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Mirage effect, a common phenomenon in nature, is a naturally occurring optical phenomenon in

which lights are bent due to the gradient variation of refraction in the temperature gradient medium.

The theoretical analysis of mirage effect generated by heated carbon nanotube thin film is presented

both for gas and liquid. Excellent agreement is demonstrated through comparing the theoretical

prediction with published experimental results. It is concluded from the theoretical prediction and

experimental observation that the mirage effect is more likely to happen in liquid. The phase of

deflected optical beam is also discussed and the method for measurement of thermal diffusivity of

medium is theoretically verified. Furthermore, a method for measuring the refractive index of gas by

detecting optical beam deflection is also presented in this paper. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4884135]

I. INTRODUCTION

Mirage effect is a common optical phenomenon, which

occurs when an optical beam passes through a temperature

gradient medium in the nature with continuously varying

refraction at each level. Boccara et al.1 first introduced a

thermo-optical method to monitor temperature gradient adja-

cent to a heated sample surface. Using this proposed method,

thereafter, experimental and theoretical studies were con-

ducted which focused on the optical beam deflection gener-

ated by a heated surface.2–5 In addition, the thermo-optical

method has been successfully utilized to measure thermal

diffusivity in gases, liquid, and solids.

Recently, the rapid advancement of nanoscience and

nanotechnology including research on the optical proper-

ties6–12 of the carbon nanotubes (CNTs) or CNT array and

the growth13,14 and applications15 of CNT array, especially

the remarkable discovery of CNT thin film16 attracts an

increasing interest in thermo-acoustics. This thermo-

acoustics effect generated by a free standing, supported

or encapsulated CNT thin film in air was reported by Xiao

et al.17,18 and in liquid by Aliev et al.19 Nano-films fabri-

cated by the other nanomaterials were also validated to be

good candidates as thermal-acoustic sources.20–23 However,

all these publications were focused on the acoustic wave

generated by a heated CNT thin film. To the best knowledge

of the authors, very limited research works which dealt with

the temperature field near a nanoscale CNT thin film were

conducted. Aliev et al.24 experimentally investigated the

photothermal deflection generated by the temperature gradi-

ent effect near a freestanding, highly aligned CNT thin film

both in gas and in liquid. However, no exact model and/or

theoretical analysis were reported. Although Murhpy et al.3

presented a brief theory for the photothermal deflection in

air, it was insufficient and not valid for a freestanding CNT

thin film or a thin film placed in liquid because the thin film

was placed on a substrate.

With respect to the works described above, the main

aim of this present work is to develop a proper theory for

predicting photothermal deflection of CNT thin films both in

gas and liquid and thereafter to further analyze the mirage

effects resulted. In addition, it will provide a useful and valu-

able reference for the optimization of mirage effect gener-

ated by the thermo-acoustic devices. In this work, the theory

with a model and reformulation for photothermal deflection

both in gas and liquid is first deduced. The comparison of an-

alytical and experimental results presented here demon-

strates that the proposed theory is able to yield good

prediction and is substantiated with experimental data.24

Based on the proposed theory, it is concluded that photother-

mal deflection significantly depends on the separation

between the laser beam and CNT thin film, incident angle,

power applied on CNT thin film, and frequency of the input

alternating current (ac), which was also experimentally veri-

fied by Aliev et al.24 A decrease in frequency of the input

alternating current applied on the CNT thin film is helpful to

generate the mirage effect both in gas and in liquid. The

deflected angle for gas is much smaller than for liquid. For a

fixed separation, which is the distance away from the center

of the CNT thin film, a larger deflected angle is generated for

a lager incident angle. The phase of the deflected optical

beam is also discussed and, as an application, the method of

measuring thermal diffusivity of the medium is theoretically

demonstrated. A method for measuring the refractive index

of gas by detecting optical beam deflection is also presented.

a)Author to whom correspondence should be addressed. Electronic mail:

bccwlim@cityu.edu.hk
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II. THEORY, MODEL, AND SOLUTION METHODOLOGY

