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Measurement of the refractive index of a magnetic fluid by the retroreflection
on the fiber-optic end face
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A simple method based on the retroreflection on the fiber-optic end face is developed to measure the
refractive index of a magnetic fluid in this letter. The measuring principle, accuracy, and sensitivity
of this method are analyzed theoretically, and high precision and resolution can be achieved in
principle. Experimental measurements are done to investigate the concentration and temperature
dependent refractive index of the magnetic fluid. The linear dependence relation is obtained for both
cases. The thermo-optical coefficient of the magnetic fluid is measured to be around -2.4
X104 °CL. © 2005 American Institute of PhysidDOI: 10.1063/1.1905808

Magnetic fluid(MF) is a kind of stable colloidal disper- When the light beam is incident onto an interface be-
sion of finely divided single-domain ferromagnetic nanopar-tween two kinds of materials with different refractive indi-
ticles in a suitable liquid carrier with the aid of surfactant, ces, a portion of light will be reflected. For the absorbing and
which was successfully synthesized in the 195@ince  Magnetic medium, the reflectivities of electric field ampli-
then, the phase separation, agglomeration, dynamic, arigdes(r, andry) are determined by the Fresnel reflection
magnetic properties of MF and colloid under external magformulas (considering the light is incident from medium 1
netic field have been studied extensivefLittle research ~ ©Nto the interface between medium 1 and mediyrh®2
on the optical properties of MF has been done until the late
part of the 20th centulyi*! Recently, the optical properties E! Ty COSiy — Tigpy COSIy

. — —_P_
rh=—"= , 1
of M_F hfive been emphasnzgd by many researchers and some 'p E, Tipita COSi1 + iyt COSI (1)
applications to photonic devices based on MF have been set
forth by some authors, for example, optical swiiéhight
3 . .
modulator* tunable optical gratify and coarse E! Tiyup COSIy —Tiptig COSI
wavelength-division multiplexing etc. rs=—= (2)

The methods for measuring the refractive indices of lig- Es  Mip, COSIy +Tpuq COSI,

uids can be classified into refraction technique and reﬂectiomhereEp andE; are the electric field amplitudes pfpolar-
technique (including total reflection'>*® Refractometer, ized (parallel to the plane of the incidencand's polarized
which is based on the refraction of light, is broadly used to(perpendicular to the plane of the incidepcemponents of
measure the refractive indices of liquids. But only the refracthe incident Iight,E;, andE, are the corresponding reflected
tive indices of transparent or translucent liquids can be meaamplitudes;i;=n,—ik; andf,=n,—ik, are the complex re-
sured by this method. MF has a large absorption coefficienfractive indices of medium 1 and medium 12, andn, are

so reflection method must be adopted. The reports abodkbeir real refractive indicesk; and k, are their extinction
measuring the refractive index of MF are few until the yearcoefficientsk=a/(47v), wherea, v=1/\ and\ are absorp-

of 2002 when Yanget al. found a method to measure it tion coefficient, wave number, and wavelength, respec-
successfully by total reflection technigtieWhile tens or  fively); u; andu, are the relative permeabilities of medium

hundreds of experimental data are needed to determine tHe@nd medium 2j, andi, are the angles of incidence and

critical angle, and then the refractive index. Moreover, a€fraction. o _
In order to eliminate the complex assembly of optical

prism with refractive index higher than that of the MF is . d optical ali A 3dB X’ t
indispensable to meet the condition of total reflection. Theilgﬁlv'fe?‘:'n:ge f%%:(:?oua ;g?r:;enlji dv;ethlzjas?ncail dent liaht toytﬂz
method also requires a high level of sophisticated instrumen 9 P 9 9

tation and elaborate optical alignment to hold the resolutior%merface between fiber core and liquid under investigation

q . f t I this lett il devel and collect the backreflected ligtiig. 1). The fiber end face
and precision of measurement. In this 1etier, we will 0eVEIORg g4+ cleaved and the condition of normal incidence is sat-

a method to determine the refractive index of MF, which iSigfieq For visible and infrared frequencies, the relative mag-
very simple, rapid, without loss of accuracy and sensitivity,,otic permeability. is to be 118

and no upper limit on the magnitude of the refractive index  as for our experiment, medium 1 is the fiber core with
of the MF exists. This method |s.opt|cal allgnme_nt-free andﬁl:nfczl_%o and medium 2 the MF of interest with
only one experimental datum with two calibration data is=n_.~ik,,, wheren,; and k. are the real refractive index

needed to determine the refractive index of the MF. and the extinction coefficient of the MF, respectively. Now,
the total reflectivity of light intensityR can be written in the

3Electronic mail: shipu@sjtu.edu.cn detailed form applicable to our experiment according to Egs.
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laser source

——» Incident light

Qile Eiber) under test requires accurate value of the reflectivity on the
interface. Then, calibration procedure is necessary. Our cali-
o Tk bration method involves measurements of the reflected light
intensities when the detecting fiber tip is submerged into two
samples with known refractive indices. We choose air and
water as the samples for our calibration. The operating wave-
length through our experiment is 1550 nm and the room tem-
perature is 20 °C. The refractive indices of air and water can
be calculated from the empirical equations given by Schmid
and Penzkofel® and Quan and Fiy to ben,,=1.000 27 and
FIG. 1. Schematic diagram of experimental setup for studying the opticah,,...,=1.321 91 under one standard atmospheric pressure, re-
properties of MF. spectively. The intrinsic reflection pow®, can be achieved
by the following relationship:
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~ ~ 2 2
n,—n Nic = Np)© + K
R:|I’p|2:|l’s|2: ~l ~2 — ( fc mf)2 mf, (3) ,
Ny +n; (nfc + nmf) + kmf ( Nic — nwater)
which is independent of the polarization state of the incident ~ (Pwater™ Po)S _ Puwater™ Po _ \ Mic + Nwaer @)
light. We can see from E¢3) that the refractive index of MF (Pair— Po)S P.ir— Po Nie = Nair \2
N can be obtained given the valuesandk, are known. Nec + Nar

