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Versatile fiber-coupled system for simultaneous photon correlation
spectroscopy and Fabry—Perot interferometry
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We demonstrate an experimental setup utilizing fiber-optic detection and coupling of scattered light
into existing photon correlation spectroscqBCS and Fabry—Perdf—P) interferometry systems.

The performance of the fiber coupled F—P as a high-resolution interferometer is considered in detail.
Several practical issues and limitations are discussed, including the selection of optic and fiber-optic
components, collimation, effects of the fiber mode structure and core diameter, and alignment
issues. A series of test measurements on standard systems with well known properties shows that the
proposed fiber-optic design meets the performance expectations for both PCS and F-P instruments
and presents an attractive alternative to the classical pinhole desigd0®&American Institute of
Physics.[DOI: 10.1063/1.1790541

I. INTRODUCTION Langen/Hessen, Germanimplementing the idea. Our lit-
) ) ) ) erature survey revealed that there is very little information on
Laser light scattering techniques have been widely usege ,se of fiber-optics in Brillouin scattering experiments

to study liquid phase dynamigig. 1). The individual tech- implementing high-resolution plane—parallel F—P interferom-

niques cover a broad range 9f frequenc!es "’.‘“d are com_pI%—ter& Pakulski and Hofujdescribe an experimental setup
mentary to each other. Rotational and vibrational dynamics

give rise to Raman scattering and are typically studied b)}lsing a 200um multimode fiber along with a triple-pass

traditional grating spectrometers. The propagation of acous-—» Put their attention was focused on the automated stabi-

tic waves results in Brillouin scattering and is analyzed usindization procedure they developed. To the best of our knowl-
Fabry—Pero{F—P) interferometers. Diffusion in suspension €dge, single-mode fiber detection has not yet been used as a
and collective phenomena are studied by quasi-elastic lightoupling scheme for high-resolution F-P interferometry.
scattering using photon correlation spectrosc®g9S. The In this article, we describe an experimental setup imple-
rapid development of fiber-optic technologies has made imenting fiber-optic coupling and combining PCS and F-P
possible to combine different light scattering techniques in anterferometry. The setup affords access to a very broad dy-
multi-instrument experimental setup allowing for simulta- namic range—some 15 orders of magnitude in frequency. We
neous or consecutive measurements without changing the exsc ;s our discussion mainly on the F—P interferometer since

perlmen_tal conditions or disturbing the sample system beiber-optic detection for PCS is considered in detail
tween different measurements. The greatest advantage of t £ 4 . . .
elsewheré? In the following section, we introduce some

fiber-optic approach is the flexibility of the experimental i definiti d relati hich t0 add
setup featuring a very broad dynamic range, having access Hjasm efinitions and refations which are necessary 1o address

various scattering angles and the ability to be expanded arii® Performance of the proposed fiber-optic experimental
include any number of additional instruments. Moreover, thisSétup and allow for a comparison with the classical pinhole
approach can be eas”y imp]emented in high_pressure expe,qletection. Section Il describes the experimental setup. Next,
ments or used with miniature volume samples and can bwe address a variety of practical design issues including the
adapted to perform measurements in industrial environmentselection of optic and fiber-optic components, collimation,
or in experiments that require remote detection. effects of the fiber mode structure and core diameter, align-
Multimode fibers and fiber bundles have been commonlyment issues, etc. In Sec. IV, we present results of test mea-
used for coupling scattered light to grating SPeCtroméﬂS- surements of the F—P performance with various multimode
the field of PCS, it was shown by Brofiand by Réka™®  finers and demonstrate that the reduction in the resolution

that single-mode fiber detection results in superior quality o(Nith increased fiber size is due to the increased size of the

the collected autocorrelation functions as compared to a clas-., .. .
: . . . . . —effective entrance aperture of the instrument and not to the
sical two pinhole detection or multimode fiber detection

