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Abstract 

We report the development of a Multipass Fabry-Perot interferometer as

sembly for use in Rayleigh-Brillouin scattering experiments. The optical 

alignment and the scattered signal data acquisition have been completely 

computerized. We have incorporated digital scanning and alignment strate

gies of the Fabry-Perot resonator which makes this instrument quite unique 

in this respect. The very high contrast (~ 10 1 0 ) and finesse (~ 50) offered 

by this instrument makes it possible to detect Brillouin peaks from samples 

that have a small Brillouin scattering cross-section. As part of this system we 

have constructed a compatible and precision sample chamber which has been 

designed to operate in the pressure and temperature ranges of (1 — 1000B) 

and (20 — 150°C) respectively. The cell has been constructed to be small and 

compact, but it still has a large heat capacity (~ 250J/K) which ensures 

'Present address: Norwegian Telecommunication Administration, Research Department, 
P.O.Box 83, 2007 Kjeller, Norway 
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easy and stable temperature control of the liquid sample volume, which has 
a size of 40 mm*. 

The achievable temperature stability is ±lmK and ±2mK for operating 
temperatures below and above 100° C respectively. The pressure stability is 
in the range of ±0.05£ of the set pressure for pressures below 100B and it 
is ±0.05% for higher pressures up to 1000B. Both pressure and temperature 
are remotely monitored and controlled by a ND/100 computer. Special care 
has been taken in designing the optics of the pressure cell to ensure that 
both the primary and secondary reflections from the entrance window as well 
as the main beam go out of the scattering region in order to achieve higher 
signal-to-noise ratio in actual experiments. 

This setup has been used to measure the hypersonic sound velocity in com
mon liquids. Some preliminary results of pressure dependence of hypersonic 
sound velocity in Carbon Tetrachloride and Isopropyl Alcohol samples has 
been reported. Long time temperature and pressure stability of the sample 
chamber and the effect of laser heating (when 2 Watts of intensity is incident 
on the sample) on the stability has been studied and the results have been 
discussed. 
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1 Introduction 

Brillouin scattering is a powerful experimental technique for the determi
nation of the physical properties of single- and muk komponent fluids. This 
is because the analysis of the Rayleigh-Brillouin scattering spectra yields 
information about the thermodynamic parameters like the density, specific 
heat, isothermal compressibility etc. of the scattering medium. The study of 
the variation of these quantities as function of temperature and pressure will 
give information on the equation of state of the liquids under consideration. 

The Fabry-Perot Interferometer is conventionally used for the study of 
Brillouin scattering. However, this instrument is associated with a severe 
limitation. We very often encounter systems that have a very small Bril
louin scattering cross-section. In this situation the strong wings of the cen
tral Rayleigh line very often overwhelms and masks the smaller Brillouin 
peaks making it almost impossible to detect them. This situation calls for 
an improvement in the resolving capacity of the interferometer. A multi-pass 
Fabry-Perot Interferometer —first designed by Sandercock1 , 1— meets this 
requirement quite well. This is because of two reasons —first, the high con
trast of the instrument makes it possible to detect weaker signals (Brillouin 
peaks) in presence of stronger ones (Rayleigh lines). Secondly, the high fi
nesse offered by the instrument means that the instrumental function is very 
close to a 6— function and this makes the spectral data analysis much simpler 
to interpret. 

Our objective has been to experimentally determine the Density-Pressure-
Temperature phase diagrams by analyzing the Rayleigh-Brillouin spectra of 
the scattered light. Keeping this in mind, we have constructed our sample 
chamber geometrically to fit into our old Fabry-Perot setup for 90° light scat
tering. The pressure and temperature ranges of our interest lie in the range 1 
to 1,000 Bars and 20 to ISO °C respectively. In addition to this we need very 
precise long time pressure and temperature stability and hence very small 
sample volume. But unfortunately no such sample holders are commercially 
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available to suit our purpose. This provided us with the incentive to design 
the high pressure cell and a compatible temperature control setup. 

This report has been organized in the following way. In Sec. 2 we give 
a brief overview of the theory of Brillouin scattering followed by the prin
ciple of the multi-pass Fabry-Perot Interferometer. The description of the 
Interferometer has been given in Sec. 3 both for the single and multi-pass 
optical arrangements. A detailed description of the sample chamber has been 
included in Sec. 4. Section 5 contains the description of the principle of the 
spectral data analysis technique used in our experiments. The details of the 
experiments and their results have been given in Sec. 6 and 7 respectively. 
Section 8 is the conclusion part of this report. In an effort to retain the 
compactness of this report we have not included the listing of the various 
software programs used for controlling and monitoring the Interferometer. 
The software programs used for raw data treatment and analysis are also 
not included. However, one can find all these program descriptions and their 
listings in Refs. 3 and 4. 

2 T h e o r y 

2.1 Theory of Brillouin scattering 

In the classical picture light is scattered from condensed matter from 
thermally generated density fluctuations. These fluctuations consist of two 
components —the non-propagating component and the propagating compo
nent. The non-proj agating component gives rise to the central Rayleigh line 
and the propagating component produces the Brillouin lines in the spectrum 
of the scattered signal. Physically the propagating density fluctuation in the 
medium is equivalent to a. propagating sound wave of very high frequency 
(~ 10GHz). When light is scattered from such a disturbance it will be 
Doppler shifted. The damping of the sound wave in the medium contributes 
to the finite width of the Brillouin line. Equivalently the finite lifetime of the 
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non-propagating density fluctuation in the medium contributes to the width 
of the central Rayleigh line. 

In the quantum mechanical picture the Brillouin shift originates from the 
photon-phonon interaction and the associated Doppler displacement, where 
either a phonon is annihilated (Stokes process, positive Brillouin shift) or 
created (anti-Stokes process, negative Brillouin shift). In a liquid at thermal 
equilibrium, these two processes take place with equal probability, so there 
will be two Brillouin peaks of equal height and width located symmetrically 
about the elastic (Rayleigh) peak in the scattered spectrum. The phonon 
lifetime is given by the reciprocal of the Brillouin linewidth and in the classical 
picture the Brillouin width is related to the absorption coefficient of sound 
waves in the medium. Applying the laws of conservation of momentum and 
energy in the photon-phonon process and knowing that we have a quasi-
elastic process where the phonon energy is very small compared to the photon 
energy, we find that the Brillouin shift (AJ/B) is related to the velocity of the 
phonons («,) propagating in the medium as 5 ' 6 

Ai/ B = ± ^ i s i n ( 0 / 2 ) (1) 

Here 6 is the scattering angle, n is the index of refraction of the medium and 
A0 is the vacuum wavelength of incident light. From this equation we find 
that the scattering phonons have frequencies in the GHz range, hence they 
are representing the thermally generated hypersonic sound waves. 

Further, the Landau-Placzek ratio, defined as the intensity ratio between 
the central Rayleigh component (JR) and the shifted Brillouin components 
(21 B) in the scattered spectrum, is given by 

£ = ( , - ! ) ; where , = f = ! « 

Here Cp and C„ are specific heats at constant pressure and constant volume, 
and PT and 0s are the isothermal and adiabatic compressibility. We know 
from the thermodynamic definition of the isothermal compressibility that 
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where P is the pressure. The hypersonic sound velocity can be expressed as 

(4) 

From Equations (2), (3) and (4), it can be shown that 7 

p{P)=p(P0) + £ldP (5) 

One can derive the values of 7 and v, from the Rayleigh-Brillouin scattering 
experiments and evaluate the integral Eqn. (5) explicitly for different pressure 
regions of interest, thus obtaining a density-pressure phase diagram for a 
given system. 

2.2 The Fabry—Perot spectrometer 

The scanned Fabry-Perot interferometer is a unique instrument for high 
resolution spectroscopy in the GHz range. The interferometer consists of 
two plane parallel mirrors, and the optical pathlength between these mirror 
is scanned typically a few wavelengths (fig. 1). Incident light parallel to the 
mirror optic axis will be completely transmitted if the wavelength of the light 
satisfy the resonance condition 

2<f = m\ (6) 

where d is the optical path length between the mirrors. A detailed summary 
of the theory of operation (optics) of this instrument is given in Ref. 8. This 
optical path length may be scanned in different ways. In our spectrometer we 
scan one of the mirrors by applying a saw-tooth voltage to the piezoelectric 
crystals on which the mirror is mounted. 

For completely monochromatic incident light, the resulting spectrum should 
be the instrument function of the interferometer. The typical instrumental 
function of the instrument and other relevant parameters have been shown 
in fig. 2. For a Fabry-Perot this instrument function is an Airy function:1 , 2 
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Figure 1: The Fabry-Perot 

The product Ti Jj is the maximum transmittance of the interferometer. The 
parameter T\ is determined by the absorption coefficient A and reflectivity 
R of the mirrors 

and Tj is a function of the ratio of effective finesse F and the reflectivity 
finesse FR. These two finesses are related through the flatness finesse of the 
mirror (Fs) as 

l i t 

(9) F2 ~ F% + F$ 

where FR = HIR) a n < ' ^s = m / 2 for a mirror with mirror flatness A/m. The 
parameter Tj approaches unity as F approaches FR. The resolution of the 
Brillouin spectrum is limited by the linewidth of the Airy function, which 
is given by the effective finesse F. In order to detect weak Brillouin peaks, 
the instrumental contrast of the spectrometer becomes a very important pa
rameter and should be as high as possible. The contrast is also given by 
the finesse, as ~ F1. As an example we choose a Fabry-Perot mirror with 
flatness A/200, reflectance R = 94 % and absorption A = 0.2 %. At perfect 
alignment this configuration will give a effective finesse of ~ 45 and a con-
tr<ist of ~ 1,000. For many liquids the Brillouin scattering cross-section is 
too small to be seen in a spectrum with such a low contrast. The values 
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Figure 2: The instrumental (Airy) function. Finesse is defined as the ratio 
of Free Spectral Range (FSR) to Full Width at Half Maximum (FWHM) 

of reflectivity finesse (FR), contrast (C) and transmittance (Ti) have been 
tabulated in Table-A for three mirror reflectances, R = 99.5 %, 94 % and 85 
%. These are realistic reflectance values corresponding to one, three and five 
pass operations on the instrument respectively. 

TABLE-A 

No. of Passes R =98.5% R =94% R =85% 
Fn = 208.4 FR = 50.9 FR = 19.4 

1 C = 17512 C = 1045 C = 152 
Ti = 75.1% Ti = 93.4% Ti = 97.3% 

FB = 408.8 FR = 99.8 FR = 3 8 

3 C = 5 x 10 1 ! C = 1 X 10° C = 3 x 10 6 

Ti = 42.3% Ti = 81.6% Tj = 92.3% 
FR = 540.5 FR = 132 i l i = W.'i 

5 C = 2 x 10" C = 1 X 10 , B C = 8 x 10 1 0 

T, = 23.9% Ti = 71.2% Ti = 87.4% 
Theoretical Finesse, contrast and transmittance 

for typical Fabry-Perot configurations 
In order to improve the instrument it is customary to operate the instru-
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ment in the multi-pass mode. This is achieved by placing a retroreflector on 
both sides of the resonator and the scattered light will then pass several (3 or 
5) times through the interferometer before it is detected 1 , 1. In this multi-pass 
operation mode, the instrument function will now be the same Airy-function 
as in Eqn. 7, but now raised to the pth power, where p is the number of 
passes, 

/,(") = [JiMP (io) 
Similarly, the contrast and transmittance will also be raised to the pth power 
in the same way. The finesse will also increase in this new mode of operation, 
although not as much as the contrast. The single pass efffective finesse F : 

and multipass effective finesse Fp are related as 

Fp = -7=F=- (11) 

In 3-pass configuration, the theoretical contrast in our example would be 
~ 10 s and the effective finesse would be ~ 70. In 5-pass configuration, the 
theoretical contrast increases to ~ 10 l e and the effective finesse to ~ 80. A 
Fabry-Perot interferometer with these mirrors will have about 70% transmit
tance when operated in five-pass mode. 

