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37,&$/ WRPRJUDSK\ LV D TXLWH ZHOO HVWDEOLVKHG PHWKRG
IRU PHGLFDO DQG ELRORJLFDO LPDJLQJ HVSHFLDOO\ IRU
IXQFWLRQDO LPDJLQJ >@ 9LVLEOH OLJKW DQG QHDULQIUDUHG 1,5 
OLJKWLQWHUDFWZLWKELRORJLFDOWLVVXHLQDEVRUSWLRQDQGVFDWWHULQJ
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PROHFXOHV ZKLFK KDYH FKDUDFWHULVWLF DEVRUSWLRQ VSHFWUD DW
WKHVHZDYHOHQJWKV
8QOLNH ; UD\V QHDU LQIUDUHG SKRWRQV GR QRW FDXVH WLVVXH
GDPDJH 7KH PDLQ VWUHDP RI SURJUHVV LQ RSWLFDO WRPRJUDSK\
ILHOG KDV IRFXVHG RQ GHYHORSLQJWLPHRIIOLJKWGHYLFHVZKLFK
FDQPHDVXUHWLPHUHVSRQVHRIH[DPLQHGREMHFWV,QELRORJLFDO
DQG PHGLFDO PHDVXUHPHQW WKH GLIIHULQJ DEVRUSWLRQ
FKDUDFWHULVWLFV RI R[\ DQG GHR[\ KDHPRJORELQ LQ WKLV
ZDYHOHQJWK UDQJH FDQ WKHQ EH H[SORLWHG WR \LHOG LQIRUPDWLRQ
DERXWVSDWLDOYDULDWLRQVLQR[\JHQDWLRQDQGEORRGYROXPHGHHS
ZLWKLQ WKH WLVVXH 7KH GLVWLQFWLYH VFDWWHU SURSHUWLHV RI WLVVXHV
VXFKDVWXPRUVJUD\PDWWHUDQGZKLWHPDWWHULQWKH1,5UDQJH
DOVR SURYLGH GLDJQRVWLF LQIRUPDWLRQ 1,5 WHFKQLTXHV FDQ EH
XVHG WR PRQLWRU WKH SURJUHVVLRQ RI FRQGLWLRQV DQG SRWHQWLDOO\
DOORZ QHZ WUHDWPHQWV WR EH GHYHORSHG DQG WKH UHVSRQVH WR
WUHDWPHQW WR EH PRQLWRUHG 'HWHFWLQJ DEQRUPDOLWLHV LQ WKH
IXQFWLRQRIWLVVXHVVKRXOGDOORZHDUOLHULQWHUYHQWLRQWKDQPRVW
RWKHU LPDJLQJ PRGDOLWLHV ZKLFK DUH XQDEOH WR GHWHFW HYHQWV
WKDW GR QRW PDQLIHVW DV D JURVV FKDQJH LQ WLVVXH VWUXFWXUH RU
FRPSRVLWLRQ 2SWLFDO WHFKQLTXH RIIHUV D QXPEHU RI LPSRUWDQW
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WKH XVH RI ODUJH KHDY\ DQG H[SHQVLYH HTXLSPHQW 2IWHQ DQ
HQWLUH SRUWLRQ RI D EXLOGLQJ PXVW EH GHGLFDWHG WR WKHVH
PHDVXUHPHQWV VLQFH HODERUDWH PDJQHWLFDOO\ VKLHOGHG
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Relation between diffusion constant and the other optical
parameters is given by:
1
D=
.
(2)
3(µ a + µ s (1 − g ) )
The solution of equation (1) is [4]:
 r2

cS 0
(3)
Φ(r, t ) =
exp −
− µ a ct  .

(4πDct )3/ 2  4 Dct

Full physical model of photon transport in media requires
Monte Carlo simulation [6]. The block schema of simple
Monte Carlo program for photon migration in infinitive media
is shown in the Figure 1. At the start of the program all
variables are initialized and new photon is launched. Its
starting position is, for example, vector (x=0, y=0, z= 0). The
direction of photon move is sampled from isotropic
distribution. Then distance s to interaction point is sampled
from the formula:
1
s=
ln ξ ,
(4)
µa + µ s
where:
ξ is random variable with uniform distribution in the range (0,
1). The photon is moved from its starting position (x, y, z) to
the new one (x’, y’, z’):

x ′ = x + sµ x
y ′ = y + sµ y ,

s
t' = t + .
c

(6)

After photon is moved, a kind of interaction: absorption or
scattering, is sampled.

