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This paper develops expressions for the Raman power emitted by
liquid core optical � ber (LCOF) sample cells in six simple excita-
tion/collection geom etries and the fraction of that power that can
be utilized in a conventional Raman spectrometer. From these ex-
pressions a ‘‘� gure of merit’’ is developed that can be used to pre-
dict the relative intensity enhancement provided by LCOFs having
different inside diameters and loss characteristics. For the appara-
tus used here, we show theoretically and experimentally that the
� gure of merit takes the simple form ( a d)21 where a and d are,
respectively, the loss coef� cient and inside diameter of the LCOF.
Given the varying optical quality of Te� ont-AF LCOFs currently
in use, the analysis presented here should be useful in optimizing
the performance of LCOF accessories in Raman and related spec-
troscopic applications.

Index Headings: Liquid core optical � bers; LCOFs; Raman spec-
troscopy.

INTRODUCTION

Capillary cells designed to promote total internal re-
� ection within sampled liquids, often referred to as liquid
core optical � bers (LCOFs), liquid core waveguides, or
waveguide capillary cells, have been used in Raman
spectroscopy for nearly 70 years.1 When compared to
conventional sample cells, these waveguide cells have
been shown to provide much higher Raman signal inten-
sities and signal-to-noise ratios while simultaneously re-
ducing sample volume requirements. The popularity of
these cells has varied, probably peaking between the mid-
1950s and the early 1970s with their use as standard ac-
cessories for the Cary 81 lamp- and laser-excited Raman
spectrophotometers. 2–5 However, the most signi� cant
technical advance in waveguide capillary sampling came
at the end of this period when Walrafen and Stone6,7 used
fused-silica liquid core optical � bers up to 25 m in length
to acquire Raman spectra of two high-refractive-index
liquids: benzene (n 5 1.50) and tetrachloroethylene20

D

(n 5 1.51). The cells used by Walrafen and Stone pro-20
D

duced intensity enhancements of as much as 3000 relative
to conventional sampling arrangements and have yet to
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be surpassed in performance. Unfortunately, these cells
are suitable only for liquids having refractive indices
higher than that of fused silica (nD ù 1.46), and therefore
have only been used sporadically. The authors recognized
the limitations of their devices and recommended replac-
ing fused silica with a lower-refractive-index material,
such as Te� ont. However, at the time of their work, low-
refractive-index capillaries of suitable optical quality
were unavailable.8

Within the last four years a group of LCOFs made
from the low-refractive-index amorphous � uoropolymer
Te� ont-AF 2400 (nD 5 1.29) have been used in Raman
applications.9–16 At their current state of development,
these Te� ont LCOFs exhibit substantially higher losses
than their earlier fused-silica counterparts. Despite this
disadvantage, Te� ont-AF LCOFs provide much greater
materials compatibility and yield up to 500-fold Raman
intensity enhancements and commensurate improvements
in signal-to-noise ratio when used with various low-re-
fractive-index liquids, including aqueous solutions. Thus,
Te� ont-AF LCOFs offer outstanding promise in numer-
ous applications of Raman spectroscopy. Speci� cally, the
areas most likely to bene� t from the use of the LCOFs
include the following: (1) biological applications, where
low solubilities and denaturing at high laser power often
mandate the use of nonstandard sampling techniques; (2)
environmental monitoring, which necessitates the ability
to detect low-level analyte concentrations in aqueous so-
lutions; (3) low-cost systems, where the intensity en-
hancement provided by LCOFs might enable the use of
less expensive lasers and/or detectors; and (4) high-per-
formance liquid chromatography (HPLC), where conve-
nient geometry, small volume, and improved signal in-
tensity and signal-to-noise ratio combine to make Raman
detection attractive.