It is necessary to optimize the effective finesse and transmittance [Tt and 
T3 in Eqn. (7)) of the interferometer in order to obtain a higher resolution 
device. It is trivial from Eqns. (7) and (8) that the ideal situation corresponds 
to an interferometer with 100% reflecting mirrors with completely flat surface. 
For a realistic single pass system the optimal situation is 9 Fa ~ Fg • This 
system will have an effective finesse Fi ~ 0.7J<R and T\ ~ 0.96 using R ~ 97% 
mirrors with surface flatness A/200. The total maximum transmittance will 
be T,T3 ~ 0.96. However, this cannot be extended to the multipass situation 
because it will incorporate large losses into the interferometer. 

For multipass operation the suitable choice is Fs ~ 3Fg, that gives 7j ~ 
0.95 and correspondingly8 Fi ~ O.QFR . Using mirrors with reflectance R ~ 
90% (and above) and surface flatness A/200 we can readily satisfy Fs ~ 3FK. 
In 5-pass operation this situation will lead us to T} ~ 0.9 and T% ~ 0.8 with 
the corresponding maximum transmittance (TiTs)5 ~ 0.7. This particular 
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choice makes the interferometer operate with effective 5-pasa finesse f t ~ 50 
and a contrast of ~ 10 1 0 . 

The introduction of multipass operation mode also introduces severe align

ment demands on the resonator mirrors. First, the scanning mirror has to 

move perfectly linearly with time. This is achieved by & programmable dig

ital ramp generator (Section 3). The opposing mirror is also mounted on 

piezo-electric stacks. During experiments the mutual parallelism between 

the mirrors is maintained by applying feedback signals to these stacks. These 

feedback signals are generated by the alignment routine in the software that 

controls the whole experiment (Section 3). 

The stringent alignment requirement demanded by the Fabry-Perot can 

be visualised from the following example. For our mirrors with a diameter of 

50 mm and a typical mirror distance of 15 mm, optimum operation requires 

a stability on the parallelism of the mirrors of less than 20 A during actual 

experiments. 

3 Description of Fabry—Perot Assembly 

3.1 The Single-Pass Assembly 

A complete experimental arrangement of the interferometer setup has 

been shown in fig. 3 for single pass and in fig. 4 for multi-pass operation. 

The coherent light source is a tunable Argon ion laser (INNOVA) which 

provides maximum output of 15 Watts when used in multimode operation. 

In the experiments described here, we used the TEMoo mode, green line — 

wavelength 5145 Å — and intensities in the range from 1 to 3 Watts in all 

our experiments. The emerging beam from the laser is deflected by mirrors 

M l and M2 to reach the optical table on which the optics is mounted. The 

beam splitter (BS in figs. 3 and 4) divides this incoming beam into two parts; 

one going to the right angle prism P I and the other to right angle prism 

P2. The beam emanating from P2 defines the reference axis to which the 

Fabry-Perot is aligned. The beam from PI is at 90° to this axis. The sample 
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Figure 3: Experimental setup for single pass Fabry-Perot 

chamber is mounted at the position where the optic axis and the beam from 

P I intersect in space. The scattered light from the sample is collected by 

lens LI and focussed on to the pinhole PH2. Here the signal enters the light 

protective black box. The focal length of the lens LI is 50 mm. Lens L2 (same 

focal length) renders this beam parallel and this is the incident beam to the 

first retroreflector (RTR)(in case of multipass operation). After making five 

passes through the Fabry-Perot cavity the signal is collimated and focussed 

on to the photomultiplier cathode. We have a 5145 Å filter immediately after 

lens L3. This reduces the noise level in the signal. The retroreflectors will be 

described in the following section. 

The PMT output is connected to a two way toggle switch so that the signal 

can either be viewed on the oscilloscope (while alignment) or can be diverted 

to the TIKI computers for continuous monitoring and storage of data. Details 

of the computer interfacing of the interferometer to the TIKI computers has 

been described in Ref. 3. The Fabry-Perot mirrors (Reflectivity = 85%) are 

attached to piezoelectric crystals to enable their automatic alignment. Three 

such crystals attached to the front Fabry-Perot mirror produce linear scan

ning of the Fabry-Perot cavity. These crystals are driven by programmable, 
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. Figure 4: Experimental setup for multi pass Fabry-Perot. The distribution 
of different pass beams on the mirror surface has been shown in the inset. For 
clarity the inset mirror surface is a blown up version of the original. The dots 
and crosses correspond to beam inversion points on the two mirror surfaces, 
two of them lie on one mirror and the rest on other mirror. The electronics 
is shown for two indenpendent control systems, selected through the toggle 
switch. 
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digital ramp signals. This allows completely linear scanning (with time) of 
the Fabry-Perot cavity. The scanning rate can be suitably changed by chang
ing the ramp signal frequency. The back Fabry-Perot mirror is attached to 
two similar crystals for automatic alignment during scanning, which is ob
tained by the optimization of the instrument transfer function at the Airy 
maxima. A computer controlled experiment can invoice this alignment9 — 
but one needs a stable scattering signal for reference purpose. In our present 
experiments we do not use the auto alignment mode due to the lack of a 
good reference beam. So far we have studied only liquid samples and these 
produce strongly fluctuating central Rayleigh peaks that are unsuitable for 
use as reference signals. 

3.2 T h e M u l t i - P a s s A s s e m b l y 

As mentioned earlier a retroreflector is placed on both sides of the Fabry-
Perot resonator to create multiple passes inside the cavity. The optical con
struction is such that the parallel passes intersect the mirror faces at the 
vortices of a regular pentagon as shown in fig. 4 (inset). This minimizes the 
possibility of cross-talk between different pass beams. Secondly, this ensures 
that the beams travel equal optical path between the mirrors since the most 
predominant deficiency in mirror flatness is spherical curvature from center 
outwards. 

So it is advantageous to distribute the passes over the circumference of 
a circle, since this situation is equivalent to distributing ti;e passes over a 
contour of equal mirror spacing. The second advantage is that the mirror 
surface is more evenly used than before. Moreover, now the early pass beams 
1 and 2 are well separated from the later passes 4 and 5. 

3.3 Digital Scanning And Alignment Of Mirrors 

Fabry-Perot cavity is scanned through the use of piezo-electric crystals 
by applying a ramp signal. This kind of scanning demands a completely 
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linear ramp signal in order to obtain linear scanning of the Fabry-Perot cav
ity. The commercially available ramp generators normally cannot provide a 
cent percent linear ramp signal and the ones that do are extremely expen
sive. This provided us with the incentive to design and construct a digital 
ramp generator 1 0 (DRG). The alignment of the mirrors has also been digi-
talized with the option that it can either be set to manual or automatic mode. 

Here we will give a very brief description of the digital scanning and align
ment procedures adopted in our set up. For a detailed description one should 
refer to Ref. 3. This section essentially contains a description of the software 
which has been developed by F. Boger to run the Fabry-Perot microprocessor 
system. The program system are written in C language and assembly code 
and incorporated in two TIKI-100 microcomputers. These two computers 
(TIKI-1 & TIF.I-2) are interfaced to each other and also to a ND-100 com
puter. There are three main programs that resides in these two computers, 
namely: 

• SPECTRA - Program for the Photo Multiplier Interface (PMI) and 
graphics. (TIKI-1) 

• DRG - Program for the Digital Ramp Generator. (TIKI-2) 

• TERMINAL - Program to use TIKI as a terminal. Used on TIKI-
1 to start the receiving program on the ND/100 computer before the 
SPECTRA session. 

We discuss the purpose of each of these briefly. Coming to SPECTRA program 
its main functions are: 

• Data aquisition 

• Peak detection 

• Data accumulation 

• Data store/transfer 
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• Graphics 

1 he main functions of DRG program are: 

• DAC table calculations 

• Appropriate DAC table and parameters choice 

• Alignment executions from keyboard (manual) or SPECTRA (auto
matic) 

A detailed description of the DRG program and its objectives are given in Ref. 
10. 

3.3.1 D a t a Aquisition 

The present version of the SPECTRA program can collect a spectrum 
consisting of 400 to a maximum of 6400 data channels. For each channel the 
number representation is 16 bit for the buffer accumulation and 32 bit in the 
accumulated spectra. The gate width are programmable from 64 lis to 16ms. 
To obtain a flicker free display on the oscilloscope, we have included the 
possibility to read a sweep in (400 x 64)ns=25.6ms. This is not supported by 
the DRG program which can only calculate the sweeptime in steps of 52ms. 

The program treats all gate widths in the same way. During data aquisi
tion the microprocessor is busy preparing and displaying the graphic curves, 
but it accepts the interrupts from the PMI hardware*. The graphic points or 
bars are drawn on screen as fast as possible, and at normal gate widths the 
front of the graphic curve moves in real time. It is possible to write programs 
for even smaller gate width, but then we will loose the real time graphics. 

3.3.2 Alignment Software 

The alignment software is of great advantage in the microprocessor con
trolled Fabry-Perot. The continuous supervision of the instrument perfor
mance as ar, integrated assembly, the simultaneous activity of the data ac
quisition and display, and the microsecond based decision making capability 
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for fine alignment of the mirrors, that the program facilitates, indeed makes 
the instrument quite unique. All the piezo-electric stacks connected to the 
Fabry-Perot mirrors are controlled from the DRG program running on the 
TIKI-2 microcomputer. Both mirror positions may be changed manually 
from the keyboard and based on this, it is possible to develop an advanced 
automatic alignment procedure. The existing automatic alignment procedure 
is controlled from SPECTRA running on the T K I - 1 microcomputer. It is 
based on the integral sum of the central peak, and it uses only the second 
mirror. The decision made in SPECTRA is transferred to the DRG program 
which performs the adjustment of the output voltage to the piezo-electric 
stacks. Experience obtained by working with the facility of a fully microcom
puter controlled Fabry-Perot, such as ours, continuously suggests changes 
in the strategy and instrumentation, which improves its overall performance. 
Our system is close to perfection and is flexible to accommodate future design 
manipulations. 

3.3.3 Data Quality Criteria 

The data quality are calculated from the integral sum of the central peak 
and the halfwidth (FWHM). The demanded criteria for peak quality have 
been programmed into the SPECTRA program. These criteria may be al
tered by the programmer. There are three conditions that are imposed on 
the accumulated spectra. These are, the minimum Rayleijjh peak height, 
the maximum FWHM and the maximum allowed drift of the central peak 
from its mean position, that can be tolerated. If the buffered spectrum sat
isfies these criteria, it is accepted as a genuine data spectrum and is added 
to the accumulated spectrum, if the buffered spectrum does not satify these 
conditions, it is rejected. 

3.3.4 Communication Software 

The communication with other computers are absolutely necessary for an 
effective administration and data handling of our experiments. The highly 
nonlinear fitting procedure needed for raw data treatment, consisting of the 
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order of one thousand channels and done with the accuracy of double pre
cision, needs an advanced computer. In our microcomputer system the two 
TIKIs communicate through an 8 bit port and one of these is interfaced to a 
ND/100 computer. The present plans are to exchange the ND/100 computer 
with an Apollo DN3000 with the provision of Direct Memory Access (DMA) 
between this and the TIKI-1. 

3.3.5 I n t e r TIKI Communica t ion 

This port is the data transfer port and the status information port be
tween the TIKI microcomputers. The software for using this port is equal 
on both microprocessors. The routines are written in assembly language. 
Potential programmers who wish to use them should be aware of the possi
bilities for a locking condition in the program performance. The ports are 
described in the PMI/DRG technical reference l 0 . The information on the 2 
handshake lines are used to get synchronised operation during data transfer. 
The other 2 status lines give the program using the PMI or DRG hardware, 
information about the hardware activity in both PMI and DRG. This pro
vides the synchronized operation between the SPECTRA program and the 
DRG hardware. 