schemes. The improvement yields higher coherence factor@Ode structure of the fiber. Next, we present Brillouin spec-
while maintaining sufficient light-collection efficiencies. The tra of toluene andr-hexadecane and PCS measurements of

method is gaining popularity and there is at least one commolten polyethylene oxidg (PEO both obtained with the

mercial system (ALV-Laser Vertriebsgesellschaft mbH, single-mode fiber detection setup. We offer qualitative and
gquantitative comparisons between the fiber-optic and the

classic pinhole systems.
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& | EhotenGorrslation'Specirascopy i IGrating Specfrometersl gular selection is performed with the fiber core of diameter

g ) L

z EtysPerchiifiammetiy a; serving as the I|m|t|ng_ aperture. .

2  E— The theory of operation and the transfer function of the
100107 100 1 10 1 100 1 @y F—P interferometer are described in many textb8dkand

will not be repeated here. The transmittance function is pe-
riodic with maxima occurring when an interference condition

10° 102 10" 1 10 102 10° 10* 10° 10° 107 10%® 10° 107 10" 1072 H; . . . .
o is fulfilled. Two adjacent interference orders are separated by
P BrllounEsatiring a frequency interval called the free spectral rang&R
g Brownian Motion (acoustic phonons) ) 1 (meaSUred In |‘DZ
2 Vibrational Raman
uIJ Collective Diffusion Rayleigh Scattering Shliee c
o AVFSR: 5 y (1)
Rotational Raman
Scattering . . ) .
wherec is the speed of light in a vacuum. Two properties are
FIG. 1. Laser spectroscopy. characteristic for the transmission function: The full width at

half maximum (FWHM), Avgywum and the suppression of
light between the maxima, measured by the contr@st,
Il. THEORY AND BACKGROUND =1 Sl
max’ "min
A. Fabry—Perot interferometer (1+R)?

The classical plane—parallel F-P interferometer is sche- C=""57

- L ereron (1-R)
matically shown in Fig. @). The sample is illuminated by a _ _ o _
laser beam in a typical light scattering geometry. SingleWith R being the reflectancedefined for light intensity of
mode operation of the laser is essential, and it is usuall)trhe F-P Ll plates. _ -
achieved by introducing an etalon inside the laser resonator. The ratio of the peak separation to the FWHM width of
The scattered light from the sample is collimated by the firs@ Peak defines the finesse of the instrument

2)

lens,L, and then passed through the two parallel F—P mirror Avesr

plates with adjustable spacind, For simplicity, we assume F= Ape 3

a refractive indexn=1 (air-filled mirror spacing normal in- YFWHM

cidence, and negligible absorption. The second lepsol-  In the ideal case considered so far, assuming no absorption,

lects the light and the output signal is detected through gerfect flatness of the two reflecting surfaces and perfectly
pinhole with diameter, which selects only rays incident on collimated illumination beam, corresponding to infinitely
the F—P within a narrow angular range. The diameter of theémall aperturea; and ideal lens system, the finesse depends
preimage of the pinhole, and the size of the illuminating only on the reflectivity. It is often referred to as the reflec-
laser beam determine the scattering volume in the sampldvity finesse

When an optical fiber delivers the signal to the input of the

interferometer{Fig. 2(b)], the only difference is that the an- Fr= mR_ (4)
1-R
In a real instrument, one has to consider the effects of
imperfect reflecting surfaces, finite aperture size, monochro-
f, D f, matic aberrations of the collimating optics, etc. All of these
sample i —ibo— & . imperfections lower the finesse and the instrument’s resolu-
: tion. The total or effective finesse is given by
S J (R N /7 oW
1 1 . 1 . 1 . 5)
v ey 2 T2t T2t
observation Ly T Ly Fer FrR Fm Fa
volume | The two most significant corrections are given by the
flatness finesse
laser beam
M
Fm=—, 6
M=o (6)

with M being the flatness figure for the mirror’s surface with
root-mean-square@ms) flathness\/M, and the aperturin-
hole) finesse