In spite of the long history and current resurgence of
interest in LCOFs, surprisingly little effort has been di-
rected towards analyzing the intensity advantages that
these devices can provide. Indeed, the Raman enhance-
ment factors reported for LCOFs have varied over a wide
range (one to three orders of magnitude) for reasons that
do not seem entirely clear.6,13 The goal of this paper is to
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develop a method for estimating the utilizable Raman
power that LCOFs can deliver to spectrometers or spec-
trographs. Although some spectrometers have been de-
veloped speci� cally for use with waveguide cells,2,3,17–20

it will be assumed here that it will generally be necessary
to interface LCOFs to existing instruments for which fac-
tors such as slit size and f /# have been predetermined
by other considerations. The problem of determining uti-
lizable Raman intensity is divided into two parts. The � rst
addresses the total Raman power emitted by the LCOF,
which is a function of the following parameters: LCOF
length, LCOF loss coef� cients at the laser and Raman
wavelengths, sampling geometry (forward scattering,
backward scattering, combined forward and backward
scattering, etc.), and input laser power. We will speci� -
cally develop expressions for an ‘‘effective’’ LCOF
length which is directly proportional to the Raman inten-
sity, for six different simple scattering geometries. The
second part of this paper focuses on developing an LCOF
‘‘� gure of merit’’ that can be used to compare the relative
intensity enhancements that different LCOFs will provide
in a given spectroscopic system. Neglecting re� ection
losses, this quantity is primarily dependent upon intrinsic
features of the LCOF—namely, the numerical aperture
and inner diameter—and the coupling optics used to
match the LCOF to the spectrometer or spectrograph. It
will be shown that in many cases spectroscopic instru-
ments are unable to utilize all of the Raman light emitted
by an LCOF, even if transfer optics are completely op-
timized. Additionally, we will demonstrate that the � gure
of merit is inversely proportional to the product of the
LCOF loss coef� cient and inner diameter for a conven-
tional scanning double monochromator Raman instru-
ment.

EXPERIMENTAL

The sections of Te� ont-AF 2400 capillary tubing used
in this work were manufactured by the drawing technique
described previously9 as well as a new extrusion tech-
nique that yields superior quality tubing. The water-clear,
highly � exible tubing used in the experiments presented
here varied in quality as characterized by the measured
loss coef� cient, a, which will be discussed later in this
report. The overall length and the inner diameter of the
LCOFs made from the tubing ranged from 75 to 200 cm
and 150 to 533 mm, respectively.

LCOFs were formed by mounting the Te� ont-AF tub-
ing in end cells similar to those used previously.9,21 The
end cells are based on standard 1/16 in. HPLC tees � tted
with small adapters having inner diameters slightly larger
than the outer diameters of the tubing. These ‘‘front end’’
cells are terminated in 150 mm thick fused-silica windows
where the light exits the LCOF to be imaged onto the
spectrometer. Unlike the somewhat smaller SMA con-
nector devices used elsewhere, these cells use O-ring
seals rather than epoxy, which allows the windows to be
removed for cleaning. Laser light was launched into the
LCOFs with the use of sections of polyimide-coated sil-
ica optical � ber from Polymicro Technologies (FVP se-
ries with 0.22 numerical aperture). In all cases, the silica
� bers carrying the laser light were inserted directly into
the Te� ont-AF tubing. The diameter of the silica � ber

varied depending on the inner diameter of the tubing. The
Te� ont-AF tubing was � lled with methanol using a peri-
staltic pump � tted with silicone rubber tubing, and � ow
was maintained throughout all experiments.