3.3.6 T I K I - N D / 1 0 0 - A P O L L O D N 3 0 0 0 C o m m u n i c a t i o n 

To transfer data, the TIKI-100 must be connected to another computer 
via RS232 and the TERMINAL program should be started. It is now possi
ble to use the TIKI-100 as a terminal. The present connection to ND/100 
is obtained by starting a NODAL program that asks for the total number 
of channels to be transferred and for all these channels the data counts are 
transmitted. On the other hand the SPECTRA program contains one com
mand that transfers the collected data. The data are transferred just in the 
same way as they should have been written on a terminal. The first value 
sent from SPECTRA is the number of values in the data spectrum. After 
having started these, the TERMINAL program must be terminated and the 
SPECTRA program started. When data are ready to be transfered, the 
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command TRANSMIT transfer the data to the ND/100 computer. This is 
not the fastest method to transfer numbers, but it is easily implemented on 
almost every computer. When we have our Apollo DN3000 commissioned, 
the data transfer will be accomplished via the DMA connections. 

4 Sample Pressure And Temperature Con
trol 

Two versions of the cell have been in use. The old version was found 
to have some serious design deficiencies that often led to leakage of pressure 
at pressures above 400 B. Before we proceed to describe the present high 
pressure cell, it is worthwhile to discuss the design of an older version of it 
which we shall refer to as the old pressure cell throughout this report. There 
are a few similarities in the designs of these two pressure cells. 

4 . 1 T h e O l d P r e s s u r e C e l l : M e c h a n i c a l C o n s i d e r a t i o n 

A schematic diagram of the central part of the old pressure cell has been 
given in fig. 5. It comprises of a sample chamber created by two plane parallel 
sapphire discs of diameter 12 mm and thickness 5 mm each, placed on either 
side of a steel ring of thickness 6 mm. These three pieces are placed between 
two outer stainless steel rings and this entire assembly is held together by 
three stainless steel screws and metallic washer packings. The whole cell 
has been shown in fig. 6. The complete mechanical dimensions of all these 
metallic parts have been listed in Ref. 11. The inner side of the outer steel 
rings have been shaped in a conical fashion diverging from the base which 
is in contact with the sapphire window. This conical configuration acts as 
light inlet/outlet aperture. The fluid inlet and outlet tubes are connected 
diametrically opposite to the outer surface of the central metal ring separating 
the sapphire windows. From these the sample fluid flows through radial holes 
in the ring to the sample chamber.The four m^tal-sapphire interfaces have 
been packed with four viton O-rings, one at each interface. These viton O-
rings sit in annular grooves made into the metal side of the interface for this 
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Figure 5: Schematic diagram of the optical configuration of the old cell. F 
is the sample chamber created by the two parallel sapphire windows E. A is 
the incident beam, B and B" are primary and secondary reflected beams, C 
is the path cf the main beam in the sample chamber, and D is the scattered 
beam with scattering angle 0. The indices of refraction for air, sapphire and 
the sample are denoted as n 0 , ttiand rij, respectively. The angle of incidence 
in air is oo and so is the angle of detection with respect to the optic axis. 
<*! and a 2 are the angles of refraction in sapphire and in the sample. Notice 
that the secondary reflected beam B" as well as the main incident beam C 
are trapped inside the cell. 
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Figure 6: The mechanical configuration of the old cell. A is the outer stainless 
steel ring, B is the sapphire window, C is the inner ring, D is the liquid 
inlet/outlet tubes and E is O-ring. Notice that this cell uses four O-rings. 

purpose. 

The typical sample volume of this pressure cell is about 2S0 mm' . When 
a hydrostatic pressure is applied to a liquid sample contained in this cell 
the sapphire windows are pressed apart against the outer O-rings and this 
outward force is taken up by the three steel screws holding the cell assembly 
together. During this, there is a possibility that the edges of the sapphire 
windows might get unevenly pressed against the metal base thereby creating 
a risk of damaging the windows. To prevent this a separate concentric groove 
has been made into the metal surface around the groove holding the O-ring. 
This strategy helps in keeping the edges of the sapphire windows away from 
immediate contact with the metal. 

4.1.1 Optical Considerations 

The path of the laser beam incident on the sapphire window at an angle of 
a0 = 45° to the optical axis of the cell windows is shown in fig. 5. Sapphire has 
a very high refractive index (= 2.4). Because of this the refraction angle Qj in 
sapphire is only 17.13°. Assuming that the fluid under consideration is water 
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(index of refraction = 1.33) the beam will enter the sample chamber at an 
angle of a 2 = 32°. The angle of observation has been chosen to be 45° as well. 
The reason for choosing this symmetric optical configuration of the angles of 
incidence and observation is that in a realistic light scattering experiment 
the necessity of measuring the index of refraction to calculate the sound 
velocity (from Brillouin shifts) is eliminated. This has been explicitly shown 
below.The reason for choosing ao = 45° is to match the optical configuration 
to our old spectrometer geometry made for 90° scattering. 

Using Snells' law of refraction on the angles a,cti and a 2 in fig. 5, we get 

no sin ao = »i sin ai = n 2 sin a 2 (12) 

where na, »ii and n 3 are the refractive indices of the surrounding medium 
(air), the sapphire windows and the fluid sample, respectively. 

From Eqn. 1, the Brillouin frequency shift (AVB) is related to the hyper
sonic sound velocity («,) in the medium as 

Ai / B = ± ^ l S i n f l / 2 (13) 

Here X0 is the vacuum wave length of the incident light and 0 is the 
scattering angle. From fig. 5 it is easy to see that the following relation is 
valid; 

0 = 2a 2 . (14) 

By applying Eqn. 12, we get 

sin 0/2 = sin at? = — sin ao, (15) 
ra2 

and by using this value of sinfl/2 in Eqn. (13), we get 

Ai/B = i-r-^Bosin ao = ±V2n0-ri-, (16) 
Ao Ao 

where the last expression is valid for ao = 45°. Normally we set n 0 = 1 for 
air in the expressions above. 

From Eqn. (16) it is observed that the experimental value of Ai/g when 
combined wi th the wavelength of the incident light, gives the parameter v, 
which is of interest. 
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4.1.3 Discussion 

As has already been mentioned earlier the typical sample volume of this 
pressure cell is 250 mm 5 . This pressure cell has been successfully tested to 
take up to 400 Bars of hydrostatic pressure. It has been observed that when 
the applied pressure exceeds this limits the O-rings supporting the windows 
against the inner metal ring experience enough outward radial shearing force 
to get squeezed out of the cell assembly leading to pressure leakage. This has 
been a serious drawback. 

As far as the optics is concerned there are a few problems too. From 
fig. 5 it can be seen that the primary reflection beam caused by the reflection 
from the air-sapphire interface escapes from the cell assembly, but both the 
secondary reflection beam (from the sapphire-liquid interface) and the main 
beam are trapped inside the cell. The main beam will in this geometry hit 
the inner surface of the central metal ring and undergo multiple reflections 
inside the sample volume. Because of this, we invariably observe small signal-
to-noise ratio in our light scattering experiments. This reduces the ultimate 
efficiency of the whole Fabry-Perot interferometer. 

Finally the open structure of the cell makes it very difficult to keep the 
temperature of the sample fluid stabilized over longer time. 

In -he design of the new pressure cell we have taken special care to get 
rid of these deficiencies. 

4.2 Design Of New High Pressure Cell 

Working with the old pressure cell had been a very good experience for 
us. We realised the main design fault -the wrong placing of the O-ring-
associated with it. Also it became obvious that in order to use it inside a 
temperature regulated chamber and to achieve good temperature stability 
it had to be more compact with a smaller sample volume but yet with a 
relatively large heat capacity. We incorporated these realisations into the 
design of the new cell that we will be describing in this section. 
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Figure 7: The new cell assembled. A is liquid inlet/outlet tube, B is steel 
screw , C and E are apertures for the main incident beam and the reflection 
output beams respectively, D is the aperture for viewing the sample chamber. 
The dotted lines define the vertical and horizontal cross-sections of the cell 
shown in figs. 6 and 7. F is for quartz thermometer. 

4.2.1 Mechanical Considerations 

The outer view of the new high pressure cell has been shown in fig. 7. 
It comprises of three separate mechanical blocks which are held together by 
three symmetrically placed steel screws. We will discuss the design of these 
blocks one by one. The dimensions of all mechanical parts have been l.sted 
in Ref. 11. 

The central block is the heart of the pressure cell. This is where the 
entire design strategy is hidden. It consists of a rectangular brass block with 
a cylindrical hole drilled through it. In figs. 8 and 9 we see the vertical and 
horizontal cross-sections indicated in fig. 7 by dotted lines. 

It is not possible to show all the details of the mechanical parts in a 
figure like fig. 8. However for more detailed information one can consult Ref. 
11. We provide an elaborate description of the new pressure cell here. At 
the top of the central part we find two vertical holes, one big hole, made for 
housing a Hewlett-Packard quartz thermometer, and a small hole for housing 
a thermistor. An arm for holding the quartz thermometer in position is also 
mounted. At the bottom of the cell there is a groove for a second thermistor. 
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On the inner surface of the central hole we find two grooves for holding O-
rings. The optical windows here consist of two sapphire disks and the O-rings 
are placed along the outer circumference of these windows. This means that 
the pressure shear forces on the O-rings act sideways, since this has been 
shown earlier to be a very stable configuration for prevention of pressure 
leakage at high pressures I 2 . 

Between the two sapphire windows there is a brass ring which serves two 
purposes. Firstly, it keeps the two windows separated at a correct distance. 
This is important during the mounting of the windows, to prevent pushing 
the windows too far down into the central hole (the window should not be 
pushed beyond the O-ring). Secondly, the inner ring reduces the volume of 
the sample chamber to about 40 mms, which will reduce thermal fluctuations 
in the sample fluid drastically. Brass is a good thermal conductor, so is also 
sapphire, which means that the sample fluid is in excellent thermal contact 
with the whole cell block, which acts as a heat reservoir. As seen from figs. 
8 and 9, the inlet and outlet tubes are connected to a thin horizontal hole 
drilled through the central block normal to the central hole. To prevent the 
inner ring from blocking the inlet and outlet holes, there is a groove going 
around the outer surface of the ring. This groove is connected to the sample 
chamber via 4 radial holes from the outer to the inner surface of the ring. 
There are also two grooves on the outer surface of the ring normal to the one 
mentioned above. 

As shown in fig. 7 the pressure cell also consists of two triangular brass 
blocks which are attached to the central part, one on each side. The trian
gular blocks then will take up the outward forces from the windows as these 
are pressed apart, when a hydrostatic pressure is created inside the sample 
chamber. To avoid the risk of damaging the edges of the windows, which are 
the weakest spots of the sapphire disks, a circular elevati.n has been carved 
out of the metal surface of the triangular blocks to prevent physical contact 
between the metal and the sapphire window edges. 

In order to view the sample chamber from the outside, a hole has been 
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Figure H: A vertical cross-section of the new cell. A is sapphire window, 
B is steel screw, C is the side triangular block, D is the central block, E 
is the sample chamber, F is for quartz thermometer, G is the aperture for 
viewing the sample chamber from outside and H is O-ring position. Notice 
that unlike the old cell this uses only two O-rings. 

drilled through the outer blocks with the same diameter as the inner diameter 
of the ring between the sapphire windows. This can be most easily seen on 
the vertical cross-section of the cell shown in fig. 8. 

The horizontal cross-section indicated in fig. 7 and shown explicitly in 
fig. 9 defines the optical plane of the cell. Apart from the screw holes, all 
internal structure of these outer triangular blocks are found in this plane. 
From fig. 9 we see that there are two holes drilled trough each of the outer 
blocks at an angle of 45° to the metal-sapphire interface. These holes serve 
optical purposes and will be discussed further in a later section. 