2

_ Aty

ATd a2’
FIG. 2. (a) Classic(pinhole) and(b) fiber-coupled plane—parallel F—P inter- with fl belng t.he focal Iength of .the COIIIma@FIg' 2(b)]

ferometer. Collimating leng, with focal lengthf,. Detector lend, with ~ 1he combination of the reflectivity and flatness finesse,

focal lengthf,. D—mirror apertured—adjustable mirror spacing. FRM=(F§2+ FKAZ)_U2 is a fixed parameter for a given mirror

()
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FIG. 3. Misalignment effect¢»—misalignment angle between collimator
axis and F—P axis¢—angular size of the fiber aperture.

set and in the case of a small fiber diameter determines t
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FIG. 4. PCS(a) Intensity and(b) normalized ACF.

A correlator forms in real time the ACF between the
scattered-light intensities at tinteand at some later time
+t’ (Fig. 4), wheret’ is called the lag time or time shift. The
normalized intensity ACF is given by

A+t )
(1V)?
Fluctuations can be observed only if the detection optics

provide sufficient angular resolution. Ideally, the initial value

of the ACF amounts to twice its limiting value at large values
of t' (Fig. 4, solid ling. In practice, the amplitude of the

g(t') = ©

Hdynamic part of the correlation function decreases with de-

width and shape of the transmission function. The degree df'€@Sing angular resolutidirig. 4, dashed line

collimation depends on the angular size of the fiber aperture

as seen by the collimatgsee also the inset in Fig) 3

a1

g=
2f,

()

A general property of the ACF is expressed by the Sieg-
ert relation

g?(t) =1 +flgP ("), (10

with g(t") being the ACF for the scattered electric field.

The factorf in front of the dynamic part of the ACF is called

The angular size of the apertuag can be decreased by in- the coherence factor,<9f<1. In a classical setup, consist-

creasing the focal lengtfy of the collimator until the beam
diameter fills the entire useful apertui@,of the interferom-
eter. When# approaches/\/Fgyd, the beam through the
interferometer is not sufficiently collimated;, becomes

ing of a circular aperture stop at the imaging lens and a
pinhole at its focus, the value éfdepends on the area of the
pinholef=f(A) and is typically in the range of 0.5-0.8. Gen-
erally speaking, when the scattered light has low intensity,

comparable tdFry, and the effective finesse is reduced ac-one is forced to work with larger pinholes—which in turn

cording to Eq.(5).
If Fpis much lower tharg), the transmission is domi-

leads to a lower coherence factor. If the scattering is strong,
it is possible to use a smaller size pinhole thus improving the

nated by the fiber aperture and it is strongly dependent on theoherence factor. The signal-to-noise ratio is high when both
mutual alignment between the collimator axis and the inter@ high coherence factor and high light-collection efficiency
ferometer axis. In the limiE,> Fgy, and perfect alignment, are achieved.

the transmission peak will have the rectangular shape shown In his work, Rika® compared the classicabinhole

by the solid line in Fig. 3. However, if the two axes are Setup with a fiber-optic detection setup and showed, both
misaligned by anglep, the line shape will be deformed as theoretically and experimentally, that by using a single-mode
shown by the dashed curves in Fig. 3 for several values diber to collect and transport the light to the detector, one can
the misalignment paramete$/ 6. The maximum transmis- achieve the theoretical limit of 1 for the coherence factor
sion remains the same but the width at half maximum dewhile maintaining high light-collection efficiency. Using
creases. Since the peaks have a long tail and are highfpultimode fiber results in intermediate coherence factors
asymmetric, this regime is very unsuitable for spectroscopi@nd, in the limit of very large number of modes, it practically
applications. It can occur when high reflectivity mirrors andconverges to the coherence factor from a uniformly illumi-
large fiber diameters are combined, as will be shown later. nated pinhole of the same diameter as the fiber. Therefore,