R is measured through the experiment &pglcan be gotten
by the relationshigks= ami/ (47v). (ami=agC, Whereagis a  whereSis the effective sectional area of the fib®;, and
constant and equals 9166.7 ¢nfor our MF™). Puater are the measured reflected powers when the detecting
In nature, always does exist the intrinsic reflection in thefiber tip is immersed in air and water, respectively, =1,
experimental system. This may be assigned to the reflectioand n,,,e~Nwater are the refractive indices of air and water,
from the idle fiber end face or the fusion conjunction be-respectively. With Eq(4), the intrinsic reflection poweP,
tween fibers and so on. So the actual reflected light intensitgan be obtained.
from the detecting fiber end face is undeterminable. While  Similar to Eq. (4), the refractive index of MF can be
accurate determination of the refractive index of the samplelerived to be

Pt = Po \ [ Nie = Nair | 2
|:1 + ( mf O) ( fc alr) :| Nie 1+ me - PO Nte — Ngir 2 2
I:)air - I:)O Nie + Ngjr Me

= Pair = Po/ \ N + Ny
nmf = > + air 0 fc air -2 - kz (5)
|:1 _ ( me PO) < Nic nair) :| L me _ PO Nt = Nair 2 fc mfs
Pair - PO e * Meir Pair = Po Nic + Nair

whereP,; is the measured reflected power when the detectand then the accuracy of the measurement of the refractive

ing fiber tip is immersed in the MF. Substitutii®y getting  index is assured.

from Eqg. (4) into Eq. (5), we can get the refractive index of The sensitivity of this method can be gotten according to

the MF of interest. From Eq5), we know that there are two Ed. (5) and is given as

calculated values of refractive index corresponding to one

value of measured reflected power. While for water-based Nie = Ngir |2

MF, .its rgfractive index in(_:reases from the \_/alue of the re- ~ (nfc+ nair) [(Nge + N2 + K212

fractive index of water with the concentration of the MF dn= ' 2_ 2 12,

. . Pair— Po 4nfc(nfc ~ Mg~ I(mf)

from zero or very diluted, so the physically relevant value

must be selected. wheredP is the minimum change of power that the power
In our experimental configuratiofFig. 1), the incident meter can distinguish. For our experiment condition, the

light is guided by an arm of the fiber coupler to the interface power meter is sufficient to distinguish the power change of

and the reflected light is collected by the same fiber at th€P=0.01 dBm. Itis apparent from E) that the sensitivity

same location on the interface automatically. So the complefor measuring refractive index depends on the sensitivity of

optical alignment is canceled. Furthermore, the incident lighfh® Power meter, the refractive indices of the fiber core and

is almost normal to the interface and then the reflectivity isthe sample, and their difference. Substituting the rough re-

. . L . Jfractive index of the MF and other known parameters into
very insensitive to the incident angle according to Fresnel

L2 . (6), the resolution inny; (dn) can reach the order of
law. Thus, small angle cleaves on the detecting fiber end duﬁggnitude of 1% In addit?:)fn, a higher resolution of mea-

to technique deficiency does not |nfluc_—:~nce the reflecnwty. SQurement is easy to be achieved when a higher sensitive
measurement of the reflected power is accurate and reliablgoyer meter is available.
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FIG. 2. Refractive indexn,; as a function of concentration c. The inset temperature T (°C)

shows the measured reflected powers for various concentrations when the

detecting fiber tip is immersed in t‘he MPi anq Puater are_the megsured_ FIG. 3. Temperature dependent refractive indices of the MFs for various
reflected powers when the detecting fiber tip is placed in the air and im-

mersed in the water, respectively. concentrations.
their refractive indices are higher or lower than that of the

. L . fiber core.
tal FlthI’efl shows the sitrw]ema:lc dtl'agrgrr; of thfe t?]Xpi/rl'?T' In conclusion, we have measured the refractive index of
at‘ t?le u% Ior measuring ¢ ?j ;e rac |vefz tlrr: ex Ot et fth the MF by the retroreflection on the fiber-optic end face suc-
sta |||ze a(ljser |s_tco|nnec edto Ic'mhet ot tﬁ Inpu plor St?] f%essfully. Theoretical analysis shows that this method gives a
iggg er ar]l’h emlﬂs E[)vgﬁ_ovr\:ter_ '% ka .OT (;N?Viﬁng 0 high accuracy and sensitivity of measurement. In our experi-

nén. o esrzBec € Ilg Tﬁ I?/ICF gui Ie do ehpovr‘]’ermental condition, the resolution of 10in the measured re-
meter by the coupier. 1he Is placed on the oty q4ive index of the MF is obtained. The linear dependence

stage, and a temperature controller is attached_to the h%Iation between the refractive index and the concentration or
stage to control the MFs temperature and study its thermgpe emperature of the MF is acquired. The thermo-optical

optical charaqtenstlcs. _Through our experiment, t_he 'nc'de,”I:oefficient of the MF is measured to be about —2.4

power on the interface is about —7.0 dBm. According to Du'sy 14 o -1

and Luo’s numerical calculation and our previous work, the
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