A. Temperature field

A geometric configuration for deflection of an optical

beam travelling near a free standing CNT thin film is shown

in Fig. 1. For a heated CNT thin film lying in the yz-plane

(horizontal plane), the incident optical beam is assumed to

lie in the xy-plane (vertical plane) and the angle between the

incident beam is /, h is the optical beam deflection generated

by the heated CNT thin film, and x0 is the distance away

from the center of the CNT thin film, or the optical beam off-

set. In this analysis, the medium around the CNT thin film

could be either gas or liquid. When the CNT thin film is

heated by applying an alternating current, the adjacent me-

dium is also heated by way of heat conduction. The coupled

thermal-mechanical equation is25

@2p

@x2
� q0

B

@2p

@t2
¼ �q0bT

@2T

@t2

j
@2T

@x2
� j

a
@T

@t
¼ �T0bT

@p

@t

;

8>>><
>>>:

(1)

where q0 and T0 are the ambient density and temperature,

respectively, a is the thermal diffusivity, j is the thermal

conductivity, B is the isothermal bulk modulus, bT is the

coefficient of thermal expansion, and p and T are varying

acoustic pressure and temperature, respectively. By setting

the frequency of applied alternating current as x=2, the heat

balance equation is (see supplementary material in Ref. 17)

Pin � Pinejxt ¼ 2sbTs þ 2sQ0 þ scs

dTs

dt
; (2)

in which Pin (¼ðI2RÞ=2 with R the resistant of CNT thin

film and I the amplitude of alternating current) is the

input power, s is the area of CNT thin film, b is the rate of

heat loss per unit area, cs is the heat capacity per unit area,

Ts is the temperature above its surroundings, Q0 ¼
�j@Tðx; tÞ=@xjx¼0 is the instantaneous heat flow per unit

area from thin film to surrounding medium, and j is the

thermal conductivity of gas. Assuming pðx; tÞ ¼ �pðxÞejxt,

Tðx; tÞ ¼ �TðxÞejxt, TsðtÞ ¼ Ta þ �Tse
jxt, where Ta is the mean

temperature of thin film above its surroundings, and substi-

tuting these expressions into Eqs. (1) and (2), then the com-

plex time-dependent (ac) thermal wave can be obtained

as26

Tacðx; tÞ ¼ �T se
�kx�jðkx�xtÞ

¼ �Pin

2s

e�kx�jðkx�xtÞ

bþj

ffiffiffiffiffi
x
2a

r !
þ j j

ffiffiffiffiffi
x
2a

r
þ 1

2
xcs

 ! ðx> 0Þ;

(3)

where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=ð2aÞ

p
. It can be verified that although the

approximations in Lim et al.26 are obtained for a gaseous

medium, these approximations are still valid for liquid. The

time-independent component at x ¼ 0 is Ta. Assuming the

temperature field above the horizontal CNT thin film to

approach the room temperature at infinity away vertically

from the thin film, and also assuming the heat loss from the

medium to its surrounding in a horizontal plane parallel to

the thin film is proportional to the central region temperature

above the thin film, then the time-independent (dc) compo-

nent of temperature can be expressed as3,26

Tdc ¼ Tae�Gx ¼ Pin

2sb
e�Gx ðx > 0Þ; (4)

where G is the inverse of distance above the CNT thin film

at a location with temperature decreasing to Ta=e. The cen-

tral region is defined as a projected area outward and away

parallel to the thin film. The temperature is assumed uniform

within the central region. Combining Eqs. (3) and (4), the

temperature field becomes

T x; tð Þ ¼ Td c þ Ta c ¼
Pin

2sb
e�Gx

�Pin

2s

e�kx�jðkx�xtÞ

bþ j

ffiffiffiffiffi
x
2a

r !
þ j j

ffiffiffiffiffi
x
2a

r
þ 1

2
xcs

 ! ðx > 0Þ:

(5)

B. Photo-thermal deflection

Because the temperature field of the medium above the

horizontal CNT thin film is not uniform, the refractive index

of the medium varies continuously with respect to the tem-

perature. As shown in Fig. 1, the optical beam in the heated

medium does not follow a straight path but rather it deviates

continuously forming a curvilinear path, different from that

if the temperature field is uniform. The total deflection of the

FIG. 1. Geometrical configuration of optical beam deflection.
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optical beam as it passes in a medium above the CNT thin

film is3,24

h ¼ 1

n

ðL=2

�L=2

dn

dT

dT

dx
dy; (6)

where L is the CNT thin film dimension along the optical

path. As the relation of refractive index and the temperature

is different for gas and liquid, the following analysis is di-

vided into two parts for gas and liquid, respectively.