Raman spectra of methanol (Aldrich spectrophotomet-
ric grade, n 5 1.33) were acquired in forward scattering
geometry with the use of the 514.5 nm line of an argon-
ion laser (Spectra-Physics 2060) and a 0.75 m scanning
double monochromator (SPEX 1400-2). Spectral resolu-
tion of 1 cm21 was achieved by setting both the entrance
and exit slits of the monochromator to 40 mm and the
internal slit to 80 mm. The LCOF end cell was placed
approximately 39 cm from the spectrometer entrance slit.
Light emitted from the LCOFs was imaged onto the en-
trance slit of the spectrometer with the use of an f /1.5
Karl Meyer camera lens centered approximately 7 cm
from the end cell, which produced in image magni� cation
of 5.3 at the slit entrance. No attempt was made to elim-
inate either the laser radiation or the Raman bands gen-
erated in the silica optical � ber. In order to determine the
maximum Raman intensity and LCOF loss, the silica � -
ber was moved forward inside the Te� ont-AF tubing in
steps of 5 to 10 cm, thereby effectively shortening the
length of the LCOF.

RESULTS AND DISCUSSION

Optical Characteristics of the LCOF. In this section,
we develop expressions for the Raman radiance, Raman
power, and optical conductance of an LCOF for six dif-
ferent sampling geometries. The Raman radiance, L R (W
cm22 sr21), is a term specifying the Raman power per unit
area per solid angle. Intuitively, the Raman power, PR

(W), describes the amount of emitted Raman light that is
spread over a surface. It is directly proportional to the
intensity measured by the detector (usually given in units
of counts or counts s21). The optical conductance, G (cm 2

sr), characterizes the ability of an optical system to accept
light and describes the throughput through an optical
train.22 For the expressions given below, we assume that
the LCOF is � lled with a solution consisting of a solvent
and an analyte; however, only the Raman radiation scat-
tered by the analyte will be considered.

First, we consider a short cylindrical section of an
LCOF core uniformly illuminated by a laser. A schematic
diagram of a section of LCOF is shown in Fig. 1. Using
the derivation developed by Schrader,23 we de� ne the Ra-
man radiance at each circular face of the cylinder as

P sLL 5 Dz (1)R,int 2pr

The parameters in Eq. 1 are L R,int 5 Raman radiance in-
side the LCOF core; PL 5 laser power; r 5 LCOF core
radius; Dz 5 illuminated LCOF length ( r ); and s 5
Raman scattering coef� cient (sr21 cm21), de� ned as

2 4ds (n 1 2)co24 4s 5 · (n̄ 2 n̄ ) · (n̄ 2 n̄ ) · ·N (2)ref k L k A1 2[ ] [ ]dV 81
k

The variables in Eq. 2 are as follows: (ds/dV) k 5 differ-
ential scattering cross section (cm 2 sr21) of the kth vibra-
tional mode of the analyte molecule; nref 5 excitation fre-
quency (cm21) used to measure (ds/dV)k; nk 5 vibrational
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FIG. 1. Schematic diagram of a section of an LCOF waveguide.

frequency (cm21) of the kth mode; nL 5 frequency of the
laser used to excite scattering in the LCOF; nco 5 refrac-
tive index of the LCOF core (assumed for simplicity to
be the same at both the laser and Raman wavelengths);
and NA 5 number density of analyte molecules (cm23).

The � rst term in square brackets in Eq. 2 is the ‘‘ab-
solute Raman scattering cross section’’ (cm6 sr21) of the
kth mode of the analyte molecule. This quantity is ap-
proximately wavelength independent in the absence of
resonance or preresonance effects and has been tabulated
for a number of molecules by Schrötter and Klockner24

and Schrader23. The second term in square brackets is the
‘‘internal � eld factor’’.23,25,26

‘‘Short’’ LCOFs. Next, we consider a section of
LCOF that is long compared to its radius but still is suf-
� ciently short to ensure that attenuation at the laser and
Raman wavelengths is negligible. We adopt the meridi-
onal ray approximation and assume that there exists a
critical angle between the direction of a given light ray
and the LCOF axis so that all rays having angles smaller
than the critical angle are captured within the LCOF core
and all rays at higher angles are lost. In a section of
LCOF of physical length zp, the radiance at each of the
circular faces inside the core is given by