Finally some remarks about the mechanical strength of the cell. This 
pressure cell has been designed to take pressures up to 1,000 Bars. Since the 
sapphire windows have an area of about 1 cm 2 , the outward force from the 
windows on the triangular blocks will be 10 N/Bar, i.e. 10,000 N at 1,000 Bars 
hydrostatic pressure. Because of the rather compact structure of the metal 
blocks, there will be very little deformation of the blocks themselves, but 
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in the end the forces have to be taken up by the screws. We therefore use 
three screws, each guaranteed to take a load of at least 5,000 N. So, even if 
one of the screws get damaged, the remaining two screws should suffice to 
keep the cell together. Because of the large forces involved, the cell could 
represent a possible danger for those handling it, if the cell gets separated 
while containing these high pressures. 

4.2.2 Optical Considerations 

A horizontal cross-section of the pressure cell is shown in fig. 9. It shows 
the path of the light incident at 45° to the sapphire window. The incident 
beam marked E enters through the light inlet hole made into one of the tri
angular blocks. The primary reflection G and the secondary reflection G' 
escape through a hole drilled into the same triangular block. The main beam 
continues through the windows and the sample chamber as described above, 
before it finally escapes through a hole drilled in the other triangular block. 
The exact position of the escaping beam is dependent on the index of refrac
tion of the sample fluid, in fig. 9 we have shown the beam path for nfiuii = 1.2 
(J') and n/iuM = 1.6 (J"). The diameter of the hole is large enough for the 
main beam to escape from the cell for all liquids whose indices of refrac
tion lie between 1.0 and 2.0. This covers a wide range of liquids. Most of the 
solutions of polymers and proteins have indices of refraction in the neighbour
hood of 1.5 and the same is true for multi-component hydrocarbon liquids. 
By arranging the optical configuration carefully, we detect the scattered light 
signal following the path described by K. This signal escapes through the 
fourth optical hole in the cell and comes out at an angle of 45° to the surface 
of the sapphire window. 

From this figure we notice that both the exact position of the scattering 
volume as well as the size of the scattering angle is a priori unknown if we 
do not know the index of refraction of the fluid. But from Eqn. 16 we know 
that this information is irrelevant for the measurements of the physical fluid 
parameters of interest. 
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Figure 9: A horizontal' cross-section of the new cell. The figure show the 
optical plane of the cell. A is sapphire window, B is central block, C is 
triangular side block, D is sample chamber, F is aperture to view the sample 
chamber and H is O-ring position. E is the incident beam, G and G' are 
primary and secondary reflected beams, J' and J" is the main incident beam 
leaving the cell, shown here for two liquids with different indices of refraction, 
and K is the scattered signal beam. I is the central inner brass ring and L 
is the liquid inlet/outlet tube. Notice that the secondary reflected beam as 
well as the main incident beam leave the cell unlike the situation in the old 
cell. 
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4.2.3 Discussion 

The main mechanical design difference between the old and the new pres
sure cell is the different positioning of the O-rings and the thermal properties. 
When a hydrostatic pressure is applied to a liquid sample contained in the 
sample chamber the sapphire windows tend to get pressed away from each 
other and the viton O-rings flow under the experienced shear. This proved 
to be a better strategy in keeping the cell pressure tight. We have already 
tested the new pressure cell up to 1,000 Bars and it functions remarkably 
well. This has been a significant improvement over the old design. 

As has already been discussed earlier in this section, the primary and sec
ondary reflections are taken out of the pressure cell and so is the main beam. 
Due to this, the unwanted multiple reflections generated inside the sample 
chamber is drastically reduced. In the old cell this was a major constraint 
that produced large background signals and also strong local heating of the 
small sample chamber. By test experiments we have seen that the signal to 
noise ratio has increased significant after the use of the new cell. 

The other improvement is the thermal properties of the new cell. Since 
it is compact and has a small sample volume (40 mm 1 ) , we have reduced 
thermal gradients in the sample significantly. When the cell is used inside a 
temperature controlled oven, it is easy to get precise and long time temper
ature stability down to a few millidegrees. 

4.3 The Pressure Control Setup 

The details of the mechanical and optical design of the pressure cell has 
been given in Ref. 11. Figure 10(A) shows the block diagram of the experi
mental arrangement used in our experiments. We use a Beckman 100A high 
pressure pump to generate the required pressure inside the pressure cell. In 
order to obtain the desired pressure, the choice of the flow rate has to be op
timum. The flow rates used in our experiments for different pressure regions 
of interest are as follows: 
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TABLE B 

Pressure Range (Bars) Flow Rate (ul/min.) (P.-PMBars) 
( 1 - 4 ) 10 1 

(5 - 100) 20 1 
(101 - 300) 50 2 
(301 - 500) 50 3 
(501 - 850) 50 4 

The last column in Table - B denotes the difference between the set pres
sure value on the pump (P.) and the pressure display (Pj). Too small a flow 
rate cannot hold a steady pressure and too high flow rate results in over
shooting the pressure set point (P.). It is not recommended to use the pump 
beyond 800 Bars. The inlet and outlet check valves are not designed to take 
pressures higher than this value. 

The actual pressure in the cell is recorded by a Digiquartz pressure trans
ducer as equivalent frequency. The frequency is measured by Hewlett-Packard 
frequency counter and read by ND-100 computer using the GPIB. During 
the experiments the pressure data is recorded along with the temperature 
data in operator created symbolic data files. These data files are later on 
read in to NODAL vectors for their statistical analysis and plotting. 

Another feature of our experiment control program is that we use it as a 
checking device to monitor any possible pressure leakage during the experi
ments. In case of a pressure leakage the Beckman pump keeps pumping the 
fluid in a bid to restore the original pressure inside the cell. This means that 
the liquid gets pumped out continuously leading to an empty reservoir. As a 
final consequence the pump starts pumping in air which can be very danger
ous for the pump. The checking routine in the program does not allow this 
to occur. When a leakage is detected ( two consecutive low pressure readings 
of at least 10 Bars lower than the setting) the power to the pump is cut off 
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and the experiment is interrupted. The pressure setup described so far works 
very efficiently over extended periods of time ~24 hours. 

4.4 The Temperature Control Setup 

The mechanical design of the temperature controlled oven has been de
scribed in Ref. 3. The block diagram of this assembly is Bhown in fig. 10(B). 
The oven is coupled to a HETO (02 PG 623) temperature regulator that 
circulates a heat exchange fluid through the oven. We use Silicone oil of vis
cosity 100 eST. (General Electric, USA. Type 100 SF) as the heat exchange 
fluid. This fluid has a serviceable temperature range from —80° C to 250° C. 
The temperature inside the sample chamber is detected by two thermistors 
mounted on the top and bottom surfaces of the pressure cell as shown in 
the figure. The resistance equivalent of temperature is measured by a digital 
multimeter (Schlumberger, Model 7150) via (Keathley, Model 705) scanner. 
The pressure cell is mounted on the peltier element. The power to this is 
supplied by a home made computer controlled power supply. 

The first stage of the temperature regulation is obtained as follows. We 
need temperature regulation in the range from room temperature ~ 20°C 
to 150°C . The desired temperature is set on the Heto regulator running at 
its maximum flowrate. The Heto uses a platinum resistance thermometer 
as sensor and the feedback is generated by balancing this resistance against 
three other fixed resistors selected on the front panel through temperature 
setting. Heating of the fluid reservoir is affected by switching one, two or 
three heaters of power one watt each. This regulator provides a nominal 
stability of ±10 mK over the temperature range —60°C to 160°C. For below 
room temperature operation a Heto fridge is required which we donot use at 
present. 

The second stage of regulation is achieved through the use of a peltier 
element. The principle of operation of this is the following. If a current is 
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passed around a circuit consisting of two different metals or a metal and a 
semiconductor, heat is liberated at one junction and absorbed at the other. 
This effect, the converse of Seebeek Effect is reversible: reversing the current 
causes the hot and cold junctions to switch. To obtain a significant temper
ature difference semiconductors must be used. A commercial pettier element 
like the one we use contains several metal-semiconductor junctions in series, 
with n-type and p-type semiconductors alternating. It can be used either 
as a heat source or a heat sink. The magnitude of the heating or cooling is 
determined by the amount of current flowing in the element. 

The strategy used for the fine regulation of the temperature is same as 
described in Ref. 13. The thermistor placed at the bottom of the pressure cell 
(see fig. 10(B)) records the actual peltier temperature {Tp). We have given 
the temperature set point (T,) in the control program as an input parame
ter. To bring the temperature of the peltier element to the set point value 
we must apply a current which is proportional to the difference (Tp — T,). 
The program generates a feedback loop that decides in which direction and 
by what amount the current should be applied. The thermistor resistance 
is measured in the standard four point measurement mode using a digital 
multimeter - scanner combination as shown in fig. 10(B). The thermistor re
sistance is related to equivalent temperature through the formula 

R = Ro Exp{B(^ - -)) (17) 

Here R and RQ correspond to resistance at temperatures T and To (a 
reference temperature) respectively and B is a parameter with nominal value 
4100 K. The probe used provides adequate resolution over a wide range of 
temperature. 

The ND-100 computer regulates the current applied to the peltier ele
ment. It evaluates a feedback number called PID —Proportional - Integral 
- Differential. This PID number (N) is written to the Digital to Analog 
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Converter (DAC) and a home made power supply converts the output volt
age from this DAC to the appropriate pettier element current. This number 
contains contribution from two parts. One is a constant bias term (No) and 
second a term (AN) representing negative feedback. Hence 

N = N0-AN || JV ||< 2048 (18) 

Since this is a second stage regulation the set point is very close to the 
overall oven temperature. Hence we can safely assume (N0) to be too small 
or even zero. The feedback factor (AN) can now be expressed as 

AJV = K0P + Kil + KtD (19) 

where P is the difference between the last temperature and the set point 
temperature; I is the sum of all previous errors (temperature deviations) and 
D is the two point derivative of the two latest temperature readings. Op
erating at a feedback rate of 50 seconds a reading, the optimum control is 
obtained by using values of K0 = 20,000 and K\ = 300 for set points below 
100°C and for temperatures above this these values were K<, = 20,000 and 
K\ = 250. In all our experiments we have supressed the differential term in 
Eqn. 3 (Kj = 0). The actual steady state temperature of the pressure cell 
is however given by the top thermistor. As before this thermistor is read by 
a digital multimeter via scanner through GPIB interface. The data is trans
ferred to the ND-100 computer and is stored in operator created symbolic 
data files as temperature values. While the temperature measurements are in 
progress, the top, bottom and room temperatures are continuously displayed 
on the terminal along with the pressure results. Another NODAL program 
converts these symbolic data files to NODAL vectors for the subsequent plot
ting of the data and their statistical analysis. 
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5 Optical A l ignment Procedures 

5.1 Alignment Of Single-Pass Configuration 

We will give only a brief description of the alignment procedure here and 
interested readers are requested to consult Ref. 3 for detailed information. We 
will first discuss the Fabry-Perot Interferometer in single pass mode, without 
the corner cube system described in sec. 3. This makes the alignment much 
simpler, but gives lower contrast and finesse, which puts limitations on the 
possible systems that can be studied. For example, it was not always possible 
to obtain Brillouin peaks for glycerol in single pass. The alignment procedure 
consists of three steps: 

• First step is to do the rough alignment of the optics using the main 
beam that defines the optic axis of the system. 

• Second step is the fine adjustments made manually using diffused light 
from a target screen. 

• And the third step is to do the superfine alignment using the DRG 
program. 

