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Simulation of continuous terahertz wave transient

state thermal effects on static water*
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We report a numerical simulation of continuous terahertz beam induced transient thermal effects on static water.

The terahertz wave used in this paper has a Gaussian beam profile. Based on the transient heat conduction equation,

the finite element method (FEM) is utilized to calculate the temperature distribution. The simulation results show

the dynamic process of temperature change in water during terahertz irradiation. After about 300 s, the temperature

reaches a steady state with a water layer thickness of 5 mm and a beam radius of 0.25 mm. The highest temperature

increase is 7 K/mW approximately. This work motivates further study on the interaction between terahertz wave and

bio-tissue, which has a high water content.
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1. Introduction

Applications of terahertz (THz) technology have
developed a great deal in the areas of package
inspection, ! bio-tissue imaging,[2] drug inspection, !
security monitor,*) communication,! water concen-
tration measurement, ! etc. The energies of THz pho-
tons are relatively lower than X-rays and safer for bio-
tissue. However, this technology is not perfect. As
bio-tissue has a high water content and because water
can strongly absorb the THz wave, an obvious thermal
effect may be induced in a biological body. In some ex-
periments, it has been found that unusual behaviours
occur under a certain THz irradiation, e.g. uncon-
ventional behaviour of male mice,!”) abnormal DNA
dynamics DNA,® and infringement of neuron cellular

(9] (0] reported a

membranes.”) Recently, Torben et al.
model of THz heating in water. Their paper was the
only paper dealing with this subject until now. The
increase in temperature can cause instability in some
parameters during the THz application. With a beam
spot of 0.5 mm, the temperature increased 1.8 K/mW.
However, they only discussed the temperature change

in a steady state. In addition, it is unrealistic to take
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the beam profile to be uniform.

The temperature distribution in a transient state
is very important. During different THz applications,
the irradiation times are different. It is necessary to
know the time to reach a steady state and the dy-
namic process of temperature change, so that we can
pay more attention to those significant thermal effects
at a certain time. In addition, the Gaussian beam
profile should be taken into consideration because it
is more practical. The thermal effect can also be more
obvious than the uniform beam profile because the
power density is higher in the centre.

In this paper, by using Comsol software, we sim-
ulate the dynamic process of temperature rising with
time in static water under THz irradiation. The THz
wave has a Gaussian beam profile. From the simu-
lation results, we find that the thickness of the wa-
ter layer has an obvious influence on the time that is
needed to arrive at a steady state, but the effects of
the initial temperature of water and the source factors
(beam radius, power, frequency) are small. It takes
about 300 s for the temperature to reach a steady
state when the water layer thickness is 5 mm and the
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beam radius is 0.25 mm. The maximum temperature
rise is 7 K/mW.

2. Method

The conventional THz-TDS causes little tempera-
ture change and it can be negligible.['%) We mainly fo-
cus on the thermal effect caused by a continuous THz
wave. The absorption coefficient of water for a THz
wave is relatively large. The typical value is of the
order of 10> em™!-10% em™!. According to Lambert—
Beer law, the transmission of a THz beam through
a l-mm-thick water layer is about zero, see Eq. (1)

below
I

:TOZ

where I and I are the intensities of the incident beam

T e 0, (1)

and the transmitted beam, respectively, and d is the
penetration depth. So we consider that the incident
power is completely absorbed by the water. At the
water—air interface, the reflective rate is about 13%
for 1 THz.['% So there is a small difference between
the incident power and the transmitted power. In this
paper, we mainly investigate the transmitted power.

We choose a cylindrical water layer with thickness
d and radius b as the model. The THz beam with ra-
dius a transfers through the centre of the circle point
on the top surface (Fig. 1).

Fig. 1. Geometry of the water layer in the cylinder coor-
dinate system.

The classical transient heat conduction equation
is used in our simulation and it reads

oT
peor =VEDV) +Qr2),  (2)
where p is the water density; c is the water specific
heat; T is the temperature distribution function of
r, z, and t; k is the thermal conductivity of water;

Q(r, 2) is the dissipated power density at the point (r,

%), which can be determined by
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where P is the total power dissipated in the water and
« is the absorption coefficient.

Values for the parameter thermal conductiv-
ity k£ and absorption coefficient o need not to be
discussed.[112=14] For the calculation of the heat
equation, we still need to set appropriate boundary
conditions. A significant temperature change occurs

[10] it is reasonable to as-

mainly on the top surface,
sume that the heat loss to the air is negligible. We
take the surface A as being heat insolated. On the
surface C, temperature increase caused by the laser
is relatively small. So we consider the heat loss to
be equal to the heat received, thus the temperature
is kept constant. The side surface B is far from the
source area, so we consider the temperature to be con-

stant (Table 1).

Table 1. Definitions of boundary conditions.

Surface A: z = 0 T /0z =0
Surface B: r= b T =Ty
Surface C: z = d T ="1Ty

3. Simulation

We utilize Comsol software to perform the finite
element method. The other parameters for the simu-
lation are listed in Table 2.

Table 2. Initial values for the simulation.