P sLL 5 z (3)R,int p2pr

for angles smaller than the critical angle and 0 for higher
angles. At this point, we make the following assumptions:
(1) the Raman radiation passes out of the LCOF and into
the air through a nonfocusing window; (2) re� ections at
the window can be neglected; (3) the radiance of the
LCOF end face decreases by a factor of 1/n as the cap-2

co

tured Raman light expands into a larger solid angle upon
exiting the LCOF;23,26,27 (4) the radiation pattern outside
the LCOF can be approximated by a uniformly illumi-
nated cone; and (5) the small angle approximation (sin
Q ù Q) is valid for the cone of emitted light. (This is a
good approximation for a Te� ont-AF 2400 LCOF � lled
with water, where the half-angle subtended by the emitted
radiation is approximately 198.) Under these conditions,

the solid angle (sr) subtended by the emitted light is given
by

V ù pNA 2 5 p(n 2 n )2 2
co cl (4)

The variables in Eq. 4 are as follows: V 5 solid angle
5 2p(1 2 cosf) ù pf2, where f is the apical half angle
of the cone of emitted light; NA 5 numerical aperture of
LCOF 5 nairsin f ù f; nco 5 refractive index of LCOF
core (1.33 for water); and ncl 5 refractive index of LCOF
cladding (1.29 for Te� ont-AF 2400).

(The relationship between NA and core/cladding re-
fractive indices is derived in numerous optical � ber
texts.28) We now can express the Raman radiance, L R

outside each face of a ‘‘short’’ LCOF (in air) as the fol-
lowing:

P sLL 5 z (5)R p2 2pn rco

The optical conductance, G , can be de� ned as

G 5 Vpr2 5 p2r2(n 2 n )2 2
co cl (6)

The resulting Raman power, PR, at each circular face is
the product of the Raman radiance and optical conduc-
tance, which simpli� es to the following expression:

2 2P sp (n 2 n )L co clP 5 L G 5 z (7)R R p2n co

From Eq. 7, it is apparent that the Raman power is di-
rectly proportional to the length of the LCOF, zp.

‘‘Long’’ LCOFs. As the length of the LCOF is in-
creased to the point where attenuation of the laser and/
or Raman radiation becomes signi� cant, Eqs. 5 and 7 are
no longer valid. However, it is possible to retain the
forms of these equations if we take PL to be the laser
power launched into the LCOF and replace the physical
LCOF length, zp, by an ‘‘effective’’ LCOF length, ze, giv-
en by

z5 z p

z 5 T (z) ·T (z) dz (8)c E L R
z 5 0

where TL(z) and TR(z) describe the propagation charac-
teristics of the laser and Raman radiation in the LCOF.
TL(z) is the ratio of the laser power at point z in the LCOF
to the power launched into the LCOF. Similarly, TR(z) is
the fraction of Raman power captured at point z within
the LCOF that is transmitted to the ‘‘detector’’ end of the
LCOF. Unlike previous works, which assume single ex-
ponential decay, Eq. 8 can accommodate LCOFs in
which inhomogeneous,9 bi-exponential,29,30 or nonlogar-
ithmic31 transmission characteristics are observed.

Figure 2 illustrates six simple scattering geometries.
We evaluate the effective LCOF lengths as functions of
physical LCOF length for each of the experimental con-
� gurations shown in Fig. 2. For these derivations, we
assume that single exponential decay dominates the trans-
mission properties. (Exponential decay occurs in cases
where the loss mechanisms are constant along the length
of the LCOF and has been observed in the present work
as well as previous work with Te� ont-AF LCOFs.9,10)
Additionally, we consider instances in which LCOF loss
coef� cients are both the same and different at the laser
and Raman wavelengths. The variation in transmission
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FIG. 2. Schematic diagrams of six excitation/collection geometries
considered for the LCOF Raman sample cell. (A) Forward scattering;
(B) forward scattering with a long-pass � lter; (C ) backward scattering;
(D ) backward scattering with a distal end mirror; (E ) combined forward
and backward scattering; (F ) combined forward and backward scatter-
ing with a long-pass � lter.

