance at the integrator’s input, only an input capaci-
tance of the operational amplifier and a stray capacitance of
the board bearing the supplemental circuit of the present
invention.

For instance, let total capacitance at the integrator’s input
be 10 pF, then, using expressions (8)-(14) and the values of
both capacitances at the integrator’s input (440 pF and 10 pF
respectively), it can be calculated that the noise of the
analogous schematic would decrease by a factor of 7.3, if the
supplemental circuit were added.

Also, the supplemental circuit amplifies the photodiode
signal with a factor of up to K=R,/(R,+R}) at direct current.

The schematic was modelled using MicroCap8 software
that has shown that when a low-noise amplifier AD8656, a
feedback resistor R1 (313)=5600 K€, its shunting capaci-
tance C, (314)=22 pF, R2 (315)=100 KQ, R3 (317)=100
KQ, C, (316)=220 pF, C; (318)=1200 pF provides a factor
of 8.1 amplification of supplemental circuit, where the
betatron generates an impulse with a duration of 2 ys.

Thus, by adding a supplemental circuit, as disclosed in the
present invention, it is possible to significantly improve the
system sensitivity, increase signal-to-noise ratio, signifi-
cantly reduce the influence of photodiode capacitance on the
total noise of the system and reduce the influence of tem-
perature fluctuations on the system operation, thanks to a
blocking capacitor C; (318)=1200 pF. This capacitor also
removes slight exposures, which are possible in actual
implementation.

The multi-channel system for truck scanning with an
impulse radiation source of the present invention was devel-
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6

oped and implemented without photodiodes; its noise was
around 5-7 steps of a 20-bit ADC DDC118. When photo-
diodes were added, noise increased to 31-32 ADC quants,
wherein R,;=5600 KQ, C,=22 pF, R,=R;=100 KQ, C,=220
pF, C5=1200 pF. When R,=R; was increased to 510 KQ, C,
was reduced to 51 pF, and C; to 240 pF, noise decreased to
7-9, though system sensitivity also decreased. In order to use
the full dynamic range of the circuit, the betatron has to be
replaced with a more powerful radiation source, i.e., a
linatron.

Experiments conducted to compare the conventional
detector and the detector of the present invention, using a
betatron impulse source of the same energy in both cases,
show the superiority of the inventive photodector. FIG. 4
shows the conventional detector, which detects less than
200000 radiation quanta, with a noise of 40 units. The
inventive photodetector circuit, as shown in FIG. 5, gives
over 800000 radiation quanta, with a noise of 30 units.

Having thus described a preferred embodiment, it should
be apparent to those skilled in the art that certain advantages
of the described method and apparatus have been achieved.

It should also be appreciated that various modifications,
adaptations, and alternative embodiments thereof may be
made within the scope and spirit of the present invention.
The invention is further defined by the following claims.

What is claimed is:

1. A multi-channel system for truck scanning, comprising:

an impulse radiation source;

a plurality of detection circuits, each detection circuit
comprising a scintillator, a photodiode, a supplemental
circuit, an integrator and an Analog to Digital Con-
verter (ADC), connected in series,

wherein a current of the photodiode is proportional to
impulse gamma radiation from the impulse radiation
source;

a data storage device storing outputs of the ADCs and
providing the stored outputs to a computer that converts
the outputs to a shadow image of the scanned truck,

wherein the supplemental circuit isolates a capacitance of
the photodiode from the integrator, filters out low
frequency signals from the photodiode, amplifies the
signal from the photodiode and reduces a bandwidth of
the photodiode seen by the integrator, and

wherein the supplemental circuit includes a low noise
amplifier to reduce an influence of capacitance of the
photodiode on system noise.

2. The system of claim 1, wherein the supplemental circuit
reduces an influence of photodiode temperature changes on
a quality of the scanned truck image.

