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The laser self-induced thermo-optical effects in a magnetic fluid are studied in this work. We study
the origin of these effects theoretically, and then experiments are done to investigate the relationship
between the divergence angle of the laser beam and the incident power. From the experimental
results, we find out that the divergence angle increases linearly with the incident power to some
critical power, which is in good agreement with the theory. To the high incident power side, the
divergence angle will deviate from the linear relationship and the spherical aberration interference
rings will be blurred due to the occurrence of the convective currents. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1808242]

Magnetic fluid (MF) is a stable colloid consisting of
finely divided single-domain magnetic nanoparticles(usually
3–15 nm in diameter) coated with a molecular layer of dis-
persant and dispersed in a suitable liquid carrier.1 The MF we
usually use today was first synthesized in the early 1960s.
For a long period of time, almost all the attentions of re-
searchers are focused on its mechanical and magnetic prop-
erties and few on its optical properties.2,3 Recently, with the
dramatic development of optical communication and inte-
grated optics, many researchers’ interests are drawn to its
optical characteristics under an applied magnetic field(called
magneto-optical properties),4–9 and the potential applications
to optical devices based on these properties have been pro-
posed, for example, optical switches,4 tunable optical
gratings.5

Although the optical properties of MF have been studied
intensively in recent years, most of the work is focused on
the optical anisotropy under an external magnetic field. The
researches on the optical properties under the influence of
heat produced by the laser itself are underway and the reports
about these are rare.10–13 Because thermal effects play an
important role in the pragmatic applications of the devices, it
is significant to study these effects further. In this paper, we
will report the laser self-induced thermo-optical effects in a
magnetic fluid and the power-dependent relationship is high-
lighted.

When a laser beam passes through the MF, it will heat
the MF and create a temperature gradient in it, and mean-
while, its concentration will be redistributed. These two fac-
tors will cause the change of refractive index and make the
MF act like a lens, which is called the thermal lens
effect.14–16 It has been confirmed to be a very effective
method for measuring the small absorption coefficients of
liquids and solids.17–19 Recently, Marcanoet al. have re-
ported that they have measured absorption coefficients as
small as 10−8 cm−1 by this effect.19 While MF has a large
optical absorption coefficient, the influence of the thermal

lens effect is focused on the divergence of the laser beam
after passing through it and the spherical aberration interfer-
ence rings in the far field.

Considering a Gaussian beam of fundamental mode, the
temperature distribution in the MF can be expressed as14
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whereA=0.48aP/p /w0
2, D=k /r /C, tc=w0

2/4 /D, andr is
the transverse distance from the laser beam-centered optical
axis (centimeter), w0 is the spot radius of the laser beam on
the MF (centimeter), k, D, r, C, anda are the thermal con-
ductivity, the thermal diffusivity, the mass density, the spe-
cific heat, and the absorption coefficient of the MF, respec-
tively. Their units are cal cm−1 s−1 k−1, cm2 s−1, g cm−3,
cal g−1 k−1, and cm−1, respectively.P is the total incident
power (watts), tc is the characteristic time for the thermal
conductionssd, andEi is the exponential integral.

Because of the large absorption of MF, Eq.(1) should be
multiplied by e−az (z is the direction of the beam propaga-
tion). So, the temperature gradient atsr ,z,td in the MF for
the steady state(t@ tc or t ·D@1) is expressed by
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We define the divergence angleu as the included angle
between the beam rays and the centered axis of the laser
beam, which can be expressed by20
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whereL andn0 are the thickness and the refractive index of
the MF. The change of refractive index induced by the ther-
mal expansion and concentration redistribution is given as21
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whereus]n/]Tduc andc are the thermo-optical coefficient and
the concentration of the MF andT is the temperature.

With Eqs.(2) and(3), andA=0.48aP/p /w0
2, the diver-

gence angle can be derived to be
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Figure 1 plots the divergence angle versusr /w0. The
absolute value of the temperature gradientu]sDTsr ,zdd /]r u
versusr /w0 is also plotted for explaining the origin of the
divergence of the laser beam. We can see from Fig. 1 that the
two curves coincide with each other. This confirms to us that
the divergence of laser beam is contributed to the tempera-
ture gradient in the MF, which will redistribute the concen-
tration.

As shown in Fig. 1, there is a maximum divergence
angle umax assigned to the beam ray atr0. By solving
du /dr=0, we can getr0<0.7926w0 and then

umax= usr = r0d <
0.1083P
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whereB is a constant depending on the MF and the spot size
of the incident laser.

From Fig. 1, we can also see that there are two sets of
beam rays that have the same divergence angles. These two
sets of rays will interfere constructively or destructively in
the far field depending on the optical path-length difference
between them, so the donutlike spherical aberration interfer-
ence rings will be formed on the screen. The inset of Fig. 1
displays the propagation of the beam rays in the free space
after passing through the sample. We only plot the propaga-
tion of the beam rays withinr ,2w0, which contain
99.9877% power of the total laser beam. It is reasonable to

assume that all the beam rays on the MF are confined to
r ,2w0. It is clear from this inset that there are two sets of
beam rays:r , r0 (denoted by blue lines) andr . r0 (denoted
by red lines), which have the same divergence angles. They
will interfere with each other on the screen. These simulation
results explain the emergence of the spherical aberration in-
terference rings.