properties between the laser and Raman wavelengths in
a given application will depend on the wavelength region
and the properties of the core liquid. In many cases, these
differences will be negligible. However, over the much
wider range of wavelengths commonly used in Raman
spectroscopy, the transmission properties will generally
vary by well over an order of magnitude. Substantial var-
iation of attenuation with wavelength has been observed
in both near-infrared 10,13 and resonance Raman work. Ex-
pressions for TL(z), TR(z), and ze are displayed in Table I.
In this table, zp is the physical length of the LCOF Raman
cell, aR is the LCOF’s loss coef� cient at the Raman fre-
quency, aL is the cell’s loss coef� cient at the laser fre-
quency, T is the transmission of the long-pass � lter at the
Raman wavelength, and R is the re� ectivity of the mirror
at the Raman and laser wavelengths. Table II presents the
maximum effective LCOF length and optimum physical
LCOF length for several of these experimental con� gu-
rations. In deriving the expressions in Tables I and II, we
assumed that, in cases where the LCOFs are terminated
in mirrors or � lters, the intensities of incident and re� ect-
ed beams add incoherently. In these situations, it is pos-
sible for TL(z) and TR(z) to exceed unity.

As previously stated (Eqs. 7 and 8), the Raman inten-

sity is proportional to the effective � ber length, ze. Thus,
the relative Raman intensity for each of the various sam-
pling con� gurations can be compared by examining the
ze. Figure 3 displays a plot of relative Raman intensity as
a function of the physical length of the LCOF, zp, for each
of the scattering geometries illustrated in Fig. 2. In this
plot, zp is given in units of attenuation length, which is
de� ned as the physical length of the LCOF at which the
laser intensity, I, has decreased to 1/e of its original value,
I0. Given the following expression de� ning the laser in-
tensity at any physical length of LCOF,

I 5 2a z pI e0 (9)

it is evident that the attenuation length is equal to a21.
For the data shown in Fig. 3, it was assumed that the
long-pass � lter and mirror behave perfectly where T 5 R
5 1. (The long-pass � lter transmits 100% of the Raman
light and re� ects 100% of the laser light. Likewise, the
mirror re� ects both the Raman and laser light with 100%
ef� ciency.) Additionally, this plot only depicts examples
where the attenuation at the Raman and laser wavelengths
is the same, aR 5 aL 5 a.

From Fig. 3, it is evident that the Raman intensity as
a function of cell length can vary quite signi� cantly de-
pending on the scattering geometry used. To achieve op-
timal performance, one must consider the speci� c appli-
cation goals when an LCOF Raman system is designed.
For example, if maximum Raman intensity is the primary
experimental goal, clearly the sampling geometry of
choice would be the combined forward and backwards
scattering that uses a long-pass � lter, as shown in Fig. 2F.
This geometry provides approximately 60% more Raman
intensity at short cell lengths ( ; 0.75–1.5 attenuation
lengths) when compared to the two next best con� gura-
tions: (1) combined forward and backward scattering
without a � lter and (2) backwards scattering with a distal
end mirror. However, if the application requires the
LCOF to be of signi� cant length, as those used for in
situ environmental water analysis, then any of the ge-
ometries that employ backward scattering would be ideal.
Figure 3 demonstrates that the Raman intensity approach-
es the same value at cell lengths .4 attenuation lengths
for any type of backscattering geometry (Fig. 2C–2F). In
general, the scattering geometries that use additional op-
tical devices, such as long-pass � lters or mirrors, generate
approximately 45–50% more Raman light than their
counterparts. Because Fig. 3 illustrates only the cases in
which the optical device performs perfectly, the quality
of the mirror or � lter must also be taken into consider-
ation. Furthermore, the designer of the system must ac-
count for the complexity of the instrumental apparatus.
Although they offer superior overall intensity, geometries
such as those shown in Figs. 2E and 2F may be imprac-
tical to implement with many Raman systems.