1. Gas

The refractive index nT for gas with temperature T �C
is3,24

n ¼ 1þ n0 � 1

1þ rT
; (7)

where n0 is the refractive index at 0 �C and r is a slowly

varying function of wavelength. By ignoring the small varia-

tion with wavelength, r can be regarded as a constant param-

eter equals to 0:00367=�C. Hence, for a small beam

deflection, the path of an optical beam can be assumed as a

straight line, x ¼ x0 þ my, in which m (¼ tan u) is the slope

of the line. Substituting Eqs. (7) and (5) into Eq. (6), we

have

h ¼ 1

n

ðL=2

�L=2

� r n0 � 1ð Þ
1þ rTð Þ2

½�kð1þ jÞ �T se
�kx0�kmy

� ejðxt�kx0�kmyÞ � GTae�Gðx0þmyÞ�dy: (8)

According to Murphy et al.,3 rðn0 � 1Þ=ð1þ rTÞ2 ’
rðn0 � 1Þ as r is small and rT � 1. However, the approxi-

mation does no longer hold for non-small T, which does not

satisfy the condition. For harmonic time-dependent compo-

nent in T, there is null net contribution to the temperature in

a period. Therefore, to a good approximation, the expression

of T in Eq. (8) is taken as T ¼ Tae�Gx þ T0 with T0 the room

temperature. In addition, as n is approximately equal to one,

hence, 1=n � 1, then Eq. (8) can be expressed as

h ¼
ðL=2

�L=2

r n0 � 1ð Þ
1þ r Tae�G x0þmyð Þ þ T0ð Þ½ �2

½kð1þ jÞ �T s

� e�kx0�kmyej xt�kx0�kmyð Þ þ GTae�G x0þmyð Þ�dy: (9)

Because an analytical solution to Eq. (9) is rather impossible

for m 6¼ 0, a numerical integration approach has to be

employed to solve the equation. For m ¼ 0, i.e., the path of

the optical beam is parallel to the CNT thin film, the integra-

tion yields

h ¼ r n0 � 1ð ÞL
1þ r Tae�G x0þmyð Þ þ T0ð Þ½ �2

½kð1þ jÞ �T s

� e�kx0 ej xt�kx0ð Þ þ GTae�Gx0 �: (10)

2. Liquid

The refractive index of liquid is approximately linearly

varying with temperature,27 thus, in Eq. (6), dn=dT is a con-

stant. This constant can be obtained for most of the com-

mon liquids.28 Using a similar approach as described above

for Eq. (8), the beam deflection in liquid can be expressed

as

h ¼ 1

n

ðL=2

�L=2

dn

dT
½�k 1þ jð Þ �T se

�kx0�kmy

� ejðxt�kx0�kmyÞ � GTae�Gðx0þmyÞ�dy: (11)

Although the refractive index of liquid is temperature-

dependent, the variation is small and hence to a good approx-

imation, the refractive index n in Eq. (11) could be viewed

as a constant which is then substituted with a value of n at

25 �C. The integration in Eq. (11) can be easily solved as

h ¼
� 2

n

dn

dT

�T s

m
sinh km 1þ jð ÞL

2

� �
e�kx0þjðxt�kx0Þ þ Ta

m
sinh

GmL

2
e�Gx0

� �
m 6¼ 0

� 1

n

dn

dT
k 1þ jð ÞL �T se

�kx0þjðxt�kx0Þ þ GTaLe�Gx0

h i
m ¼ 0

:

8>>><
>>>:

(12)

C. Phase of deflected beam

For zero incident angle of optical beam, i.e., m ¼ 0,

from Eqs. (10) and (12), the phase of the deflected

beam with respect to the applied ac signal is a function

of the beam offset x0. The second terms in Eqs. (10)

and (12) are time-independent, thus they have no influ-

ence on the phase of the deflected beam. The phase

of the deflected beam in gas can be obtained from

Eq. (10) as

u ¼ p� tan�1

j

ffiffiffiffiffi
x
2a

r
þ 1

2
xcs

bþ j

ffiffiffiffiffi
x
2a

r þ p
4
� kx0;