We describe them sequentially as they should be done in experiments. 
The first step is as follows. The procedure starts with getting a horizontal 
beam at a height of 272 mm above the table surface. The laser beam should 
be attenuated during the alignment process. There is a reference mark on one 
of the attenuators indicating the degree of attenuation. The beam coming 
from PI should be blocked at this stage, see fig. 3. With the Fabry-Perot 
cavity removed, the PMT should be aligned together with lens L3. There 
must be a beam stop in front of the PMT while having a direct beam in the 
black box, otherwise the photomultiplier tube might get damaged. Then the 
Fabry-Perot is put into the box, and we will get a reflected diffraction pat
tern on the back side of pinhole (PHI). This pinhole is positioned infront of 
prism (P2) in place of the beam stop. The beam stop is removed while doing 
this alignment. Also LI, L2 and PH2 have been removed. The Fabry-Perot 
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is now tilted until the diffraction pattern on PHI is circular around the hole. 
The DRG program on TIKI-2 should be started now with the same offset and 
slope arguments provided to each of the three ramps. For example one can 
set an offset of 37000 and slope of 7 to each of the these three ramps. When 
the ramp generator is thus activated (recommended sweep rate 5 sees), a 
converging black ring around PHI is observed. The back Fabry-Perot mirror 
is now tilted until the black ring is concentric around the pinhole. The tilting 
is done by turning the mirror holder screws. While doing this the amplifier 
regulating ' 'obs should be at their middle positions. Now the lens L2 should 
be mounted and regulated until the beam goes through the center parallel to 
the optic axis of the lens. This is controlled by examining the circular fringe 
pattern reflected on PHI. The pinhole PH2 should be inserted and regulated 
until maximum transmission is obtained on a white screen held behind it, 
before lens LI is placed in front of the pinhole outside the black box. The 
alignment procedure of this lens is the same as for L2. Now the optics is 
roughly aligned and this ends the first step. 

The second step begins now. A white paper card should be inserted 
between PHI and LI and its position adjusted until the beams from PI and 
P2 intersect exactly on it. In order to achieve this, lens L4 normally should be 
adjusted. The card should roughly be at 45 degrees to the axial beam. The 
axial beam is then blocked, and the scattered light from the card is observed 
from a position behind L2 in the box (by using a white jcreen). Observe a 
circular patch on the card and displace the lens LI in the x-direction (axial 
direction) to make it look bright and uniform. Adjust L2 in the x-direction 
to obtain a non-diverging circular patch. This is to ensure that the scattered 
light is parallel before entering the FP-cavity. The sweep rate should now 
be reduced to 100 ms and the beam stop in front of the PMT should be 
removed. 500 Volts is applied to the PMT and the PMT output is connected 
to the scope together with reduced ramp and trigger signals from the ramp 
generator. When proper alignment is achieved, sharp peaks are observed on 
the scope (If no peaks can be observed, the alignment procedure must be 
redone from the start). The amplitude of the peaks should be maximized by 
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starting from the PMT and adjusting all components along the beam, ending 
with lens L4. Then go back to the PMT and do the whole process again and 
again until no further maximization seems possible. With a laser intensity 
of 1.5 W and the described setting of the attenuator, and with PH2 pinhole 
diameter of 0.1 mm, we achieved a peak height of 200 to 250 mV on the 
scope. The second step ends here. 

We proceed on to the third and last step. Now the objective is to get 
all the three peaks on the oscilloscope screen to be of same height and to 
maximize their amplitudes. In order to center these peaks and to have only 
three of them on the oscilloscope screen, the following should be done. Reset 
the TIKI-2 computer to ALIGNMENT mode and vary the common offset 
gradually by using the arrow keys on the key board. This causes the whole 
spectra to move either to left or to right. Once the peaks are centered we 
can manipulate each of the individual ramps through keys Fi , F 2 and F 3 to 
maximize the peaks and equalize their heights. It is normal to use identical 
slope arguments for all the three ramps. But to get equal peak heights 
we have to keep changing individual offsets of the ramps until a mutual 
compromise is reached among them. This is the physical position where 
the transmission through the Fabry-Perot is maximum. At this stage we 
considered the alignment to be satisfactory. 

Now the Betup is ready for Brillouin scattering experiments. To run the 
experiment the white paper card target 13 replaced by a sample. The atten
uator is then removed and the PMT voltage is increased to 1800 Volts. The 
Brillouin peaks should then be visible on the scope. (If not, go back to the 
paper card peak maximization procedure.) The NSPECTRA data aquisi-
tion and peak detection system is started on the TIKI-1 computer, and the 
Brillouin spectra is collected. 

5.2 Alignment Of The Five-Pass Configuration 

Before starting to learn the alignment procedure of the five pass system it 
is a must to perfect the alignment procedure of the single pass assembly. Be
cause many components are common in both and the alignment procedures 
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are analogous. As in the single pass case the procedure consists of three steps 
described earlier in this section. 

The most difficult part of the alignment is to get all the five passes and 
to distribute them uniformly over the Fabry-Perot mirror surface to ensure 
efficient utilization of available mirror area. The second and the third align
ment steps are exactly identical so we will not describe them in details. The 
first step will be described more vividly. 

As in the single pass alignment the procedure starts with getting a hor
izontal beam approximately at a height of 272 mm above the surface of the 
optical table. This can be achieved by manipulating the positions of the mir
rors Ml and M2 (fig. 4). While doing the alignment it is advisable to use 
an attenuated laser beam and the laser intensity should not be more than 
400 mW during alignment. This can be done by keeping the laser intensity at 
1500 mW and insert the marked attenuator at the mark in front of the laser 
before mirror Ml. The beam originating from mirror M2 passes through the 
beam splitter BS and prism P2 to form the optic axis of the entire system. 
Place pinhole PHI in front of the prism P2. All the optical components to 
the right of this now should be taken away. If the components BS and P2 
are aligned mutually the beam emerging from P2 will maintain its height 
of 272 mm above the optical table. It should be made sure that the beam 
enters at the center of the black box opening. Now the retroreflectors should 
be kept in position such that the biprism axes are at 36 degrees to each other 
approximately. The direct beam enters through the hole of RTRl and makes 
the first pass. After undergoing three internal reflections (as described in 
section 3) it emerges from RTR2. Now by adjusting the position of RTR2 
Li£ second pass beam cross section should be made to look circular and uni
formly bright. To get a good result all the X, Y and Z degrees of freedom of 
the RTRl mount should be used. Along with this the retroreflector holder 
has rotational degree of freedom too. This beam from RTR2 incidents on 
RTRl and we get the third pass beam out. The mutual positions of both 
RTRl and RTR.2 should be altered until in this fashion we obtain a complete 
set of five passes. 
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The fifth pass beam will pass through the hole of RTR2. By making fine 

adjustments of the two retroreflectors it can be made to look exactly centered 

and circular. Now the PMT with its aperture blocked should be centered with 

respect to the fifth pass beam. The PMT has been mounted on a metal base 

with all the three degrees of freedom. So adjusting the PMT with respect to 

the beam is relatively simple. Place lens L3 in position and focus the incoming 

beam onto the center of the PMT aperture. The mount that holds lens 1.3 

also holds the 5145 Å filter so the filter can be inserted in position now. Place 

the Fabry-Perot in its position inside the box and look at its reflection on 

the pinhole PHI. There will be circular fringes and three bright spots in a 

line . Now adjust the Fabry-Perot base perpendicular to the beam direction 

and change its height until the fringes are exactly centered on the pinhole. 

Here the central bright spot should look exactly distinct (not diffused) and 

so should the fringes. Note that this adjustment is very crucial and the 

instrument does not accept any compromise here. If this is done properly 

all the five passes should be passing symmetrically through the cavity and 

optimized use of mirror surface is ensured. Connect the ramp generator and 

turn it on. Apply a sweep of period Is with an arbitrary common offset 

and slope through TIK 1-2 computer. Now one should see black converging 

rings on pinhole PHI. If the center of the rings appears to be very far off; 

slightly loosen the tairror holder screws of the back Fabry-Perot mirror and 

by doing course adjustment it can be approximately brought to the center of 

PHI. Tighten the holder screws. Do the fine adjustments of these screws and 

center the black converging rings to exactly the center of the central bright 

spot of the fringe pattern. Now turn off the sweep rate. Look at the first 

pass by placing a white paper screen in front of RTR2 and maximize this 

intensity by varing the offset of the sweep generater. Go to the second pass 

and maximize it by adjusting the stack knobs of the sweep generator, one can 

use the common stack here, too, but do not touch the offset knob again.After 

repeating this several times it is possible to obtain a completely circular fifth 

pass beam centered on to the PMT aperture. Insert lens L2 and observe its 

reflection on PHI and center this fringe pattern on PHI. Place pinhole PH2 

in position and look for maximum light passing through it. If not, it can be 
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moved horizontally and vertically to bring it to the right height and position. 
Place lens LI and by looking at its reflection en PHI align it as we did for 
lens L2. The placing of LI, L2 and PH2 should in no way alter the shape or 
brightness of the fifth pass beam on the PMT aperture. Once a component 
is aligned it is a good alignment practice to never to fiddle with i t t aless one 
is sure that the fault lies in that particular component. This ends the first 
step. 

Now we proceed to the second step. The beam coming through prism P i 
also at the height of 272 mm above the surface of the optical table forms the 
incident beam for the scattering sample. Now place the lens L4 and focus the 
beam approximately in space where it intersects the optics axis beam. Block 
the optic axis beam by a beam stop. Place a paper card target at 45 degrees 
to scattering beam at the scattering cell position. Release the main beam 
for a moment to see that the target is at the position where the two beams 
intersect in space. Block the main beam again and try to observe an image 
of the scattering area behind L2 against a white screen. If it is not visible, 
move the target along the incoming beam direction. Maximize the intensity 
of this image by adjusting L4 and now it should look bright enough. This 
image should be made parallel now. Move the lens LI away from PH2 and a 
dim circle will be visible on the screen placed behind L2. Fill this circle by 
adjusting the lens L4. Now if the screen is moved away from L2 the image 
should retain its shape and should not diverge. Remove the PMT cover and 
close the black box. Apply 500 Volts to PMT. Switch on the sweep rate to 
100 ms. One should see small peaks on the oscilloscope screen. If nothing is 
visible move the target in the beam direction and at one position the peaks 
will start being visible on the screen. The peaks should now be maximized. 
Proceed in the following sequence. Adjust the PMT base to the optimum. 
Manipulate the lens L3, the target, lens L4, PH2 and lens L2 in that order to 
get maximum peak height. Remember while adjusting the lenses they should 
be adjusted in the optic axis direction only and not in any other direction. 
For example while adjusting L4 it should be only manipulated in the incident 
beam direction. At this stage the heights of the optical components should 
not be altered in an attempt to get a higher peak height. That will ruin the 
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entire alignment so far done. Finally the stades 1, 2, 3 and the common stack 
should be adjusted to get a better peak height. 

For pinhole PH2 diameter 100/tm and PMT voltage equal to 500 Volts 
we got peaks of height 200 mV on the oscilloscope screen. At this stage we 
considered our alignment to be good enough. Now the third alignment step 
starts. This is exactly the same as has been described in connection with 
single pass alignment. Two types of sample holders have been used in our 
experiments in genera) as described in Chapter 3. One is the standard 5 ml 
capacity rectangular Beckman or Hellma (quartz) cuvettes. If such a holder 
is being used it is relatively easy to position this at the target position. We 
have a mechanical holder which has all three degrees of freedom plus it can 
be rotated about a central axis. This works the as the base of the cuvette. 
Here it should be made clear that one must ensure normal incidence of the 
incident laser beam in the 90 degree scattering geometry. This is relatively 
easy to achieve. 

The second is the pressure cell holder. As has been described before 
it is mounted inside the oven assembly. The oven should be positioned on 
its special base which has been permanently affixed to the optic table. The 
height of the oven should be raised by rotating its leg screws until the incident 
beam passes through the pressure cell light inlet hole. Release the beam 
coming through PI and two bright spots will be observed on PHI; one is the 
primary reflection and the other one is the secondary reflected beam. The 
main incident beam will emerge out of the cell through light outlet window 
made for this purpose on the cell. Adjust the position of the oven such that 
these spots look clear and bright when the oven is moved along the main 
beam. When this is achieved the incidence angle is 45 degrees. Remove the 
black box inlet cover. Apply 1800 Volts to the PMT and turn on full laser 
power (our experiments were performed with laser intensity varing between 
1 and 3 Watts). At the first attempt it is possible that nothing will be visible 
on the scope. Move the oven assembly in the beam direction and in one 
position the Brillouin peaks will be distinctly visible. 