foinhole < fmm fiber < fsm fiber- (11

B. Photon correlation spectroscopy
_ _ o Ill. EXPERIMENTAL SETUP
The technique of PCS is a standard dynamic light scat-

tering techniqué*! Fluctuations in the intensity of the scat- A Experiment layout

tered light provide a signature of the dynamics of the system. The experimental setup we designed and built is sche-
For example, from the scattered-light autocorrelation funcmatically shown in Fig. 5. We use an argon-ion lageoher-
tion (ACF), one can deduce the diffusion coefficient of par-ent, Palo Alto, Californiaoperating in a single longitudinal
ticles in suspension. and transverse mode rt514.5 nm. The laser output is ver-
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FIG. 5. Experimental setupP;—polarizer; FL—

I focusing lens; PMT—photomultiplier tube; DO—
:_'—_: ________ i detector optics; SMF—single-mode fiber; MMF—
| T multimode  fiber; L,—collimating optics; and
Ampiifier SMF L,—collecting lens. Fiber-optic detection consists of a
Discriminator 0 polarizer, iris aperture, and microscope objective.
I
Multichannel Ramp m
Scaler Generator |
Amplifier

tically polarized and moderately focused at the center of theoupled into the fiber since a standard optical fiber scrambles
sample cell. The goniometer assembly along with the samplthe polarization dependent information in the signal. Alter-

holder, index matching vat, and temperature control are pafiatively, a polarization preserving fiber can be used. In this
of a standard light-scattering setup for PCS and static lightzase, to resolve the polarization at different orientations, the
scattering(PCS/SLS model BI-200SM from Brookhaven finer has to be rotated around its axis which might lead to

Instruments Corp.(Holtsville, New YorK. As an index
matching liquid, we use toluene. The angle of the goniometer
arm is adjusted by a stepper motor. To couple the scatteret((j)
light into the receiver end of the fiber, we use a microscopel_h
objective and compact five-axis spatial filter assembly botfb
from Newport Corp(Irvine, Californig, modified to accom- a

alignment problems.

In order to keep the setup as versatile as possible, it has
allow for easy and quick substitution of different fibers.
e fibers tested with the setup along with some of their
sic characteristics are listed in Table I. The first three fibers

modate standard fiber connectors in place of its pinhole. Th&SM-3.5, MM-4, and MM-6.6 used standard FC connectors
spatial filter assembly is mounted on the goniometer arm anyyhereas the .rest of t_he fibers used standa_rd_SMA connectors.
tor type, thereby facilitating a system design having fully

For polarization dependent measurements, a polarizénterchangeable fibers.

alignment.

may be used in front of the optical assembly. It is essential to

Once the scattered light is coupled into the receiving

resolve the polarization of the scattered light before it isfiber it can be directed to either of the two instruments, PCS/

TABLE I. Single-mode and multimode fibers used in this work.

Fiber SM—3.5 MM—4 MM—6.6 MM—8.2 MM—50 MM—100 MM—200 MM—400

Core 3.5um? 4 um? 6.6 um* 8.2 um 50 um 100 um 200 um 400 um

diameter

Specified 430 nm 620 nm 950 nm 1260 nm

cutoff

wavelength

Numerical 0.13 0.12 0.13 0.14 0.22 0.22 0.22 0.22

aperture

Number of 1 3 6 10 ~2260 ~9000' ~36 000 ~145 000

glofgsng) Single mode “Few modes” “Highly” multimode

Connector FC FC FC SMA SMA SMA SMA SMA

Supplier Nufern 3M 3M Ocean Ocean Ocean Ocean Ocean
(ThorLabg (ThorLabg (ThorLabg Optics Optics Optics Optics Optics

*MFD—Mode field diameter.
PEstimated.
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MicROSCOPE ngsi'jgfﬁn"f tation beam diameter. In practice, the focusing of the laser
8, = 2.2 mrad beam is limited by the power density in the sample which
l 1 leads to thermal effects. On the other hand, the observation