3. The system of claim 1, wherein the impulse radiation
source is a betatron.

4. The system of claim 1, wherein the impulse radiation
source generates pulses of about 2 microsecond duration.

5. A multi-channel system for truck scanning, comprising:

an impulse radiation source;

a plurality of detection circuits, each detection circuit
comprising a scintillator, a photodiode, a supplemental
circuit, an integrator and an Analog to Digital Con-
verter (ADC), connected in series,

wherein a current of the photodiode is proportional to
impulse gamma radiation from the impulse radiation
source;

a data storage device storing outputs of the ADCs and
providing the stored outputs to a computer that converts
the outputs to a shadow image of the scanned truck,

wherein the supplemental circuit isolates a capacitance of
the photodiode from the integrator, filters out low
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frequency signals from the photodiode, amplifies the
signal from the photodiode and reduces a bandwidth of
the photodiode seen by the integrator,

wherein the supplemental circuit includes a low noise
amplifier to increase a signal-to-noise ratio of the
system.

6. A multi-channel system for truck scanning, comprising:

an impulse radiation source;

a plurality of detection circuits, each detection circuit
comprising a scintillator, a photodiode, a supplemental
circuit, an integrator and an Analog to Digital Con-
verter (ADC), connected in series,

wherein a current of the photodiode is proportional to
impulse gamma radiation from the impulse radiation
source;

a data storage device storing outputs of the ADCs and
providing the stored outputs to a computer that converts
the outputs to a shadow image of the scanned truck,

wherein the supplemental circuit comprises:

a low-noise operational amplifier,

wherein an output of the photodiode is connected to an
inverting input of the amplifier, and a non-inverting
input of the low-noise operational amplifier is con-
nected to ground,

a first resistor and a first capacitor, connected in parallel
between an output of the low-noise operational ampli-
fier and the inverting input of the low-noise operational
amplifier,

a second resistor, a third resistor and a blocking capacitor,
connected in series between the output of the low-noise
operational amplifier and an output of the supplemental
circuit, and

a second capacitor connected between the ground and a
point between the second and third resistors.

7. The system of claim 6, wherein the first resistor is at

least 2 MQ.
8. The system of claim 6, wherein the second resistor is
100 KQ-600 KQ.

9. The system of claim 6, wherein the third resistor is 100
KQ-600 K.

10. The system of claim 6, wherein the first capacitor is
15-30 pF.

11. The system of claim 6, wherein the second capacitor

is 200-240 pF.
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12. The system of claim 6, wherein the blocking capacitor
is 1200-3000 pF.

13. The system of claim 6, wherein the low-noise opera-
tional amplifier has a bias voltage of up to 100 pV and a bias
current of up to 10 pA.

14. A multi-channel system for object scanning, compris-
ing:

an impulse radiation source;

a plurality of detection circuits, each detection circuit
comprising a scintillator, a photodiode, a supplemental
circuit, an integrator and an Analog to Digital Con-
verter (ADC), connected in series,

wherein the photodiode produces an output that is pro-
portional to radiation from the impulse radiation
source;

a computer that converts the outputs of the photodiodes to
a shadow image of the scanned truck,

wherein the supplemental circuit isolates a capacitance of
the photodiode from the integrator, amplifies the signal
from the photodiode and reduces a bandwidth of the
photodiode seen by the integrator, and

wherein the supplemental circuit includes a low noise
amplifier to reduce an influence of photodiode tem-
perature changes on a quality of the scanned object
image.

15. The system of claim 14, wherein the supplemental

circuit filters out low frequency signals from the photodiode.

16. The system of claim 14, wherein the supplemental
circuit reduces an influence of photodiode temperature
changes on a quality of the scanned image.

17. The system of claim 14, wherein the supplemental
circuit comprises an operational amplifier, wherein an output
of the photodiode is connected to an inverting input of the
amplifier, and a non-inverting input of the operational ampli-
fier is connected to ground,

a first resistor and a first capacitor, connected in parallel
between an output of the operational amplifier and the
inverting input of the operational amplifier,

a second resistor, a third resistor and a blocking capacitor,
connected in series between the output of the opera-
tional amplifier and an output of the supplemental
circuit, and

a second capacitor connected between the ground and a
point between the second and third resistors.
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