µa

and

µa + µ s

probability of scattering is 1- Pa. If scattering is sampled then
the new photon direction of move is calculated from:

µ ′y =

sin θ
2
1 − µz
sin θ
2
1 − µz

(µ x µ y cos ϕ − µ y sin ϕ ) + µ x cos θ

(µ y µ z cos ϕ + µ x sin ϕ ) + µ y cos θ . (7)
2

µ ′z = − sin θ cos ϕ 1 − µ z + µ z cos θ
Here θ denotes polar angle, calculated from the formula:


2 2 


2  1− g
cos θ =
1 + g − 
 ,
2g 
 1 − g + 2 gξ  

1

for g>0 and from the formula:

(9)

for g=0.

where:
(µx, µy, µz) - the direction of photon move. Internal photon time
is increased by:

µ ′x =

cos θ = 2ξ − 1 ,

(5)

z ′ = z + sµ z

The probability of absorption Pa is equal

Fig. 1. The block schema of simple Monte Carlo program for photon
migration in infinitive media.

(8)

In the above equations ξ denotes a random variable with
uniform distribution in the (0, 1) range. Azimuth angle ϕ is
sampled form the uniform distribution in the (0, 2π) range.
When absorption is sampled then the photon position is
checked. If it is in the (r, r+dr) range, where r is sourcedetector distance and dr is the width of detection layer, the
number of detected photon is increased by one in the
corresponding time bin.
III. DESIGNED TIME CORRELATED SINGLE PHOTON COUNTING
SYSTEM
The high sensitivity time correlated single photon counting
system for biomedical purposes was designed and tested. The
block schema of developed system is shown in the Figure 2.
Light photons emitted from the source, after transmission
through an examined object (phantom), are detected by
photomultiplier tube. The system measures the time interval
between photon emission moment (START signal) and photon
detection moment (STOP signal). Every count is added to the
time interval histogram, which creates time response curve.
Laser sources with very short pulses were not available for
the authors, so a generator of short light pulses, with duration
length about 1 ns, based on LED diode (wavelength 660 nm),
was made in our laboratory. It was an inexpensive compact
nanosecond LED pulser, proposed by J. S. Kapustinsky and
his colleagues [2]. The pulser is based on a fast discharge of a
small capacitor via a complementary pair of RF transistors.
One of the most important advantages of the pulser is a

TIME CORRELATED SINGLE PHOTON COUNTING SYSTEM FOR OPTICAL MEASUREMENTS

303

Fig. 2. The block schema of developed time single photon counting system.

possibility to easily adjust the light pulse intensity of LEDs by
varying a power supply voltage in contrary to other pulsers
based on avalanche transistors where changing amplitude of
light pulses in a wide range is more complicated. This pulser
provides high performance, simplicity, convenience, and
robustness.
In the above system current pulses from photomultiplier
tube (PMT) were converted into voltage pulses in wide-band
amplifier. Voltage pulses were fed to an ultra-fast comparator,
which produced short digital pulses (created by fast PECL
logical circuits). These pulses served as STOP signals, which
entered one of inputs of ultra-fast time-to-digital converter
(TDC).
Time-to-digital converter was TDC-GP2 chip, produced by
Acam. Digital TDCs use internal propagation delays of signals
through gates to measure time intervals with very high
precision. Intelligent circuit structures, redundant circuitry and
special methods of layout on the chip make it possible to
reconstruct the exact number of gates passed by the signal.
Measurement range of this chip is from 3.5 ns to 1.8 µs (0 to
1.8µs between stop channels). Its theoretical time resolution
was about 50 ps rms.
A START signal, that controlled LED driver and entered
the second input of the TDC, was produced by
microcontroller.
The Hamamatsu fast PMT type R6350 (13 mm diameter, 9stage, side-on type) was used as photon detector. This tube has
spectral response from UV to visible light (180 nm to 650 nm)
and typical rise time 1.4 ns. The tube photocathode was Sb-Cs.
The modular construction of the device, in particular high
voltage PMT supplying module, is visible in the block schema.
The system was controlled by fast 32-bit ARM embedded
microcontroller type LPC2106, which communicated to PC
computer by Universal Serial Bus.
A photograph of the complete system with details of
mechanical construction is shown in the Figure 3. PMT
module, as well as examined object, was enclosed in light tight
brass box.
The acquisition and control program was written in C++
language. The program enables data reading from the device
and control high voltage supply of the PMT and of the
comparator threshold. The main window of the program was
shown in the Figure 4.