¼ 5

4
p� tan�1

jk þ 1

2
xcs

bþ jk
� kx0: (13)

From the second equation in Eq. (12), it is observed that the

phase of the deflected beam in liquid can also be expressed as
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Eq. (13), which varies linearly with the beam offset for a

given frequency. Therefore, for a fixed frequency and through

measuring the phase of the deflected beam for different beam

offset, the wave number k for temperature wave can be

derived and subsequently the thermal diffusivity of the me-

dium surrounding the CNT thin film can be determined. This

method was applied by Aamodt et al.,2 Murhpy et al.,3 and

Salazar et al.5 for measuring thermal diffusivity of the me-

dium. However, their analytical models2–5 are fundamentally

different from that developed here. The samples were heated

by an optical beam in their works, while an ac is applied to

CNT thin film in this work. Aliev et al.24 experimentally

measured the thermal diffusivity of the medium, however, the

exact expression of the phase of deflected beam, which is

obtained in this work, was absent in their study.

D. Measurement of gas refraction

As indicated in Eq. (10), the refractive index of gas can

be determined by measuring the beam deflection, i.e., the re-

fractive index of gas can be obtained if the beam deflection

is known. Therefore, by measuring the beam deflection gen-

erated by a heated CNT thin film, the refractive index of gas

in which the CNT film is placed can be obtained as

n ¼ 1þ h 1þ r Tae�G x0þmyð Þ þ T0

� �	 
2
rL

� 1

Amp kð1þ jÞ �T se�kx0 ej xt�kx0ð Þ
	 


þ GTae�Gx0
; (14)

in which Amp½�� denotes the amplitude function. Hence, for

a given frequency and with known thermal properties of the

gaseous medium, the thermal deflection can be measured at

a separation x0, and subsequently the refractive index can be

determined using Eq. (14). This new method can also be

viewed as a simple optional method for refractive index mea-

surement of a gaseous medium. It is also concluded from the

second equation in Eq. (12) that the relation of variation of

refractive index to temperature can be obtained by measuring

the optical beam deflection.

III. RESULTS AND DISCUSSION

It is clearly observed from Eqs. (10) and (12) that the

photo-thermal deflection is dependent on input power, ther-

mal diffusivity, distance from the CNT thin film, length of

CNT thin film along the path of optical beam, and frequency

as experimentally demonstrated in the study of Aliev et al.24

In addition, the rate of heat loss per unit area b is also an im-

portant parameter. As indicated,18 b is dependent on the

input power per unit area, see Fig. 2. Using experimental

results,18 the relation between the rate of heat loss per unit

area b and the power density for a single layer CNT thin film

in air is fitted as

b ¼ �4:61
Pin

104s

� �2

þ 21:244Pin

104s
þ 14:051: (15)

It should be noted that the fitting curve is a parabola

which mathematically requires b to reach a maximum and

then to decrease for increasing power density. However, it is

physically impossible for b to decrease after reaching the

maximum. Hence, it is predicted that b will remain at a con-

stant value after reaching its maximum. It therefore requires

the fitting expression in Eq. (15) to have a valid range for the

power density where, beyond this range, the fitting relation

is inapplicable. The limit of maximum b form Eq. (15) is at

a power density of 2.3 W/cm2 and beyond this value, b
remains constant.

The rate of heat loss per unit area b is somewhat differ-

ent for different media; however, the small difference in

b has, in general, insignificant influence on the final tempera-

ture field. Hence, to a very good extent in this work, this pa-

rameter is determined using Eq. (15) in the computational

examples for both gas and liquid. The comparison between

theoretical prediction and experimental result of Aliev et al.24

is presented in Figs. 3 to 5 for both gas and liquid. The refrac-

tion and other thermodynamical parameters needed to calcu-

late the beam deflection are taken from Table 1 listed in the

work of Aliev et al.24 In the work of Aliev et al.,24 a 55 mm

long and 6 mm wide CNT thin film was used for measuring

the angular deflection in air when a laser beam was directed

lengthwise, while a 20 mm long and 8.5 mm wide CNT thin

film was used in a similar experiment in liquid.