Now the computer can be run to collect the spectra. To simplify the 
alignment procedure and save time the approximate positions of all the com-
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ponents have been marked on the optical table.One just needs to do the fine 
adjustments. Even the five pass retroreflector holders have been marked so 
that once the reflector axis is aligned to these marks one will immediately 
get five pass transmission. Next thing to do is to rotate the retroreflectors to 
make the passes look eire ilar and uniformly bright. 

6 Spectral Data Analysis 

6.1 Principle 

Before we go to the details of the nonlinear fitting program it is worthwhile 
to discuss briefly the detection principle. 

Suppose we have a source whose distribution of scattered energy as a 
function of the spectral variable w is described by the source function S(w). 
Then, the detected spectrum D[ui) will be a convolution of the instrumental 
function I((JJ) and the source function S{u), that is 

D(w) = I I(u- ui)S(ut)dul (20) 

which can be written using the convolution representation as 

D{u) = I(u>) © S(u) (21) 

An ideal instrument would have an instrumental function I(u — ul) = 
6(u> — ul), where 8(u) is the Dirac delta function. Substituting this in Eqn. 
21 will yield 

D[UJ) = S(u>) (22) 

That is, only when the instrumental function is an ideal ^-function, the 
source function 5(w) will reproduce itself undistorted at the output and the 
measurement of D(u) will directly yield the source function. For real mirrors 
which always have less than the ideal 100% reflectance, the instrumental 
function is however given by Eqn. 7 or 10. 

In trying to fit our experimental spectra we have made the following 
approximations of Eqn. 7: 
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• while fitting the Rayleigh peaks we have taken the instrumental function 
to be an Airy-function and the source function to be a ^-function 

• while fitting the Brillouin peaks we have taken 7(u) to be a <5-function 
and S(u>) to be a Lorentzian according to Cummins and Gammon 1 S . 

This procedure is not exact. A more detailed deconvolution procedure to 
obtain S(u>) from D{w) is in progress. 

6.2 A Nonlinear FORTRAN Fitting Program 

6.2.1 Starting Operations 

A FORTRAN program has been written to fit mathematical functions to 
the accumulated Fabry-Perot data spectra. The program makes extensive 
use of a special version of the general FORTRAN fitting subroutine VA02A. 
In this report we describe the main program only, which is listed in Ref. 3. 
For a description of the subroutine VA02A consult Ref. 14. 

The program is divided into a main part which take care of data handling 
and file communications, and a subroutine CALFUN which expresses the 
mathematical function to be fitted. 

When the program is started, three input parameters have to be given 
explicitly by the user. Those are the name of the input file and the Fabry-
Perot mirror spacing, given in centimeters and the number of passes. When 
these have been given, the program will run independently until the fitting 
procedure is finished. The program will then ask for a new input file. There 
are always only one spectrum on each file. The results are written on the 
screen and on output files as well. 

6.2.2 Spectrum Dilution 

The fitting is done on a ND/100 computer, and the data spectra normally 
consist of up to 1500 data points. In order to avoid the problem of limited 
work space on this computer, only every third datapoint in the significant 
range primarily has been used in the fitting. The first 10 and the last 20 
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datapoints in the spectrum are discriminated because of end effects of the 
sweep. This program later will be used on an Apollo 32-bit computer where 
the spectrum can be fitted without dilution in double precision. This is in 
progress now. 

6.2.3 Fit t ing Procedure 

The fitting is done in a three-step procedure, 

• Linear sweep Rayleigh peak fit 

• Nonlinear sweep Rayleigh peak fit 

• Nonlinear sweep Brillouin peak fit 

In the linear Rayleigh peak fit, the simple iVth-power Airy function is 
fitted to the data spectrum with the amplitude A, the "effective mirror re
flectance" R, the free spectral range tipsa a n c ^ the central peak position n„ 
as the four free parameters in the fit. 

Y(n) = A ( 1 - - R ) ' 
( l - J J ) J + 4iesin 1=[p^ (23) 

The quantities n,nv and r - s a are given in data channel numbers in the 
diluted spectrum. The parameter R as defined in the above expression is no 
longer the real reflectance of the Fabry-Perot mirrors, but it also includes all 
other physical quantities that broadens the linewidth of the Rayleigh peaks, 
like the misalignment of the mirrors, thermal and mechanical properties of 
the sample under study, diffraction problems etc. 

In order to use the subroutine VA02A all parameters to be fitted must 
be given starting values as close to the real value as possible ; in order to 
save computer time and to avoid procedure breakdown. In this program the 
starting values are calculated directly from the data spectrum, by setting 

A = the average height of the three central Rayleigh peaks 
R = 0.7 
nFSR — the half-distance between the two non-central maxima 
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n„ = the channel number position of the central maximum 

When the numerical fitting of this Airy function is done, the resulting 
values for these four parameters is used as input values for the next fitting 
procedure. 

In order to convert from channel number to frequency, we must know the 
exact mirror distance as a function of time during the sweep. The channel 
number is directly proportional to the time, and the mirror distance is pro
portional to the frequency. If the piezo-electric crystal driving the sweeping 
mirror were completely linear, the frequency would be a simple linear func
tion of the channel number. This is unfortunately not the case, although very 
close. To correct for the small nonlinearity in the sweep, we make use of the 
fact that the Rayleigh peaks represent equidistant frequencies. 

First, we introduce a dimensionless data channel shift by 

A n = ^Z^l (24) 
nFSR 

Next, a small nonlinearity is introduced by defining 

x = An - a (An) 1 (25) 

Keeping in mind that x is now a function of three parameters, nFSR, n„, 
and a, we now try to fit the Airy function with a nonlinear argument 

Yv~\i-^£*ti**f ( 2 6 ) 

Input value for the nonlinearity parameter a = 0.015. 
Note the meaning of x: 
x is -1 on the "left" Rayleigh peak 
x is 0 on the "central" Rayleigh peak 
x is 1 on the "right" Rayleigh peak 

The correct frequency scale is therefore obtained by simply using 

A»=±x (27) 
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Figure 11: Brillouin peaks fitted to Iorentzians with elastic peaks removed 

where c is the velocity of light (in the FP-cavity) and d is the average mirror 
spacing. 

In the program so far we have obtained an acceptable fit to the large 
Rayleigh (elastic scattering) peaks in the data spectrum. We have also man
aged to find a reasonable good translation formula for the x-axis (channel no. 
vs. frequency). The only remaining part is the fitting of the small Brillouin 
(inelastic scattering) peaks in the spectrum. 

Because of the large contrast between the intensity of the elastic scattered 
light and the inelastic scattered light, fitting of Brillouin peaks are almost 
impossible with the Rayleigh peaks present in the data spectrum. These are 
therefore removed prior to Brillouin peak fitting. This is done by setting the 
data channel content equal zero whenever the value of the fitted Airy function 
exceeds 10 counts for the same channel no. The remaining data spectrum 
then looks like the rough graph in fig. 11. 

A sum of six equal standard Lorentzian functions are fitted to the remain
ing spectrum. 

(28) *M-SM(-«)7. + M . ] 
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where i is the half-width and B is the height of the Brillouin peak, and x, 
is the position of each peak maximum. These are located symmetrically on 
both sides of each Rayleigh peak described by the following representation. 

Xi = 

- l ± x B 

0±xB (29) 
1 ± I B 

where XB is the desired Brillouin shift. 

The parameters to fit are then B, i and XB- Experience has shown that 
even though the remaining "wings" of the Rayleigh peaks might be larger 
than the Brillouin peak maxima, the fitting procedure has few problems dis
carding these highly asymmetric "peaks" in the search for Brillouin peaks 
even if the starting value for XB is not too good. It is a problem to find good 
starting values for the fitting parameters in a simple way. So far these values 
has been put into the program directly, and the program is fortunately not 
too sensitive to variations. Although we know that the lineshape of the Bril
louin peaks are probably not simple Lorentzians, yet this function has proved 
to be an effective method to determine the Brillouin shift which was the aim 
of this preliminary study. But by preliminary fitting process the resulting 
linewidth parameter which is obtained is associated with high uncertainity 
making its physical interpretation difficult. The following set of input values 
proved sufficient for fitting all the spectra measured in these preliminary ex
periments. 
B = ISO 

7 = 5 (data channels) 
xB = 40 (data channels) 

6.2.4 Output Records 

The output results from the fits will be stored on three different files : 

• 'KLADD' 

• 'RESULTS' 
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• 'SPECTRUM' 

The first one of these, 'KLADD* is a file used by the general subroutine 
VA02A and will always be present. On this file information about the detailed 
performance of the numerical fitting is stored. In most cases this file might 
simply be overseen. 

On the 'RESULT' file the following informations will be stored: 

• name of spectrum file 

• introduction text written on spectrum file 

• position of Rayleigh peaks in original spectrum 

• position of Rayleigh peaks in diluted spectrum 

• height of Rayleigh peaks in diluted spectrum 

• number of channels in diluted spectrum 

• FSR in Hz (fitted value) 

• all fitted parameter results with errors 

• computed velocity of sound in sample with errors 

'RESULT' is an 'append'-file which means that the results from fitting of 
more spectra will just be put successively after each other on this file. Typ
ical fitting curves have been given in figs. 12 and 13 for a typical Rayleigh-
Brillouin spectrum obtained from (-CI4. 

The last file 'SPECTRUM' contains data ready for NODAL plotting. On 
line 1 on this file the number of channels (M) in the diluted spectra is written. 
The next M lines contain the diluted spectrum together with the fitted Airy-
function. The following M lines (with 1 blank line in between) contain the 
corresponding values for x and the fitted sum of Lorentzians. Because of the 
large amount of data stored on this file, only the last spectrum fitted will 
be stored. When a new spectrum is fitted, the old content of the file will be 
erased. 
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Figure 12: Rayleigh peaks fitted to Airy Functions 
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Figure 13: The whole spectrum; Rayleigh peaks fitted to Airy Function and 
Brillouin peaks fitted to lorentzians 
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7 Experimental Details And Results 

7.1 Calibration Of The Interferometer And Measure
ment Of Sound Velocity In Simple Liquids 

Since the exact mirror distance is not known in advance, and might be 
altered every time the F-P mirrors are changed, it is necessary to calibrate 
the distance scale on the instrument. This was done by using distilled water 
and methyl alcohol as reference samples and using the tabulated results for 
the sound velocities cited in Ref. 15. The difference between the measured 
mirror distance d and the reading S on the distance scale is assumed to be a 
constant shift only, that is 

d = S + A (30) 

and by fitting our measurements for Methyl Alcohol (M) and water (H) at 
three different mirror distances (see Table I) we ?ound 

A = -0.47mm (31) 

The d was found by 
d _ t CQXQNB 

\2.82&nv,NFSR 

where NB/NFSR is the ratio of the Brillouin shift to the FSR (measured in 
data channels). 

TABLE I 

Spec.no s (mm) d (mm) Spec.no. s (mm) d (mm) 

Ml 10.13 9.71 Hi 10.13 9.76 
M2 10.13 9.69 H2 10.13 9.71 
M3 10.13 9.59 H3 5.03 4.45 
M4 5.03 4.40 H4 15.04 14.66 
M5 1CC4 14.66 

d is the actual distance and s is scale reading 
Table I: Spectra Ml-5 are from methyl alcohol sample 

(32) 

http://Spec.no
http://Spec.no
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Figure 14: Single pass Fabry-Perot spectrum from Methanol 

Using the corrected values for d, we may now find the sound velocities for 
other liquids, according to the formula in the previous section. Samples of 
CCU, Glycerol and a model oil have been measured, and the results are listed 
in Table II. The spectral data from the calibration are also included in this 
tables. In the first table the measured quantities are found, and in the second 
table (Table III) the result? f— *he Brillouin shifts and the sound velocities 
have been calculated. The values cited in Ref. 15 have been included in 
this table for comparison and the tabulated standard deviations have been 
calculated according to the following : 

• The error in the reading of the distance scale is set to 6d = 0.04 mm. 