: P — beam can be expanded without sacrificing light-collection
B % ||/ 0=22mrad | efficiency—by increasing the observation beam diameter, the

Ve number of observed scatterers increases quadratically, but the
I Cl— < signal collected from each scatterer decreases correspond-
ingly since the solid angle of the light-collection decreases.
Working with a larger receiver beam diameter makes the
setup less sensitive to misalignment and since the collection
solid angle is smaller, the uncertainty in the scattering vector,
FIG. 6. Single-mode fiber detection. The half-angle divergence of the exciq is reduced.

tation and observation beams in the toluene samflend 6,, were calcu- 12 : _
lated using the expressiafrtan*(\/n7w), with A\=514.5 nm and refrac- It was demonStratéé that QOOd allgnment and ad

tive indexn=1.5. The beam divergence of the fiber mode in(mir1) isless ~ €quate light-collection efficiency in both PCS and static light
than the numerical aperture of the fi@r13). scattering can be achieved by using graded in@gRIN)
lenses and a receiver beam slightly focused or collimated

SLS or F-P interferometer, and then analyzed and stored Byith @ beam diameter at the location of the sample in the
the appropriate electronic equipment. range from 0.3 to 1 mm. As shown in Fig. 6, our setup uses

The F—P interferometer used was a model RC-110 fron® Microscope objective to couple the scattered light into the
Burleigh Instrumentgnow EXFO Burleigh Products Group single-mode fiber. In this case, both thg laser and receiver
Inc., Victor, New York. The beam leaving the receiver fiber P€ams were focused to an equal spot size abouytoan
is collimated by the first lens systeiin, which is only sche- ~ diameter. Even with such small beam diameters, the align-
matically shown in Fig. 5. Better collimation directly results ment at any fixed scattering angle was very easy. Initially, a
in better resolution; therefore, a good quality achromatidraction of the laser beam is coupled in the backward direc-
doublet or a more refined lens system is essential. The collfion in the fiber. The beam emerging from the receiver end is
mator used in our setup was a nearly aplanatic meniscus lefiden intersected with the excitation beam at the center of the
followed by a 2 in. achromatic doublet. After light passedindex matching vat. Subsequently, the receiving fiber is con-
through the F—P interferometer, it was collected by the secbected to the PMT and fine adjustment is performed by
ond lens,L,, and then focused into a multimode fiber with maximizing the signajwe simply used the light scattered by
large core diameteftypically 400 um) and directed to the the toluene in the vat while the fiber beam is translated
photomultiplier tubg PMT). The PMT optics consisted of a vertically across the excitation beam profile. Proper align-

laser band-pass filter for 514.5 nm and a biconvex imagingnent at all scattering angles is more difficult, but not impos-
lens. sible. To test the alignment at different scattering angles, we

used the following standard procedure: The scattering inten-
. . . sity from toluene,l(6) was recorded as a function of the
B. Light collection and alignment scattering angled. Since toluene is a Rayleigh scatterer, the
In a well-aligned system the excitatiglasey beam and quantity 1(6)sin(#), should be independent of scattering
the receivelfiber) beam intersect at the center of rotation of angle. As we tested the alignment between 20° and 150°, the
the goniometer and lie in one plane at all angles of the goguantityl(6)sin(6) (averaged over ten runs at each measured
niometer arm(Fig. 6). Both beams are well approximated as angle and corrected for dark count and dead time for the
Gaussian beams with wave vectérsandks inside the scat- PMT) was constant to within £2.5%. Similarly, Supareb
tering volume. An angled between the excitation and the al.'? demonstrated alignment to within +3% for scattering
observation beam determines the scattering vectoangles in the range from 15° to 160° using a GRIN lens and

g=ks—ke with magnitude collimated receiver beam with a diameter of 80t.
In the case of the F—P interferometer, the ability to per-
4 6 . . . .
lg|=—sin=. (12)  form detection easily at various scattering angles and, there-
A 2 fore, the ability to vary the scattering vectgr presents a