The MF is sealed in a sample cell made of two glass
plates with a spacing of 50mm. The sample is a thin cylin-
derlike and the area of its cross section is much larger than
the spot size of the incident laser, thereby the part far from
the optical-centered axis is unaffected by the laser beam.

Figure 2 shows the experimental setup for studying the
thermo-optical effects in MF. A cw argon-ion laser with a
wavelength of 514.5 nm is used. The variable attenuator is
introduced in the light path to change the incident laser
power on the sample. A splitter is used to reflect a small
quantity of power to the power meter to monitor the incident
power. The emergent rays are divergent and imagined on the
screen. The interference patterns and the spot diameters on
the screen are recorded by a charge-coupled device(CCD)
video camera. An analog-to-digital converter is employed to
transfer the signals from the CCD video camera to a personal
computer. The shutter is placed between the beam splitter
and mirror 1 to avoid the sample irradiating by the laser
beam between the two experimental data. During this time,
the irradiated region of the sample will return to its initial
state. The length of the optical path between the Argon-ion
laser and the sample isL1=390 mm and the length between
the sample and the screen isL2=600 mm.

Figure 3 displays the typical steady-state patterns on the
screen recorded by the CCD video camera at different inci-
dent powers,(a) 0.8, (b) 2.9, (c) 5.1, and(d) 10.1 mW. Fig-
ure 3(a) shows the facular spot on the screen at 0.8 mW.
Only the divergence of the laser beam occurs at this power,
while spherical aberration interference rings do not appear.
The relationship between the number of interference ringsN
and the maximum phase changedfmax can be estimated by
dfmax=2pN.11 Because of low laser power, the maximum
phase change does not accumulate to 2p so that no interfer-
ence ring is observed. In our experimental observations, the
spherical aberration interference rings happen when the inci-
dent power is beyond 1 mW. From Figs. 3(b) and 3(c), we
can see that the degree of divergence of the laser beam and
the number of interference ringsN will increase with the

FIG. 1. (Color online) Divergence angleu and the absolute value of the
temperature gradientu]sDTsr ,zdd /]r u as a function ofr /w0. The inset shows
the propagation of the beam rays in the free space after passing through the
MF.

FIG. 2. The schematics of experimental setup for studying the thermo-
optical effects in MF.
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incident power. A too high incident power will make the
image of the interference rings fuzzy, as shown in Fig. 3(d).

The spot diameter from the laser window isd0

=1.3 mm and becomesd=2.0 mm on the screen when the
sample is removed. So, the spot diameter on the sample can
be calculated to beds=1.5758 mm using the values ofL1 and
L2. The intrinsic divergence angle of the laser beam is cal-
culated to beu0=3.5354310−4 rad. By measuring the spot
sized on the screen, we can get the divergence angle using
u=u0+umax=arc tanfsd−dsd /1200g. Figure 4 plots the diver-
gence angles calculated according to this formula as a func-
tion of incident power. We can see that the divergence angle
is linearly proportional to the input power up to 8 mW. To
the too high power side, the curve deviates from the linear

relationship. This is assigned to the occurrence of the con-
vective currents in the MF when the temperature gradient
exceeds a critical value.22,23This effect will blur the interfer-
ence rings, as shown in Fig. 3(d).

The slope of the linear part in Fig. 4 isBexp=2.10373
310−3 rad/mW when fitting the data to the functionu=u0

+umax=u0+BP. Substitutinga=120 cm−1, L=5310−3 cm,
k=7.56310−5 cal cm−1 s−1 K−1, n0=1.5, and w0=ds/2
=0.07879 cm into Eq.(6), we can get
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Chen et al. have found that the thermo-optical coeffi-
cient of MF is negative and less than 10−4 K−1 by
experiment.24 Comparing Eq. (7) with Bexp using
ufus]n/]Tducgu,10−4 K−1, it is obvious that the second term
assigned to the concentration distribution dominates the ex-
pression, while the first term, which is induced by the ther-
mal expansion, can be negligible compared with the second
term. Finally, we would like to point out that Du and Luo got
the analogous results by a numerical simulation.11

In summary, we have investigated the laser self-induced
thermo-optical effects in the MF theoretically and experi-
mentally. The linear relationship between the divergence
angle of the laser beam and the incident power is obtained in
the low power range. The convective currents will happen at
a high incident power. This will damage the linear relation-
ship and make the interference patterns fuzzy. The results
presented in this paper may be useful for designing the MF-
based optical devices.
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FIG. 3. Typical steady-state patterns at different incident powers:(a) 0.8,(b)
2.9, (c) 5.1, and(d) 10.1 mW.

FIG. 4. Divergence angle vs incident power.
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