Fig. 3. Complete system for time of flight measurement.

Fig. 4. The main window of the acquisition program.

IV. THE RESULTS OF ANALYTICAL CALCULATION AND MONTE
CARLO SIMULATIONS
Theory presented earlier was applied to analytical
calculations of time response for various optical parameters.
For fixed light absorption coefficient µa=0.05 cm-1, the tree
values of light scattering coefficient were used: µs =0.5 cm-1,
µs =1.0 cm-1, µs =2.0 cm-1. Values of other parameters were:
g=0, n=1.47. The results of computations are shown in the
Figure 5.
Amplitude of time response decreases with increasing of
light scattering coefficient. Peaking time is increased with
increasing scattering coefficient.
For fixed light scattering coefficient µs =1.0 cm-1, the tree
values of light absorption coefficient were used:µa=0.025 cm-1,
µa=0.05 cm-1, µa=0.1 cm-1. Values of other parameters were:
g=0, n=1.47. The results of computations are shown in the
Figure 6.
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Fig. 8. The geometry of the time of flight measurements for paraffin wax
cylinder phantom (height 5.7 cm).
Fig. 5. Theoretical time response for various light scattering coefficient.

Fig. 9. Measured time response with and without a phantom.
Fig. 6. Theoretical time response for various light absorption coefficient.

The another simulation was done with the following
parameter values: µa=0.04 cm-1, µs =1.1 cm-1, g=0, n=1.47.
These values were chosen by measurement of optical
parameters by means of dc signal amplitude [3]. The
combination of such values of µs =1.1 cm-1 and g=0 was used
instead of unknown value of µs and g, which yields the same
value of reduced scattering coefficient (1-g) µs. The number of
simulated photons was 2000000. Theoretical time response
curve was calculated from the equation (1). Both time
responses: theoretical and simulated were shown in the Figure
7.
A quite good fit between theory and Monte Carlo simulation
is visible.
V. THE RESULTS OF DEVICE TESTS

Fig. 7. Theoretical and simulated by Monte Carlo method time response.

Amplitude of time response decreases with increasing of
light absorption coefficient. Peaking time is increased with
increasing absorption coefficient.

The time response distribution was measured for two cases:
with and without a paraffin wax phantom. The phantom was
cylindrical: height was 5.7 cm and radius was 3.15 cm. The
light source was located on the phantom axis as well as the
detector. The measurement geometry is shown in the Figure 8.
Measured time response with and without a phantom is
shown in the Figure 9. Delay line was used in the measurement
system, so there was the shift about 44 ns in time axis. Only
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time differences between two responses: with and without
phantom are important.
These experimental results were confirmed by both Monte
Carlo simulation and analytical calculation. The tests of
developed device confirmed its usefulness for single photon
counting measurements.
There is clearly visible the time shift (of order 0.8 – 0.9 ns)
between two time responses: with and without paraffin wax
phantom. The predicted from simulations first moment shift in
the distribution (mean time) is approximately 0.8 ns.
Fluctuations in the curves are caused by poor photon
counting statistics.
VI. CONCLUSIONS
Analytical computations, based on simplified diffusion
theory, were made, as well as Monte Carlo simulation. The
results of the computations confirmed that time response curve
depends on optical parameters of examined object. It enables
determination light scattering and absorption coefficients by
time of flight measurements.
The digital TDC-GP2 chip seemed to be very suitable for
time correlated single photon counting system. Its time
resolution is sufficient for assumed precision in optical
systems.
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The experimental results presented in this paper
demonstrate the feasibility of measuring the optical response
with the device. The device parameters are sufficient for
noninvasive optical parameters of tissue measurement.
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