The geometry described can be easily visualized by cousubstantial improvement over the conventional pinhole
pling part of the laser beam into the back end of the receivsetup. Historically, angle dependent measurements with F—P
ing fiber. The two beams are clearly visible in the indexinterferometers were very rarely performed. The size and
matching liquid which greatly assists the initial alignment. weight of the interferometer makes it practically impossible

The choice of the optimal beam parameters is consideretb be repositioned at different angles with respect to the ex-
in detail by Rtka>“ Here, we briefly summarize his conclu- citation laser beam. On rare occasions, sophisticated optical
sions. In the case of perfect alignment and the Gaussiadesigns were employed that allowed the axis of the laser
beam approximation, the average signal at the detector iseam to be rotated with respect to the stationary axis of the
inversely proportional to the radius of the excitation beamjnterferometel These methods were difficult for implemen-
we, and it is independent of the radius of the observatiortation and alignment and have had only limited application.
beam, w, [see EqQ.(26) in Ref. 3. Therefore, the light- Due to the lack of a convenient multiangle setup, the vast
collection efficiency increases linearly with decreasing exci-majority of experiments published in literature are limited to

Downloaded 08 Jun 2010 to 131.216.14.1. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 75, No. 10, October 2004 Fiber system for PCS and Fabry-Perot 3221

90° scattering angle. By contrast, the proposed fiber-optic e R
approach facilitates experiments over a broad range of scal [ F =05
tering angles. 1004 ™

C. Multimode fiber coupling to the Fabry—Perot
interferometer

In some experimental situations, the scattered light from §
the sample has very low intensity and the detection become@
problematic. As examples, this could be the case in veryt
dilute solutions or in small molecule liquids. In order to col-
lect as much scattered light as possible, it would be prefer-
able to use multimode fibers with a larger core diameter anc
numerical aperture in place of the single-mode fiber. It was
already mentioned that in the case of PCS, using multimode
fibers leads to decreased coherence factors and must t ey o ey r—T T nrro
avoided if possible. On the other hand, detection from a 10 100 1000
single coherence area is not essential for the operation of th_ B (W)
plane—pafallel F-P mtgrferometer. . , . FIG. 7. Effect of the fiber core diameter on the F—P interferometer finesse. A

The single-mode fiber and small diameter multimode fi-series of curves representing the limit imposed by the instrument for various
bers essentially behave as point source illumination of thenirror separations. The measured values are for fibers with core diameters
F—P interferometer and do not reduce the finesse from itgf 8 «m, 50um, 100um, and 200um.
reflectivity-flatness value. On the other hand, the aperture
fi_nesseFa may become the limiting factor for fibe_r_s With IV. RESULTS AND DISCUSSION
diameters of 5Qum and larger. Furthermore, full utilization
of the large numerical aperture of a multimode fiber require€\- Resolution of the fiber-coupled plane—parallel
that both the F—P mirrors and the collimator operate at larg&aPry—Perot interferometer

aperture. In this regime, the flatness and regularity of the |y this measurement, we used\&532 nm laser beam
mirror surfaces—as well as the monochromatic aberrationgoupled directly into the fiber, and took special care to fully
of the lens—become more critical. Careful design andangd uniformly illuminate the entire fiber aperture. The fibers
higher-quality elements can improve the finesse considefysed had core diameters ofin, 50 um, 100,um, 200 zm,
ably, especially with large plate separations when the diverand 400um (see Table), and the collimator had 100 mm

d (mm) = 150

10 5

gence of the illuminating beam has a greater effect. focal length and 50 mm aperture. We used a 50 mm diameter
F—P mirror set with maximum measured finesse of 95 at full
D. Samples and preparation aperture. The reflectivity finesse was determined from mea-

éurements of the mirror reflectivity at various 2 mm diameter
toluene andn-hexadecane, both with well-known Brillouin Spots on the mirror surfaces and averaged alf156.

