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Temperature dependence of the refractive index in
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A method of direct measurement of the classical constant of physical optics (3n/8T), is proposed and
developed. The essential element of the experimental set-up, which makes such a technique possible, is a
single-mode laser with a pulse width of 31077 sec and energy 0.3 J. A detailed substantiation of the
proposed method is presented. Values of (3n/0T)p were measured for a number of substances. The
results are discussed and compared with the results of calculations carried out by Raman.

PACS numbers: 07.60.Hv, 78.20.Dj

Investigation of the temperature dependence of the re-
fractive index is one of the fundamental tasks of physical
optics. Up to now the solution of this problem was re-
stricted to the measurement of the so-called total der-
ivative dn/dT of the refractive index with respect to
temperature. It is generally customary to express the
dependence of the refractive index on the various ther-
modynamic parameters by derivatives with respect to
these parameters. In this traditional manner the tem-
perature dependence of the refractive index i(T) can be
represented in the general case in the form

on . [ dn
n(T)—na=j.{—a(T)p(ba)t-r(ﬁ)p}dT, 1)
where 7, is the refractive index at a certain fixed tem-
perature, a(T) the coefficient of thermal expansion, and
p the density. The sum under the integral sign is the
total derivative dn/dT. The first term of this sum is due
to the effect of thermal expansion, and the second to the
temperature dependence of molecular polarizability.??

Knowledge of the total derivative dn/d T alone is often
insufficient. Thus, for instance, if one of the terms in
the expression under the integral sign in (1) is not
known in addition to dn/dT, it is impossible to establish
a correspondence between the quantity An measured ex-
perimentally and the temperature change AT in the case
when AT depends on a space coordinate. In fact, therm-
oelastic stresses arise in this case and the thermal ex-

699 Sov. Phys. JETP 47(4), April 1978

0038-5646/78/040699-03$02.40

pansion coefficient, with fringe effects disregarded,
must be replaced by the quantity

1+v
Lefr "'am , @)

where v is Poisson’s ratio. It is then impossible to de-
termine AT from the measured An and the known dn/dT.

In recent years the study of the temperature depend-
ence of the refractive index has become a problem of
timely interest due to the creation of sources of short
high-power light pulses, the lasers. As the laser radia-
tion passes through condensed media, additional refrac-
tion occurs in the latter, due to heating of the substance
by absorption of radiant energy. This phenomenon may
be utilized as a research tool. Thus in®1 a method was
proposed and developed for the measurement of small
local absorption coefficients, which is based on high-
speed interferometric recording of change of the re-
fractive index. On the other hand, in most cases the
same phenomenon leads to undesirable nonlinear effects
such as self-focusing or defocusing.®? In either case the
change of the refractive index is determined according
to formula (1) with account taken of (2) or, for a suffici-
ently short time of action, according to the same form-
ula (1) with account taken of the time dependence of p
(nonstationary process). It is obvious that for a correct
solution of problems of the type described above know-
ledge of each of the terms in the expression under the
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integral sign in (1) is indispensable,

Attempts at indirect determination of the quantity
(an/a T),, from measured parameters are known in the
literature. Thus in®! (8n/8T), is calculated from the
parameter (312/3P)g measured in that work and from the
parameters (8n/8T),, (3T/8P)g, and Bg taken from the
literature (P - pressure, S - entropy, Bs - isentropic
compressibility). This method requires the knowledge
of several isentropic constants, the measurement of
which represents an independent, experimentally rather
complex task. Besides, this method, applied in®? to
liquids, is hardly suitable for solids. In another pa-
per®! a method of calculating (8n/8T), from the ex-
perimental ratio of intensities of the Raman and Ray-
leigh scattering is proposed. But since the square of
the dipole polarizability appears in the expression for
the intensity of the Raman scattering, (Em/aT),J can be
computed only without a determination of its sign.

EXPERIMENTAL TECHNIQUE OF DIRECT
MEASUREMENT OF (3n/3T)p AND ITS
SUBSTANTIATION

Since the change produced in the refractive index by
thermal expansion is established at the speed of sound
in the substance under study, it follows from formula
(1) that for the recording of the purely thermal effect
the total time of heating and measuring An must be
chosen to satisfy the condition

on an
|=(5) 1 <1(57), |- )

The diagram of an experimental setup which allows
to record the thermal variation of the refractive index
is presented in Fig. 1. In this arrangement the sub-
stance is heated by the radiation of a neodymium laser
with the following characteristics: spectrum-—one
longitudinal mode, pulse width 3X107° sec, maximum
energy 0.3 J. With the help of the lens L (focal dis-
tance 150 cm) the radiation was focused into the cell C
with the substance studied. The length of the cell was
7 cm, the effective radius of the laser beam at entry
into the cell 0.2 cm, and the energy distribution close
to the Gaussian. The variation of the refractive index
was recorded with the Michelson interferometer M.
For the illumination of the interferometer a part of the
radiation of the neodymium laser was used, transform-
ed into the second harmonic (A =5300 A) with the help
of the crystal KDP. The illumination pulse was de-
layed 3X107° sec relative to the heating pulse in order
to exclude the influence of the electronic Kerr effect.

FIG. 1. TEMy,-neodymium laser, KDP-crystal transforming
the radiation of A =10600 & into radiation of A=5300 &, L -lens
focusing the neodymium laser radiation inside the investigated
substance, M-mirrors of the Michelson interferometer, C-
cell with the substance studied, Ph-camera.
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The interference pattern was photographed by means
of the camera Ph with its shutter open.