Coupling of the LCOF to the Raman Spectrometer.
Perhaps the most fundamental prerequisite to developing
an optimized LCOF-based Raman spectroscopy system is
determining a ‘‘� gure of merit’’ that can be used to pre-
dict the relative performance of different liquid core � -
bers in a particular optical/spectroscopic system. Ideally,
this � gure of merit should allow a system designer to
determine which of several candidate LCOFs would pro-
vide the greatest Raman intensity enhancement in a given
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TABLE I. Effective � ber lengths for various collection geometries and loss coef� cients.

Scattering geometry T (z), T (z)L R Effective � ber length

Forward scattering
a 5 aL R

Fig. 2A

2azT (z) 5 eL
2a(z 2z)pT (z) 5 eR

2az pz 5 z ee p

Forward scattering
a ± aL R

Fig. 2A

2a zLT (z) 5 eL
2a (z 2z)R pT (z) 5 eR

2a z 2a zL p R p(e 2 e )
z 5e

a 2 aR L

Forward scattering with long-pass � lter
a 5 aL R

Fig. 2B

2az 2 a(2z 2z)pT (z) 5 e 1 ReL
2a(z 2z)pT (z) 5 TeR

TR
2az 2 az 23azp p pz 5 Tz e 1 (e 2 e )e p

2a

Forward scattering with long-pass � lter
a ± aL R

Fig. 2B

2a z 2a (2z 2z)L L pT (z) 5 e 1 ReL
2a (z 2z)R pT (z) 5 TeR

2a z 2a z 2a z 2(2a 1 a )zL p R p L p L R pe 2 e R (e 2 e )
z 5 T 1e [ ]a 2 a a 1 aR L R L

Backward scattering
a 5 aL R

Fig. 2C

2azT (z) 5 eL
2azT (z) 5 eR

22az p(1 2 e )
z 5e 2a

Backward scattering
a ± aL R

Fig. 2C

2a zLT (z) 5 eL
2a zRT (z) 5 eR

2(a 1a )zL R p(1 2 e )
z 5e

a 1 aL R

Backward scattering with distal end mirror
a 5 aL R

Fig. 2D

2az 2 a(2z 2z)pT (z) 5 e 1 ReL
2az 2a(2z 2z)pT (z) 5 e 1 ReR

21 R
22az 22az 22az 22azp p p pz 5 (1 2 e ) 1 2Rz e 1 (1 2 e )ee p

2a 2a

Backward scattering with distal end mirror
a ± aL R

Fig. 2D

2a z 2a (2z 2z)L L pT (z) 5 e 1 ReL
2a z 2a (2z 2z)R R pT (z) 5 e 1 ReR

1 R
2(a 1 a )z 22a z 22a zR L p L p R pz 5 (1 2 e ) 1 (e 2 e )e

a 1 a a 2 aR L R L

2R
2 (a 1a )z 22(a 1 a )zR L p R L p1 (e 2 e )

a 1 aR L

Combined forward and backward scattering
a 5 aL R

Fig. 2E

2azT 5 eL
2az 2a(z 2z)pT 5 e 1 eR

22azp(1 2 e )
2az pz 5 z e 1e p 2a

Combined forward and backward scattering
a ± aL R

Fig. 2E

2a zLT 5 eL
2a (z 2z) 2a zR p RT 5 e 1 eR

2a z 2a z 2(a 1a )zL p R p L R p(e 2 e ) (1 2 e )
z 5 1e

a 2 a a 1 aR L L R

Combined forward and backward scattering
with long-pass � lter

a 5 aL R

Fig. 2F

2az 2 a(2z 2z)pT (z) 5 e 1 ReL
2a(z 2z) 2 azpT (z) 5 Te 1 eR

2 a(2z 2z)p1 Re

1
22az 2 22az 2az 2 az 2azp p p p pz 5 (1 2 e )(1 1 R e 1 TRe ) 1 z e (T 1 2Re )e p