: hus, the inferred finesse due to surface figure and roughness
spectra, as well as the molten polymer PEO, which was wel ; >
. : . . 4 was 120, corresponding to a rms surface figure error of about
characterized in previous PCS measurements in our fab.

. . . N/240 for the full aperture of the F—P plates.
High-purity toluene (99.9% min. by gas chromatography Figure 7 summgrizes our measur(fments for four differ-
(GC)) was supplied by Burdick & JacksotMuskegon, ent separations between the F—P mirror plade®.5 mm
Michigan). High-purity n-hexadecan€99.9% min. by GG P P :

. X ) 4.0 mm(circles, 25 mm(triangleg, and 150 mm
was supplied by Tokyo Chemical Indust(yCl) America (sguare}a .
Inc. (Pgr[iland yOregZ)n A low molecula(rsrw;ight PEO (diamond$. The solid curves on the graph are calculated

sample(My,=1060, designated here as “PEO-1K sample”, using Eqs(5) and(7). The agreement between measurement

with a narrow molecular weight distributionfMy,/My and model is very good. The 8m fiber results are slightly

~1.03 was custom synthesized by Polymer Standards Serr_ngher than the prediction due to the fact that the numerical

vice (Mainz, Germany, PEO chain ends were “capped” with aFerture is lower resulting in a smaller beam diameter sam-
: . : . ing a smaller surface of the F—P plates.

methyl groups to avoid complicating behavior associated’ . . .

. ; . There are two important practical observations.
with chain hydroxyl end groups. Based on rheological mea-
surements, the PEO-1K sample is unentangled in the me{tl) Multimode fiber coupling is equivalent to the use of an
(the critical value for the melt entanglement molecular incoherently illuminated pinhole with the same diameter
weight is about 3500and the melting temperature is about as the fiber core. The prediction for aperture limited fi-
38 °C. After receiving the polymer samples, they were fur- nesse is not changed by the mode structure of the fiber.
ther purified, dried, and handled in a dry box under dry ni-(2) In the case when the aperture finedsg,is comparable

To test the fiber-coupled experimental setup, we use

trogen. All samples were filtered through Quenh pore-size to or lower than the reflectivity finessEg, the shape as
Teflon membrane filteréMillipore, Bedford, Massachusejts well as the width of the transmission function are sensi-
into dust-free 5 mm square spectrofluorometer cuvettes tive to misalignment of the pointing of the collimator
(Starna, Atascadero, California with respect to the F—P axis. The transmission peaks for
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the misaligned spectrometer have a narrower apparen
width and a nonsymmetrical shape, with most of the
signal in a long tail. This effect is undesirable for spec-
troscopic applications and could be especially dangerous
in combination with automated alignment routines
which minimize the peak’s linewidth but do not take into
account the peak’s shape. In Fig. 7, nice symmetrical
line shapes were obtained for the points lying close to
the horizontal limit set by the mirror plate’s finesse
(combined reflectivity and flatnessbut distorted line
shapes were typical for the points far below that line. It
is better to use a mirror set with reflectivity finesse not
too much larger than the aperture finesse, thus improv-———r—-""+———7————+————1r+—++———
ing both the line shape and increasing the peak transmis  -10 -5 0 5 10 GHz
sion of the interferometer. (@) Toluene

B. Brillouin scattering with single-mode fiber receiver

Next, we assess the performance of the Fabry—Perot in
terferometer using a single-mode fiber receiver and a differ-
ent set of mirror plates with reflectivity-flatness finesse of
about 55. We used two reference systems, toluene an
n-hexadecane, both widely studied with well-determined
Brillouin shifts®® Both measurements were performed at
room temperaturéd T=21 °C) with A=514.5 nm excitation
and 90° scattering angle. The Brillouin spectra we obtained
are shown in Fig. 8. The Brillouin peaks are well resolved. A
The observed instrument resolution wa\vgywym ——————T7 77—
~300 MHz. We used the published values for the Brillouin 10 -5 0 5 10 GHz
frequency shifts in toluene to calibrate the FSR of our F—P () n-Hexadecane
interferometer and determineflvegg~17 GHz. Therefore, L