In the work of Aliev et al.,24 the incident angle of laser

beam in the experiment is zero, i.e., m ¼ 0, both in air and

liquid. The deflection angle derived in Eqs. (10) and (12) is

shown in Figs. 3 and 4. It is demonstrated that the theoretical

prediction is in very good agreement with experimental ob-

servation for both air and C6H5Cl. In the work of Aliev

et al.,24 for a study on the deflection angle and applied power

in air and C6H5Cl, the separation between laser beam and

CNT thin film was not indicated. This value was deduced

from Fig. 4 in Aliev et al.24 as approximately equal to

0.5 mm in air. In liquid carbon tetrachloride (C6H5Cl), the

separation was given by Aliev29 as 0.5 mm. The parameter

G, used as a fitting value, is 0.55 mm�1 in Fig. 3(a) and it is

verified in Fig. 3(b) that this fitting value is acceptable.

The parameter G in C6H5Cl is taken as 0.22 mm�1. It is

FIG. 2. Fitted relation between the rate of heat loss per unit area b and the

power density for a single layer CNT thin film in air.18

244905-4 Tong et al. J. Appl. Phys. 115, 244905 (2014)



reasonable for G in gas to be larger than that in liquid

because the conductivity is smaller in gas.

It is observed in Fig. 3(a) that the deflection angle

decreases with increasing separation between laser beam and

CNT thin film because of the decreasing gradient tempera-

ture both demonstrated experimentally by Aliev et al.24 and

theoretically in this work. The theoretical predictions exactly

reveal the variation of deflection except within small separa-

tion. The slight deviation between theory and experiment for

a small separation is probably due to the omission of the har-

monic term in Eq. (8). Elsewhere, the result of theory and

experiment for increasing separation is very much consistent.

For an ideal model, the optical beam in this work is viewed

as line with diminishing cross section, while in reality the di-

ameter of an optical beam could not be infinitesimal.

Therefore, for a separation smaller than the radius of the op-

tical beam, the theoretical model and analytical solutions are

not suitable, another reason for the deviation from theoretical

prediction to experimental results at a small separation. As

shown in Fig. 3(b), the deflection angle nonlinearly increases

with increasing applied power to CNT thin film, which is

consistent with the theoretical prediction in Eq. (10). It is

predicted that the deflection angle will eventually reach a

maximum and it remains constant thereafter at high applied

power. This is because the rate of heat loss increases with

increasing applied power, and at a stage when the rate of

heat conducted from CNT thin film to medium and that of

heat loss are in balance, the deflection angle will remain

unchanged.

As shown in Fig. 4(a), with increasing distance from the

center of CNT thin film, the deflection angle decreases and

all curves for different frequencies approach each other.

Beyond a distance of approximately 0.8 mm, the deflection

angles for different frequencies are indistinguishable which

imply that the deflection angle is independent of the distance

from the center of CNT thin film. This is because the

FIG. 3. The beam deflection angle h in air for (a) varying separation between CNT thin film and laser beam and (b) varying input power. The input power in

(a) is 1:14 W and the separation between CNT thin film and laser beam in (b) is 0.5 mm. The input frequency both for (a) and (b) is 10 Hz.

FIG. 4. Deflection angle versus (a) distance from the center of CNT thin film in C6H5Cl for different frequencies with applied power 1 W and (b) applied

power in C6H5Cl with frequency 5 Hz. The figure inserted in (a) shows the ratio of deflection angle with respect to the time-dependent term (ac term) to time-

independent term (dc term). The solid and dashed lines in the inserted figure correspond to the relations of ratio-frequency (left-bottom scale) and ratio-x

(right-top scale), respectively.
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time-dependent component in Eq. (12), which is also

frequency-dependent, influences significantly the deflection

angle for small distance. This effect diminishes rapidly with

increasing distance because the thermal wave attenuates very

quickly with increasing distance. This is clearly shown in the

figure inserted in Fig. 4(a) that with increasing frequency or

beam offset, the ratio of deflection angle of time-dependent

component to time-independent component decreases almost

exponentially. As a result, the deflection angle is dominated

by the time-independent component (also non-frequency-de-

pendent) in Eq. (12) for large distance. Consequently, the

deflection angle is not affected by frequency at large distance

from the center of CNT thin film.