The basic working formula is of the simple form

(5F),~ 7 @

where C, is the heat capacity at constant volume, A the
wavelength of the illuminating radiation, m the relative
shift of the interference fringe at the maximum, W the
energy density in the peak, and » dimensionless con-
stant that depends on the absorption coefficient of the
substance and on the geometry of the laser beam inside
the cell. The formula (4) allows to estimate the sensi-

" tivity of the method and the measurement error. These

estimates yield: (3n/8T)}" ~0.25%107% with a mea-
surement error (+0.20%). To estimate the error of the
method it is necessary to write the condition (3) with-
allowance for the specific geometry of the laser beam.
Thus, for a Gaussian energy distribution the error of
the method is

A(an)ogap(_an) Arr, (5)

oT o /. R

where 7,=v7 (v is the speed of sound, and 7 the total
time of measurement), A7, is the accuracy with which
the maximum of the interference pattern is determined.
R is the effective radius of the laser beam at entry into
the cell. Calculations using the formula (5) showed that
the error of the method does not exceed (-10%).

The formula (4) contains C,, the heat capacity at con-
stant volume. In those cases when (C,-C,)~C,, where
C, is the heat capacity at constant pressure, C, was
found from the well-known thermodynamic relation

T
Cv=cﬂ - a ’

T

where B is the isothermal compressibility.

In working out the technique water was chosen as the
standard substance. Water is the only substance for
which (8n/8T), can be measured in a static experiment.
At temperatures near 4°C the co-efficient of thermal
expansion of water becomes zero and, consequently,
dn/dT = (en/aT), at this temperature. Figure 2 shows
plots of the temperature dependence a(T') and dn/dT(T)
for water,[®J

RESULTS OF THE EXPERIMENT AND THEIR
DISCUSSION

A typical interference pattern for water is given in
Fig. 3 (top). The same figure (bottom) shows the dis-
tribution of energy density in the laser beam as it en-
ters the cell. The closed curves are lines of equal en-
ergy density in relative units. The quantity (an/aT)p
for water was measured in a wide temperature interval
(2 - 95)°C (see Fig. 2). It was established that in this
temperature range (812/3T), for water does not depend
on temperature and equals (~1.93X107%) deg™'. An
investigation of the influence of various admixtures in
water on the quantity (0n/3T), was likewise conducted.
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FIG. 2. Graphs of temperature dependence of the coefficient
of thermal expansion &, the total derivative dz /2T (6! and
the partial derivative (an/BT)p .
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FIG. 3. A typical interference pattern for water (top) and
distribution of energy density in the laser beam at entry into
the cell (bottom) reverses sign, and attains the value

~4x 10~%deg ! for concentrations near to the concentration
of the saturated solution.

The salts CuSO, and NiSO, were used as strongly ab-
sorbing admixtures. It was found that when the con-
centration of these admixtures is increased to 1072
g/cm? and the absorption coefficient grows correspond-
ingly from 0.14 cm™! to 0.5 cm™!, the quantity (8n/3T),
remains constant. At the same time the sensitivity of
the method increased (at a given cell length). The salt
NaCl was used as a weakly absorbing admixture. The
results of measurements of (3n/3T), as a function of the
NaCl concentration are shown in Fig. 4. It is seen that
beginning with the concentration 1072 g/cm? the quanti-
ty (9n/3T), decreases in absolute value, passes through
zero at the concentration 6X1072 g/em?,

By analogy with water, we carried out an investigation
of the influence on (81n/3T), of strongly absorbing ad-
mixtures in optical glass. Glasses of the brand SZS
were chosen with various concentrations of admixtures.
The absorption coefficient of these glasses varied within
the limits 2 em™ - 18.6 cm™. It was found that (8n/87),
does not depend on the concentration of admixtures
(within the limits indicated above). Since the basis of
SZS glasses is the optical glass K-8, it is apparently
possible to obtain the value of (87/3T), for that glass
by linear extrapolation of the data for SZS glasses.

701 Sov. Phys. JETP 47(4), April 1978

L4 glom?
F4
U 8
2% 3
u o
4 .

FIG. 4. Graph of the dependences of (an/aT)p of an aqueous
solution of NaCl on the NaCl concentration.

TABLEI.
(0n/0T) ,-108
dn
Substance a-108 a1 calculation experiment  —

Water 238 -9.65 -1.97 -1.93
Chloroform 277 ~56.8 +0.74 +0.90
Ethyl ether 165.1 ~58.6 -0.78 -0.42
Glycerine 51.0 - - -0.60
K8 2.2 +0.31 - +0.92

In the same way measurements of (an/aT)p for some
other substances were carried out. Results of these
measurements are presented in Table I. In the same
table results of calculations based on the data of
paper ®1 are given. It is seen that, for instance in the
case of ethyl ether, a discrepancy by a factor of almost
two was observed. This discrepancy is evidently con-
nected with the circumstance that, as is seen from
formula (1), the quantity (8n/a8T), is obtained as a dif-
ference of two quantities and in the case of ethyl ether
these are sufficiently close to each other in absolute
value. The accuracy with which (9n/8T), was mea-
sured in work®] turns out to be insufficient.

Summarizing the results of the present work we may
draw the following conclusions. A technique for direct
measurement of the optical constant (an/aT)p has been
proposed and developed for the first time. Investiga-
tions of the dependence of (37/8T), on the temperature
and on the concentration of various admixtures have
been carried out for water, It has been shown that in
the temperature range (2 —95)°C the quantity (8n/3T),
does not depend on temperature. Nor does addition of
absorbing admixtures in concentrations up to 1072 g/cm?
influence the quantity (8n/3T),. It has been established
that in an aqueous solution of NaCl the quantity (9n/4T),
varies both in absolute value and in sign within the lim-
its (-1.9- +4)X107° deg™'. The values of (32/87T),
were measured for a number of other substances.
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