• An average of 5 Brillouin shifts are detected in a 1300-chamie] spec
trum, with a peak detection accuracy of each peak of 2 channels. This 
gives roughly a standard deviation for the average of the 5 Brillouin 
shifts of SNB = 0.9 channels. 

• The same procedure has been applied to the detection of the two FSR's, 
giving SNFSR = 1-4 channels. 



7 EXPERIMENTAL DETAILS AND RESULTS 52 

.50 _, . . T . _, , 1—| 
i r- 'i p 

.45 -
I .«0 -
.4 .35 
• A ~ .30 \ / \ 

O
U

N
TS

 

.25 

• \ \ \ • .20 

.J5 , 

r * ^ T / \M^</ V , ^ ^ \w~ 
— ._ • — i _ i • i i i i i_ 

-B -1 - 2 0 2 4 6 6 
FREQUENCY SHIFT IN GH2 

Figure 15: Single pass Fabry-Perot spectrum from water 
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Figure 16: Single pass Fabry-Perot spectrum from model oil 
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• The relative standard deviation of the scattering angle can be found to 
be 

f ( s . n g / 2 ) = / jr_N 
sintf/2 V360/ v ' 

where 8 is measured in degrees. Eqn. 33 is valid only for 90° scattering. When 
the scattering angle is different from this it is simple to modify and rewrite 
this equation. We may then use Eqn. 1 and obtain 

we have neglected contribution from refractive index (—') as n value is taken 
from literature. Consequently, 

£-(<^'*(£)> <-> 
Tables II and III contain the results and the spectra are shown in Egs. 14 

to 16 with corrected values for d. 
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NUMERIC TABLE II 

Spec.no d (mm) T ° C n Na VIFSR F C 

Ml 9.67 21 1.326 120.8 458 42.4 50 
M2 9.67 21 1.326 122.4 465 47.2 47 
M3 9.67 19 1.326 113.5 434 40.0 11 
M4 4.57 19 1.326 43.3 360 36.7 14 
M5 14.58 21 1.326 167.2 420 30.6 5 

HI 9.67 21 1.333 163.0 460 27.6 21 
H2 9.67 19 1.333 150.0 428 33.6 8 
H3 4.57 19 1.333 57.8 356 28.1 7 
H4 14.58 22 1.333 248.2 465 59.3 4 

CI 9.67 19 1.460 106.0 396 36.3 154 
C2 4.57 19 1.460 44.2 360 36.6 137 
C3 14.58 22 1.460 182.2 448 38.0 42 

Gl 9.67 19 1.474 267.2 427 20.7 3 
G2 4.57 19 1.474 108.5 365 37.1 6 

0 1 9.67 21 1.427 155.0 451 15.3 13 
0 2 9.67 21 1.427 150.3 465 24.8 13 
0 3 9.67 21 1.427 150.2 463 52.2 18 

Measured quantities 
Spectra Ml-5 are from Methyl Alcohol sample 

Hl-4 are from the Water sample 
Cl-3 are from the Carbon Tetrachloride sample 

Gl-2 are from the Glycerol sample 
01-3 are from the oil sample 

Table II: Data for simple liquids 

http://Spec.no
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TABLE HI 

Spec.no. FSR (GHz) Ai/B(Ghz) V s (km/s) Vs(km/s)* 

Ml 15.506 4.09 6 1.12, 1.11 
M2 15.506 4.088 1.123 1.11 
M3 15.50a 4.05 t 1.11] 1.11 
M4 32.80s 3.95» 1.08» 1.11 
M5 10.28s 4.09 6 1.122 1.11 

HI 15.506 5.497 1.502 1.48 
H2 15.506 5.43; 1.483 1.48 
H3 32.80s 5.3i 1.45s 1.48 
H4 IO.283 5.49 7 1.502 1.48 

CI 15.50e 4.15 6 1.03 : 1.00 
C2 32.803 4.03 9 I.OO3 1.00 
C3 10.28s 4.18s 1.04i 1.00 

Gl 15.506 9.706 2.39s 
G2 32.80s 9.8J 2.414 

Ol 15.506 4.98 4 1.272 

02 15.506 4.99 4 1.27, 
0 3 15.50e 5.01 4 1.28j 

Calculated results from Table II. 
Error in last digit marked with subscript 

*:From Ref. 15 all measured at 20" C. 
Table III:Velocity data for simple liquids. 

http://Spec.no
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Figure 17: Five pass Fabry-Perot spectra from ethanol, incident laser inten
sity = 3 Watts. 

7.2 Study Of Heating Of Sample Volume 

The experiments were performed to measure the sound velocity in ethanol 
using the pressure cell sample holder at room temperature (18°C). The inci
dent laser intensity was varied in steps of 500 mW in the range 1000 mW to 
3000 mW to observe the effect on the Brillouin shifts presuming local heating 
of the scattering volume. No external pressure was applied to the sample. 

Table IV gives the relative positions of the Rayleigh (JVX) and Brillouin 
{Ng) peaks (in number of channels) and the experimental finesse and contrast 
of each of the experimental runs. Using the known mirror spacing (d) and 
the values listed in this table for Nn and NB we have calculated the Brillouin 
shifts listed in Table V. These shift frequencies were used to evaluate the 
sound velocity in the scattering medium. The typical Brillouin spectra is 
shown in fig. 17. 

We make the following conclusions on the basis of our observations: 

• Except in the sample named E- l where the measured Brillouin shift is 
3.34 GHz, for all the other samples E-2 to E-5 we got the same Brillouin 
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shift every time, i.e. 3.30 GHz. This discrepancy can be attributed to 
the fact that the Brillouin peaks in sample E- l were not very sharp 
which possibly led to the inaccurate determination of the exact peak 
position. 

• The most interesting observation is that when we increased the laser 
intensity three fold we did not notice any local heating of the sample 
within the accuracy of our experiment; since that would have changed 
the positions of the Brillouin peaks in accordance to the beam intensity. 

• The Brillouin shifts in our present experiments were highly reproducible; 
this looks amazing considering the fact that our method of locating 
the Brillouin peaks was crude in these experinents. But this certainly 
proves the instrumental stability over long time periods (data for these 
experiments were collected over a period of 3 days). 

• Coming to the comparison of our measured velocity of sound v, in 
ethanol (v, = 1.20 km /sec) and the values reported in Ref. 13 (v, = 
1.16 km/sec) we notice a deviation of about 3.4%. The reason for this 
can be attributed to the following; 

• Cummins and Gammon in Ref. 15 do not cite the maximum error in 
their measurement of v, hence this value can not be relied upon for 
comparison beyond certain limit. 

• Our measurements were performed at T = 18°C whereas the mentioned 
values are for T = 20°C and exact temperature dependence of sound 
velocity in ethanol is not known. 

Considering the reproducibility of our data we can conclude our measured 
values of v, to be accurate within the error cited. 
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TABLE IV 
d=13.42 mm T = 18°C 

Specimen N B N* F C Laser 
(channels) (channels) Power 

E- l 145 2 487 7 21.47 22982 1.0 W 
E-2 143 2 487 8 18.25 17964 1.5 W 
E-3 139s 471» 18.42 13702 2.0 W 
E-4 138 2 470 8 23.95 26757 2.5 W 
E-5 143 2 483 8 16.86 17610 3.0 W 
F and C stand for Experimental finesse and contrast 

Table IV: Data for Ethanol 

TABLE V 

Specimen FSR A f B v. « j Laser 
(GHz) (GHz) Km/Sec 

(OUR) 
Km/Sec 
(REF.l) 

Power 

E- l 3.34» 1.212 1.0 W 
E-2 3.30, 1.202 1.5 W 
E-3 11.18a 3.30, 1.202 1.16 2.0 W 
E-4 3.30 s 1.20s 2.5 W 
E-5 3.302 1.20, 3.0 W 

Experimentally measured sound velocities 
Table V: Sound velocity in Ethanol 

7.3 Study Of Hypersonic Sound Velocity With Pres
sure 

The details of the experimental arrangement and the optical alignment 
of the multipass Fabry-Perot has been described in sees. 3 and 5. The pres
sure cell used has been described in section 4. The excitation source was a 
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coherent Argon-ion laser operating in the TEMoo mode with a wavelength 
of 5145A. The typical beam intensity incident on the sample was 1.5 Watts. 
The scattered signal was collimated and made to traverse five passes in the 
Fabry-Perot cavity. The outcoming signal from the cavity was focussed onto 
a. photomultiplier tube operating with a bias voltage of 1800 Volts. To reduce 
the dark counts the photomultiplier was water cooled throughout the exper
iment. The sample chosen for study was Carbon Tetrachloride (CCU) and 
Isopropyl Alcohol. The high pressure cell was filled with the desired liquid 
and the liquid was run through the cell for a few minutes (driven by a Beck-
man 100A pump) to remove any air bubbles trapped inside the cell. Then 
the outlet of the cell was connected to the pressure head of the Digiquartz 
pressure transducer as has been described in section 4. The high pressure 
pump was made to operate as a constant pressure source by setting an ar
tificially high flow rate in it. The pressure could be set to ±0.02 Bar of the 
desired pressure during all our experiments. During the experiment the ap
plied hydrostatic pressure (P) was varied from 1 Bar to 800 Bars in steps of 
approximately 50 Bars. All the experiments were run at room temperature 
(18°C). The scattered signal emanating from the photomultiplier as voltage 
pulses were amplified by a combination of a preamplifier and a linear am
plifier, and shaped by a discriminator. These experiments were performed 
using our TIKI-system as described in more details in Ref. 3. One of the 
TIKI-computers provides the sweep signal to the Fabry-Perot resonator and 
maintains the fine alignment of the mirrors. The second TIKI-computer col
lects the spectral information and it is possible store them on floppy disks. 
These have to be transferred to the ND/100 computer for data analysis be
cause the program that treats the raw data resides in that computer. The 
typical Brillouin spectra thus obtained has been depicted in fig. 18 for two 
pressures 105 Bars and 302 Bars. 

All the Brillouin spectra thus obtained were analyzed by the fitting pro
gram MULTIPASS-FIT to evaluate their Brillouin shifts and widths. The 
result from this numerical analysis has been summarized in Table VI and 
VII. The variation of sound velocity with pressure has been plotted in figs. 
19 and 20. Since this was meant to be a preliminary investigation these val-
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Figure 18: Five pass Fabry-Perot spectra from CCI4 with 105 Bars (top) and 
302 Bars (bottom) of pressure acting on the liquid. 
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Figure 19: Variation of sound velocity in CCI4 with pressure 
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Figure 20: Variation of sound velocity in Isopropyl Alcohol with pressure 
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ues should be taken as purely qualitative. In this preliminary experiment we 
have demonstrated that the sound velocity in this medium does depend on 
the external pressure acting on the medium. 
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TABLE VI 
Spectra collected by TIKI-NSPECTRA Program 

F.S.R. = 11.194 GHz 
3-Pass Spectra from Carbon Tetrachloride 

Temperature = W C 
PRESSURE BRILLOUIN SOUND * EFFECTIVE 

BARS SHIFT, GHz VELOCITY K% 

10.6 2.82 1.02 74.8 
21.8 2.85 1.03 75.9 
54.4 2.87 1.04 76.9 
106.0 2.93 1.06 77.9 
157.1 2.98 1.08 76.9 
212.3 3.06 1.11 71.6 
262.0 3.08 1.12 74.1 
368.3 3.15 1.15 70.5 
510.1 3.28 1.19 73.6 
549.0 3.32 1.21 72.3 
648 4 3.40 1.24 72.2 
692.1 3.44 1.25 71.8 
741.6 3.48 1.27 70.3 
791.5 3.52 1.28 69.3 

* in km/sec 
Maximum error in Brillouin Shift is ±0.01; 

in Sound Velocity is ±0.02 ; 
and in Reflectivity R is ±0.2 of the reported values 
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TABLE VII 

