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Abstract—The high sensitivity time correlated single photon
counting system (with photomultiplier tube) for biomedical
measurements was designed and tested. Photon time of flight
through a parafine wax phantom was modeled by Monte Carlo
simulation and next measured by the device. Mean time delay
introduced by a phantom is in a good agreement with simulation
results. The results presented in this paper demonstrate the
feasibility of measuring the optical response with the device.
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I. INTRODUCTION

PTICAL tomography is a quite well established method

for medical and biological imaging, especially for
functional imaging [3]. Visible light and near-infrared (NIR)
light interact with biological tissue in absorption and scattering
processes. There are many physiologically interesting
molecules, which have characteristic absorption spectra at
these wavelengths.

Unlike X rays, near infrared photons do not cause tissue
damage. The main stream of progress in optical tomography
field has focused on developing time of flight devices, which
can measure time response of examined objects. In biological
and medical measurement, the differing absorption
characteristics of oxy- and deoxy- haemoglobin in this
wavelength range can then be exploited to yield information
about spatial variations in oxygenation and blood volume deep
within the tissue. The distinctive scatter properties of tissues
such as tumors, gray matter and white matter in the NIR range
also provide diagnostic information. NIR techniques can be
used to monitor the progression of conditions and potentially
allow new treatments to be developed, and the response to
treatment to be monitored. Detecting abnormalities in the
function of tissues should allow earlier intervention than most
other imaging modalities, which are unable to detect events
that do not manifest as a gross change in tissue structure or
composition. Optical technique offers a number of important
advantages over both MEG and fMRI, both of which involve
the use of large, heavy, and expensive equipment. Often, an
entire portion of a building must be dedicated to these
measurements, since elaborate magnetically shielded
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enclosures must be constructed to both shield the equipment
from ambient magnetic fluctuations and in certain cases (high-
field MRI) to protect the outside environment from the
emanation of stray magnetic fields. Both MEG and fMRI also
require that the subject remains motionless to within the order
of a voxel over the duration of the experiment, or else spatial
resolution could be severely compromised. This makes both
MRI and MEG measurements of uncooperative subjects
(animals and infants, for example) nearly impossible without
pharmacologic intervention. Although anesthesia will render a
subject motionless for many hours, it can also severely affect
normal neural function, while making voluntary response
measurements nearly impossible.

Breast imaging using NIR light would reveal information
about the functional, absorbing and scattering properties of
suspicious lesions. Current breast screening and diagnostic
techniques are either invasive, uncomfortable or provide little
specificity. Optical tomography offers the opportunity to
identify the nature of a lesion without the need for
compression of the breast or the use of ionizing radiation or
biopsy. Arm imaging allows the efficacy of optical
tomography methods to be evaluated since functional changes
in the arm can be readily induced and its size is similar to that
of an infant’s head.

Creating an imaging system that uses NIR light is not
straightforward due to the scattering properties of tissue.
Because the light quickly becomes diffuse as it traverses
tissue, it is not possible to deduce the internal absorbing
structure by simply looking at a number of projections (as is
the case in x-ray imaging).

Time correlation single photon counting can be used in time
of flight measurement, especially in optical tomography [1, 4].
In this work a system for photon time of flight measurement by
means of photon counting was developed.

II. THEORY

Photon propagation in turbid media can be approximately
described by diffusion equation, which in infinitive
homogenous media with radial symmetry takes form [5]:
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where:

r - distance from a source, ¢ - time, ¢ - speed of light, @ -
photon fluence rate, x4, - absorption coefficient, D - diffusion
constant, 4 - scattering coefficient, g - scattering anisotropy
coefficient, S, - energy of light pulse, & - Dirac delta function.
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Relation between diffusion constant and the other optical
parameters is given by:

D= ! . 2)
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The solution of equation (1) is [4]:
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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:

O(r,t) =
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where:
& 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+su,
yi=y+su,, (5)
Z'=z+su,

where:
(ke th, tt) - the direction of photon move. Internal photon time
is increased by:
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After photon is moved, a kind of interaction: absorption or
scattering, is sampled.
_Ha
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probability of scattering is /- P,. If scattering is sampled then
the new photon direction of move is calculated from:

The probability of absorption P, is equal and
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Here &denotes polar angle, calculated from the formula:
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for g>0 and from the formula:
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Fig. 1. The block schema of simple Monte Carlo program for photon
migration in infinitive media.

cosd =25 -1, ©)
for g=0.

In the above equations & denotes a random variable with
uniform distribution in the (0, /) range. Azimuth angle ¢ is
sampled form the uniform distribution in the (0, 27) range.
When absorption is sampled then the photon position is
checked. If it is in the (», r+dr) range, where r is source-
detector 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
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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 ps (0 to
1.8us 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, 9-
stage, 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.

light pulses
generator

time-to-digital
converter

PMT module

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

Openby: € Descipton & Seisl  © Dav i GP2- Reokter 0
Seaich | [123 Hea stat [ of rangs
Neg siop1 [~
of rangs
Negsiop2 [~ % 0R r
Chamait ¢ i
= &
M [DLP-USEZ reads. Rege D0 otz € OR Configure GP2
€ anp
Fass Calibiate:
Autecalbiate [
r camrale 7| | g @ Timsout i
Dala Receivert B (2 iy
255 254 73 0071010 Highspeed & 807 | 0l o
C0g2331 0105 9: dlack dider C b2 & AL Siant
1099931 0106 ~byd
1010633 1088 33
1010693107132 63
1000931 010693 it — Operations. —Ac qu
1006000
D00 00252251 250 Magative init B
Slm Clear bufor 1 gg:ﬁ';
E Bytes Faceived Clear 01me Ermlrizg saeen
tem
timer €11 al EE‘.‘E‘E ;I
Fio ~ 10m: EE 2 2
5 o - ~BF2 contest
e~ Re; QSH byte
REry BT o0 sgma D
cie oo = | =

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 £4,=0.05 cm™, the tree
values of light scattering coefficient were used: s, =0.5 cm™,
s, =1.0 em, g4, =2.0 cm™. 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 4 =1.0 cm’, the tree
values of light absorption coefficient were used:£,=0.025 cm™,
1,=0.05 cm™, 1,=0.1 cm™. Values of other parameters were:
2=0, n=1.47. The results of computations are shown in the
Figure 6.
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Fig. 5. Theoretical time response for various light scattering coefficient.
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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.
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Fig. 8. The geometry of the time of flight measurements for paraffin wax
cylinder phantom (height 5.7 cm).
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Fig. 9. Measured time response with and without a phantom.

The another simulation was done with the following
parameter values: z4,=0.04 cm'l, L =1.1 cm'l, 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 s =1.1 cm™ and g=0 was used
instead of unknown value of g and g, which yields the same
value of reduced scattering coefficient (/-g) g, 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

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.

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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