Initial temperature/K Tp=298.15
Frequency/THz f=1
Dissipated power/mW P=1
Beam radius/mm a=0.25
Water layer thickness/mm d=5
Water layer radius/mm b =130

In many cases, the medium is a slice which has
a relatively small thickness. In our model, we set the
thickness d = 5 mm and compare the temperatures
between layers of different thickness. The thickness
value is big enough to make the THz wave interact
with the medium. In Fig. 2, we investigate the pro-
cesses of temperature change at different points on the
z axis (r = 0). It is clearly seen that the temperatures
at different depths increase fast in the first 100 s, ow-
ing to the large slope. After about 300 s, the temper-
ature trends to be constant. It is also proved that for
Gaussian beam profile, the increment of steady state
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temperature is higher than that of the uniform beam
profile (~ 1.8 K).[10
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Fig. 2. Relationship between temperature and time to
reach a steady state in different depths.
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Fig. 3. Temperature versus time for (a) z = 0 along the
r coordinate and (b) r = 0 along the z coordinate.

The processes of temperature increase on the top
surface (z = 0) and in different depths (r = 0) are
shown in Fig. 3. The exponential attenuation profiles
along the r direction and the penetration depth verify
the theory very well. All the lines overlap after about
300 s under the THz irradiation and the temperature
reaches a steady state.

We are still concerned with the area that has a
remarkable temperature increase. On the radial coor-
dinate, we choose three different points r = a, r = 2a,
and r = 4a. The temperature distributions along the
z axis are shown in Fig. 4. When z > 2.5 mm, the tem-
perature trends to be the same after 300 s at different
points along the r axis, owing to the limited penetra-
tion depth of the THz beam in water. In Fig. 3(a), in
the radial direction (z = 0), the maximum tempera-
ture increase is about 44% at r = 4a (3.05 K) relative
tor =0 (6.96 K).
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Fig. 4. Relationships between temperature and penetra-
tion depth with different radii on the top surface.

The calculations of water layer with different
thicknesses and initial temperatures are shown in
Fig. 5 and Fig. 6, respectively. The heating time to
reach stability becomes shorter for thin layers. For
d = 1 mm, the heating time is just about 25 s while
for d = 5 mm, it is 300 s. As the thickness rises, the
maximum temperature increases. It is easy to under-
stand because more water absorbs more energy and
needs more time. If the layer is too thin, the heat
lost from the bottom surface is larger and the thermal
equilibrium is easier to reach. However, the times ex-
pended in reaching a steady state for different initial

temperatures of water are almost the same.

104205-3



Chin. Phys. B Vol. 20, No. 10 (2011) 104205

306 " T
d=50 4
p—————r——1
k4
=
g * *
z
2
2
§
& -+ d=10
300 = d=2.0
d=3.0
—d=4.0
~—d=>5.0
2980 100 200 300

Time/s

Fig. 5. Relationships between temperature and time for
different thicknesses of water layer.
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Fig. 6. Relationships between temperature and time for
different initial temperatures of water layer.

306

304

e

S

©

B

g 302

=9

E H—'"'_'_—a . : - ﬂ

ot > > i a = 0.50
SO0y a =075

T a=1000

298

0 100 200 300 400 500
Time/s

Fig. 7. Relationships between temperature and time with
a THz wave of different beam radii.

In Figs. 7-9, we analyse the influence of the source
factors: the beam radius, the power and the frequency.

For different beam radii, powers and frequencies, the
time expended in reaching a steady state is almost the
same. As the beam radius increases, the power density
decreases and the thermal effect becomes weak. The
temperature increment is proportional to the power
and the maximum value is 7 K/mW approximately.
We can restrict the thermal effect by reducing power

and frequency.
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Fig. 8. Relationships between temperature and time for
THz waves with different powers.
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Fig. 9. Relationships between temperature and time for
THz waves with different frequencies.

The contours in Fig. 10 show the process of tem-
perature rising with time for the case of beam radius
a = 1 mm. The temperature changes fast during the
first 60 s and becomes constant after about 300 s. The

highest temperature is at the centre of the incident
surface.

104205-4



Chin. Phys. B Vol. 20, No. 10 (2011) 104205

t=15s

299.0
298.8
208.6
208.4
208.2

t=30s t=60s
299.4
299.0

208.6

208.2

t=2300s

Fig. 10. Contours of temperature distribution versus time.

4. Conclusion

We report a simulation of transient temperature
change on a static water layer exposed to a continu-
ous THz wave. We learn that temperature takes about
300 s to reach a constant state under the conditions
in our paper. The beam radius, the power and the
frequency each have a small influence on the heating
time, owing mainly to the thickness of the layer. The
heating time depends mainly on the thickness of the
layer. In this paper, we investigated the thermal effect
on a relatively thin layer, which exists in many real-
istic cases but has not been studied yet. The beam
has a Gaussian beam profile with a radius of 0.25 mm
and can cause a maximum temperature increase of
7 K/mW. This work may motivate further study on
the safe use of THz.
tissue or other materials, there remain many questions

For THz interaction with bio-

to be answered.
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