The dependence of deflection angle upon the applied

power for a 20 mm long and 8.5 mm wide CNT thin film in

C6H5Cl is shown in Fig. 4(b). The theoretical prediction,

again, is in excellent agreement with experiment for an

applied power less than 1.1 W. The same trend as that in air

is observed because of the influence of heat loss. By compar-

ing Figs. 3(b) and 4(b), it can be seen that the deflection

angle in C6H5Cl is significantly larger than that in air

although the input power in C6H5Cl is a little smaller than

that in air.

From Eqs. (10) and (12), the deflection angle due to gra-

dient temperature field is attributed to two parts, one from

the time-dependent term (ac term) and the other from the

time-independent term (dc term). Aliev et al.24 experimen-

tally measured the magnitude of modulated beam, both in

gas and liquid, with zero incident angle, different beam off-

sets, and frequencies. In order to further verify the analytical

model developed in this paper, a comparison of theory and

experiment for both gas and liquid is shown in Fig. 5. It is

clearly seen that the experimental result agrees well with

theory, and the agreement is particularly excellent for the

variation of magnitude with different beam offsets in Figs.

5(a) and 5(c). The magnitude decreases exponentially with

increasing beam offset, note that the vertical coordinate is in

a logarithmic scale. The theoretical result for the magnitude-

frequency response is in excellent agreement with experi-

ment in Figs. 5(b) and 5(d) except for helium in Fig. 5(b).

FIG. 5. The magnitude of time dependent deflection angle versus (a) beam offset and (b) frequency in gas. The frequency in (a) is 20 Hz and the beam offset in

(b) is 0.5 mm. In Figures 5(c) and 5(d), the magnitude of time dependent deflection angle with varying beam offset and frequencies in liquid, respectively, are

illustrated. The frequency in (c) is 1 Hz and the beam offset in (d) is 0.25 mm. For convenience of comparison, the magnitude is in an arbitrary unit.

Abbreviations: argon (Ar), helium (He), methanol (Mth), ethanol (Eth), and carbon tetrachloride (CCl4).
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Because the response is very sensitive to between beam to

thin film separation, the disagreement could be caused by the

difference in separation value as recorded in the experiment.

In Fig. 5(d), the magnitude-frequency response in liquid is

illustrated and good agreement between experiment and

theory is observed, especially for frequency less than 5 Hz.

The analysis and discussion above are concerned with

examples which are restricted to zero angle of incidence. It

is obvious from Eqs. (9) and (11) that the incident angle

plays a significant role on the deflection angle which was,

however, not discussed at all in Aliev et al.24 Although

Murphy et al.3 studied the influence of incident angle on the

deflection angle, the thin film used in their experiment was a

100 nm thick and opaque platinum metal placed on a sub-

strate. In this work, the CNT thin film analyzed is not only a

free-standingly suspended thin film but also transparent.

Because analytical solution for m 6¼ 0 in Eq. (9) is impossi-

ble, a numerical approach is adopted. As shown in Fig. 1, for

a fixed separation x0 between the center of CNT thin film

and optical beam, the point at which the incident beam enters

into the central region above the horizontal CNT thin film

varies for different incident angles. To eliminate the influ-

ence of CNT thin film on deflection angle, the incident angle

is limited to a range of 6 tan�12x0=L. In view of symmetry

in configuration, the deflection angle will be identical for

þm and �m, and therefore, the range of incident angle is

taken as ½0; tan�12x0=L� in the following analysis.

The deflection angle in air for varying incident angle is

shown in Fig. 6(a) for a CNT thin film 55 mm long and 6 mm

wide. The separation from optical beam to the center of the

CNT thin film is fixed at 2.5 mm and the applied power is

1.14 W. The deflection angle for different frequencies is

obtained by using a numerical integration routine NIntegrate
in Mathematica 6.0. This integration routine based on an

adaptive algorithm is credible for low-dimensional integrals

especially for the non-pathological functions. Other methods

of numerical integration are also possible, for instance, trape-

zoidal rule, Gauss integration method, etc. It is observed in

Fig. 7 that the deflection angle increases with increasing inci-

dent angle and for a fixed incident angle, a lower frequency

favors greater deflection angle. This observation implies that

a larger incident angle for the optical beam and a lower input

ac frequency for the CNT thin film favor the generation of a

mirage effect. In another example, a CNT thin film 20 mm

long and 8.5 mm wide is placed in a liquid medium. The sep-

aration is fixed at 2.5 mm, while the applied power is 0.5 W.