. . . . FIG. 8. Brillouin spectra of toluene anghexadecane at room temperature
thbe etx5p5eng;3er']ta”y determtlne.?hftlﬂesﬁlﬂslngt qu'_(s)] Wafls th.measured using single-mode fiber detection.
about 55-56, in agreement wi e expected finesse for this
mirror set. This demonstrates that the finesse is limited only )
by the reflectivity-flatness finesse of the mirror set and is not 19- 9, we compare measurements of a PEO-1K sample in
reduced by the introduction of the single-mode fiber detectn® melted state at a temperature B£60 °C, with A
tion. It was confirmed that the fiber-optic setup has stable"914-5 nm excitation and a scattering anglefsf90° done
performance in terms of very good reproducibility of the by using both the f!ber-optlc and the conventional pmhc_;le
results between different measurements. In addition, the pef€tups. The normalized ACF are represented on a log-time
formance of the single-mode fiber detector was verified with
an in-house built triple-pass feature and the results were 2.2 —rmm—rrrm—rrrem—rrrm—rrrm—rrrm—reem—rrrm—rrrm—rr
equally good. I

Since there are no published Brillouin scattering results 20|
using single-mode fiber detection, the above spectra can b
compared to those obtained with the classigihhole) de- 18L
tection. Brillouin spectra of liquid toluene and various other
liquids are reported by Kato and Zdastfiknd more recently 45 Classic
by Rubioet all’ Brillouin spectra ofn-hexadecane are re- & | f=0.78
ported in many publications by Patters¢see Ref. 8 and ° 14
references therejnApplying single-mode fiber detection, we |
obtain essentially the same results with comparable experi |
mental resolution.

SM fiber
f=1.0

. L 10L & J
C. Photon correlation spectroscopy with single-mode ' ) | . . . ) ] .
fiber receiver 10° 10° 10* 10° 10% 107 10° 10' 10° 10° 10°
We performed a series of PCS measurements to test th. tls]

Smgle-mOde fiber dEtECt.Ion performance and _tO deterr_nmEIG. 9. Classiqcircles vs single-mode fiber-optitdiamonds light detec-
whether or not the qua“t_y of _the aumcorre_lat'on fu_nCt'Ontion used in PCS. The sample was PEO-1 K melfaB0 °C, scattering
follows the prediction outlined in the theoretical section. Inangle =90°, and collection time about 1.5 k—coherence factor.

Downloaded 08 Jun 2010 to 131.216.14.1. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 75, No. 10, October 2004 Fiber system for PCS and Fabry-Perot 3223

shift plot which has the advantage of providing easy com-spheres. The reported coherence factorsfar@.673 andf
parison of the relaxation rates. On the graph, the function=0.863, respectively, for the 100m pinhole and the single-
represented by open circles was taken using the classicaiode fiber.
setup with a 5Qum diameter pinhole. In fact, it was selected Our findings demonstrate that the fiber-coupled setup
among many measurements because of the very good valperforms as well as or better than the classical F—P interfer-
of its coherence factoffy;noe=0.78. The second ACF, rep- ometers and PCS spectrometers. At the same time, it pro-
resented on the graph by filled diamonds, was measured usides a great amount of flexibility and convenience in the
ing the single-mode fiber setup and showed a coherence faexperiment. A compact detection end allows easy and robust
tor of fgu fper=21.0, in excellent agreement with the alignment, along with the possibility for angle dependent
prediction. Both ACFs were collected with 1.5 h accumula-F—P measurements. The instrument end affords the ability to
tion time. switch between various spectroscopic instruments without
In order to extract the coherence factor and the rest oflisturbing the experimental conditions and the alignment.
the parameters from the experimental data, we use
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