F.S.R.=11.194 GHz. 
3-Pass Spectra from Isopropyl Alcohol 

New Pressure Cell. 
Temperature = 18°C 

PRESSURE BRILLOUIN SOUND * EFFECTIVE 
BARS SHIFT, GHz VELOCITY R% 

54.0 2.74 1.00 78.0 
108.9 2.92 1.06 75.6 
198.5 3.00 1.09 76.4 
257.8 3.06 1.11 73.1 
356.8 3.07 1.12 77.0 
406.1 3.12 1.14 77.0 
455.2 3.17 1.15 74.6 
495.6 3.17 1.15 75.9 
544.4 3.25 1.18 76.3 
593.5 3.29 1.19 74.5 
642.4 3.32 1.20 76.3 
701.2 3.31 1.20 78.0 
750.3 3.43 1.24 75.6 
809.4 3.43 1.24 75.6 
* in km/sec 
Maximum error in Brillouin Shift is ±0.02 

in Sound Velocity is ±0.02 
and in Reflectivity is ±0.2 

7.4 Temperature — Pressure Stability 

The sample fluid used in our experiments was Ethyl Glycol which has 
a boiling point of I98°C. For a selected set of pressure and temperature 
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Figure 21: Long time temperature stability, Cell temperature with Isopropyl 
Alcohol sample, Temperature set point =50.005°C 

2 . 003 
1 . 1 .. 1 J .. 1. . J . . 1 

o 
£ .ooa - _ 
< M 
> . 0 0 1 _ LU 
O 
in 0 .000 _ or 
—i 
H - .001 — *_ < "* * CE • £ - .002 -- _ s 
ILI 
1 - • - . . . . . . 1 f • " • ! • • ' 1 " " • 1 "I • • • "I -I" ' 1 

3 4 

TIME ;HOURS) 

Figure 22: Long time temperature stability, Cell temperature with Ethyl 
Glycol sample, Temperature set point. =102.298°C 
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Figure 23: Long time temperature stability, Cell temperature with Ethyl 
Glycol sample, Temperature set point = 140.746°C 

Figure 24: Long time pressure stability, Pressure acting on Ethyl Glycol 
sample at room temperature =21.73£C, Average pressure =4.4G5B 
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Figure 25: Long time pressure stability, Pressure acting on Isopropyl Alcohol 
sample at temperature =50.505;C, Average pressure =109.9 6B 
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Figure 26: Long time pressure stability, Pressure acting on Ethyl Glycol 
sample at temperature =140.740^, Average pressure =520.7 2B 
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Figure 27: Long time pressure stability, Pressure acting on Ethyl Glycol 
sample at temperature =120.5052C, Average pressure =832.01 7B 
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Figure 28: Long time temperature stability, Temperature deviation plots, 
Ethyl Glycol sample, Average cell temperature =120.5002C 
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Figure 29: Long time temperature stability, Pressure of 812. "6iB acting on 
Ethyl Glycol sample at average temperature = 139.3645 C, Laser power of 2 
Watts is incident on the sample volume. 

readings we have used Isopropyl Alcohol as the sample fluid (Table-VIII). 
However since this liquid has a very low boiling point (98°C) we had to switch 
over to Ethyl Glycol. Experiments were performed over extended periods of 
time running up to 12 hours typically. The following procedure was adopted. 
First we set a preliminary temperature set point on the Heto regulator and 
measured the top and bottom cell temperatures using the control program 
with the peltier control routine disabled. The cell temperature reaches an 
equilibrium value in about 6 hours -this situation is recognised by noticing 
the random fluctuation of temperature about some average point. This point 
is now chosen as the final temperature set point and is used as an input to 
the program. The control program is initiated again with the peltier control 
routine fully enabled. The program now generates the required feedback and 
controls the flow of current to the peltier element. The final regulation takes 
about an hour and then on we have a stable temperature reaching within 
millidegrees of the set temperature. Once we are at a fixed temperature 
point we set a given pressure and hold both temperature and pressure for 
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about next 12 hours. One set of reading is recorded every 50 seconds and 
all these information is stored in symbolic data files as described earlier. 
We set a new pressure after about 12 hours and in this way we scan the 
entire temperature and pressure range of interest. Since our thermistors were 
calibrated for use up to 140 °C only we had to limit our experiments at this 
value. Experimentally observed pressure and temperature stability plots have 
been shown in the figs. 21 to 27. These have been tabulated in Table-II for 
Isopropyl Alcohol and in Table-DC (A) and DC (B) for Ethyl Glycol samples. 
In the tables the upper cell temperature, lower cell temperature and room 
temperature are designated as Tu, Tt and RT respectively. For certain portion 
of the experiment we used an uncalibrated thermistor to measure the bottom 
cell temperature. For these we have only shown the rms deviations in the 
tables and a typical result has been plotted in fig. 28. 

7.5 Effect Of Laser Heating 

A second set of experiments were performed with 2 Watts of laser energy 
incidenting on the sample volume. The objective had been to see any change 
in the stability of the temperature and pressure. This corresponded to the 
actual experimental situation that we will be using in the future. The sample 
chamber was properly aligned so that both the main laser beam and the 
reflected beams were taken out of the assembly. In this configuration four sets 
of measurements were taken with temperature varing from room temperature 
to 140°C and with arbitrarily chosen pressure settings. These results have 
been shown in Table-X. The typical stability plot has been shown in fig. 29. 
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TABLE VIILIsopropyl Alcohol Sample 

P (Bars) Room (°C) 50° C 70°C 100° C 

50 
T„ = 50.513, 
T, = 50.500, 
P = 39.134 

Tu = 70.766, 
T( = 70.700, 
P = 5O.8I4 

100 
T„ = 50.005, 
T, = 50.000, 
P = 109.96 

500 
Tu = 50.511, 
T, = 50.500, 
P = 493.714 

800 
RT = 20.5i 
P = 981.12 r 

r „ = 50.007, 
r , = 50.0001 
p = 811.64 

Tu = 96.73d 
T, = 96.0001 
P = 927 2 

Tu is upper cell temperature and 7j is lower cell temperature 
P values in the first column correspond to pressure setting on the pump 

P values in other columns are the actual pressure read by Digiquartz transducer 
Table-VIII: Long time temperature and pressure stability study 
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TABLE K(A):Ethyl Glycol Sample 

P(Bars) Room(°C) 50°C 70°C | 

5 
RT = 21.736 

P = 4.46 5 

T„ = 50.502i 

T, = 50.500, 

RT = 21.4i 

P = 4.31 6 

Tu = 70.500i 

Ti = 70.500! 

iJT = 22.3, 

P = 4.20B 

50 
RT = 21.8i 

P = 52.07, 

T u = 50.503, 

Tt = 50.500, 

iJT = 21.9i 

P = 52.95s 

T„ = 70.501, 

T, = 70.500, 

RT = 21.6 S 

P = 53.676 

300 
RT = 21.0 2 

P = 318.26s 

T„ = 50.503, 

Ti = 50.500i 

RT = 21.5 3 

P = 313.056 

Ta = 70.502! 

T, = 70.500, 

RT = 22.1 3 

P = 312.42„ 

500 
RT = 24.4, 

P = 520.01s 

T„ = 50.508i 

T, = 50.500! 

RT = 21.9] 

P = 520.25, 

T„ = 70.706, 

2] = 70.700, 

i?T = 21.4, 

P = 520.43, 

800 
RT = 20.7, 

P = 832.01g 

T u = 50.505, 

Tt = 50.500, 

ÆT = 21.7, 

P = 832.086 

T u = 70.502i 

T, = 70.500! 

RT = 21.6, 

P = 832.25s 

Tu is the upper cell temperature and Tt is the lower cell temperature 

P values in the first column correspond to the pressure setting on pump 

P values in other columns are the actual pressure 

Table-DC(A): Long time temperature and pressure stability 
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TABLE K(B):Ethyl Glycol Sample 

P(Bars) 100°C 120°C 140°C 

5 

T u = 102.298i 
T, = 102.301! 
RT = 22.2i 
P = 1.38, 

T„ = 120.515, 
T| = * * * ± 0.002 
RT = 21.5j 
P = 5.12j 

T u = 140.740, 
T| = * * * ± 0.002 
RT = 22.3j 
P = 4.176 

50 

r u = 100.502, 
Ti = 100.505, 
RT = 21.9, 
P = 53.02s 

T u = 120.504, 
Tt = ***± 0.002 
iZT = 21.8S 

P = 53.46, 

r u = 140.734, 
T, = * * * ± 0.002 
RT = 21.8, 
P = 52.80, 

300 

r u = 100.502, 
T, = 100.503, 
RT = 21.7s 
P = 313.479 

r M = 120.500, 
T, = * * * ± 0.002 
fiT = 21.51 
/> = 312.6, 

Ta = 140.745, 
r, = * * * ± 0.002 
fiT = 20.5, 
P = 312.937 

500 

T u = 100.602, 
T, = 100.603, 
RT = 22.3, 
P = 522.4, 

T„ = 120.525, 
r, = * * * ± 0.002 
fir = 22.i, 
P = 520.4, 

T u = 140.7402 

Ti = * * * ± 0.002 
fir = 20.6, 
P = 520.7, 

800 

T u = 100.602, 
T, = 100.603;, 
JJT = 21.4i 
P = 781.94 

T„ = 120.505, 
T, = * * * ± 0.002 
fir = 20.7, 
P = 832.017 

T u = 140.746, 
Ti = * * * ± 0.002 
fiT = 19.5, 
P = 780.885 

T„ is the upper cell temperature and T\ is the lower cell temperature 
*** correspond to uncalibrated readings 

P values in the first column correspond to the pressure setting on pump 
P values in other columns are the actual pressure read by Digiquartz transducer 

Table-DC(B):Long time temperature and pressure stability study 
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TABLE X: Laser Power = 2 Watts; Ethyl Glycol Sample 

Pressure (B) ru°c jyc RoomTcmp.'C 
1.89! 19.32 

53.03, 50.500! * * * ±0.001 19.4, 
313.09 s 100.002] * * * ±0.002 20.3 2 

812.76i 139.364, * * * ± 0 . 0 0 2 19.72 

Tu is the upper cell temperature and 3} is the lower cell temperature 
Pressure values are the actual pressure read by Digiquartz transducer 

Table-X: Long time temperature and pressure stability study with laser power ON 

8 Conclusion 

The multi-pass Fabry-Perot Interferometer set up has been working quite 
satisfactorily. Specially, the linearity provided by the digital ramp generator3 

has been quite helpful in keeping the Fabry-Perot aligned for long time. This 
has been the case even without using the automatic alignment routine of the 
program. Whenever a minor misalignment is noticed from observing poor 
signal to noise in experiments, it is relatively easy to realign the Fabry-Perot 
without opening the black box housing. At this stage one needs to perform 
fine adjustments from the TIKI-1 computer until the alignment is restored. 
At present we lack a stable reference signal and without this the automatic 
alignment mode of the TIKI-software will not work effectively. 

On the basis of the experimental results obtained from the study of long 
time pressure and temperature stability we reach at the following conclusion: 

• The long time (~12 hours) temperature stability achievable is ±1 mK 
for 20°C < T < 100°C and it is ± 2 mK for T > 10O°C. 

• The pressure stability achievable over similar stretch of time is ±0.052? 
for P < 1002) and it is ±0.05% for P > 1002?. But it may loose its 
stability for shorter periods of time less than 30 seconds. 
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• No noticeable change in the temperature and pressure stability is ob

served when the laser power was turned on —indicating negligible heat

ing of the sample volume. 

The preliminary study of the pressure dependence of hypersonic sound 

velocity in both liquids studied reveals that the measured sound velocity 

increases by more than 20% as the pressure acting on the liquid is raised 

from 1 Bar to 800 Bars. Recalling that sound velocity in condensed matter 

is a function of both density and compressibility of the medium, this increase 

can directly be attributed to the corresponding changes in the density and 

compressibility of the liquids studied. 
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