As shown in Fig. 6(b), similar conclusions recorded for a

CNT thin film in air can be reached in this example for liq-

uid. It should be noted that, although the applied power and

the length of the CNT thin film used in liquid are smaller

than that in air, the deflected angle in liquid is much larger

than that in air. Consequently, the mirage effect is more

likely to occur in liquid.

The phase of deflected beam was investigated by Alive

et al.24 experimentally and by means measuring it, the ther-

mal diffusivity of a studied medium can be calculated out.

However, the theoretical argument was absent in their works.

Following, the theoretical investigations are presented in this

study. The phase of deflected beam decreases linearly with

increasing beam offset both in gas and liquid as shown in

Fig. 7. From Eq. (13), the slope of lines in Fig. 7 is k
(¼

ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p
). Inversely, if the slope of phase can be measured

by conducting an experiment as the work taken in Ref. 24,

then the thermal diffusivity of the medium surrounding CNT

thin film can be determined using a ¼ x=2k2. The phase

reported in Aliev et al.24 is a little different from the theoreti-

cal prediction here and the difference is most possibly due to

asynchronous firing. For example, assuming the time delay

for measurement of beam deflection is 10 ms and the fre-

quency is 20 Hz, then the phase difference will increase by

72�. However, it is the slope of the line of the phase versus

beam offset rather than the phase to calculate the thermal dif-

fusivity of the medium, thus, only if the triggering time is

ensured to be same for each measurement, the slope can be

measured exactly, then the exact thermal diffusivity of the

medium can be obtained.

FIG. 6. Deflection angle versus incident angle for varying frequencies in (a) air with applied power 1.14 W and separation 2.5 mm from center of CNT thin

film and (b) in C6H5Cl with applied power 1 W and separation 2.5 mm from center of CNT thin film.
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As indicated in Eq. (14), the refractive index can be

measured using a new, simple method introduced in this

work. The new relation is verified by comparing with the ex-

perimental beam deflection measured by Aliev et al.24 for the

refractive index of air. In the work of Aliev et al.,24 the input

power is 1.14 W and the frequency is 10 Hz. A series of beam

deflections were measured for different separations. For

example, take data points ðh; x0Þ ¼ ð0:06�; 1:9 mmÞ and

ðh; x0Þ ¼ ð0:08�; 1:2 mmÞ into consideration, the refractive

indices determined using Eq. (14) are 1.0003 and 1.00032,

respectively, which are in good agreement with the known

value.

IV. CONCLUSIONS

Excellent properties such as low density and low heat

capacity of CNT thin films make the thin films ideal candi-

dates as a thermal acoustic source. Most research works

focus on the acoustic wave generated by a CNT thin film

when an alternating current is applied; however, a detail

analysis on the temperature field above a CNT thin film is

absent. Owing to the presence of a gradient temperature field

near a heated CNT thin film, the mirage effect occurs when

an optical beam is directed in the field. In this work, an ana-

lytical treatment to the temperature field near a heated and

suspended CNT thin film prior to the mirage effect is pre-

sented. The analytical prediction is compared with experi-

mental data and excellent agreement is achieved both in gas

and liquid. Hence, accuracy of the model with analytical sol-

utions is substantiated. According to the analytical prediction

and experimental observations presented here, the mirage

effect is more likely to occur in liquid. The phase of

deflected optical beam is also discussed here. It is concluded

theoretically that the thermal diffusivity of a medium around

the CNT thin film can be determined by measuring the phase

variation of the deflected optical beam. Furthermore, a new

simple method for measuring the refractive index of a gase-

ous medium is proposed. It is anticipated that other new

applications could be realized in the near future.

Undoubtedly, the theory obtained in this work will offer an

effective approach for optimizing the performance of a CNT

thin film with respect to controlling the mirage effect.
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