2a

Combined forward and backward scattering
with long-pass � lter

a ± aL R

Fig. 2F

2a z 2a (2z 2z)L L pT (z) 5 e 1 ReL
2a (z 2z) 2a zR p RT (z) 5 Te 1 eR

2 a (2z 2z)R p1 Re

2 2 (a 1 a )z 2 a z 2(a 1 a )zL R p L p L R p(1 1 R e 1 TRe )(1 2 e )
z 5e

a 1 aL R

22a z 22a z 2 a z 2a zL p R p L p R pR (e 2 e ) 1 T (e 2 e )
1

a 2 aR L

TABLE II. Optimum � ber lengths.

Scattering geometry Optimum physical � ber length Maximum effective � ber length

Forward scattering
a 5 aL R

1
z 5p

a

0.368
z 5e

a

Forward scattering
a ± aL R

1 aRz 5 lnp 1 2a 2 a aR L L

2a / (a 2a ) 2 a /(a 2 a )L R L R R La aR R
25 1 2 1 2 6a aL L

z 5e
a 2 aR L

Backward scattering
a 5 aL R

z ® `p

0.5
z ®e

a

Backward scattering
a ± aL R

z ® `p

1
z 5e

a 1 aL R

Forward scattering with long-pass � lter
a 5 aL R

0.802
z 5p

a

0.539
z 5e

a

Backward scattering with distal end mirror
a 5 aL R

0.639
z 5p

a

0.817
z 5e

a

Combined forward and backward scattering
a 5 aL R

1.278
z 5p

a

0.818
z 5e

a
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FIG. 3. Relative total Raman intensity emitted from LCOF sample cell
vs. cell length. Here, the functional forms of ze listed in Table I are
plotted vs. zp for each of the six scattering geometries . (A) Forward
scattering; (B) forward scattering with long-pass � lter; (C ) backward
scattering; (D ) backward scattering with distal end mirror; (E ) com-
bined forward and backward scattering; (F ) combined forward and
backward scattering with long-pass � lter.

FIG. 4. Instrumental diagram of an LCOF Raman apparatus that uses a conventional monochrom ator optical system.

system based only on knowledge of the intrinsic prop-
erties of the � ber, speci� cally the loss or attenuation co-
ef� cient, a, and inner diameter, d. Table II shows that the
maximum ze, and therefore maximum Raman intensity,
regardless of scattering geometry, is inversely propor-
tional to the loss coef� cient, a. Thus, one may assume

that the loss coef� cient alone may be an appropriate � g-
ure of merit; however, this is not the case. It will be
shown below that in many instances much, or most, of
the Raman light emitted from an LCOF is lost in the
process of coupling the light to the spectroscopic instru-
ment. In developing a � gure of merit, one must consider
not only the total Raman intensity emitted from the cell
but also the ‘‘utilizable Raman intensity’’, or the Raman
intensity that can be coupled from the LCOF into the
spectroscopic instrument in a particular optical arrange-
ment. As stated explicitly in Eq. 10, the � gure of merit
should be directly proportional to the utilizable Raman
intensity

Figure of Merit ~ Utilizable Raman Intensity 5 IRh (10)

where IR is the total Raman intensity emitted from the
LCOF and h is the coupling ef� ciency into the spectrom-
eter or spectrograph. Here, we attempt to determine the
� gure of merit for an LCOF in a spectroscopic system
based on a conventional double monochromator equipped
with a photomultiplier tube detector. For simplicity, we
consider only those geometries in which light is collected
from a single end of the LCOF (Fig. 3A–3D).

Figure 4 displays a simpli� ed schematic diagram of
the conventional Raman system. For simplicity, only a
single monochromator is shown, although a double
monochromator was used in all the experiments present-
ed here. In this system, the LCOF sample cell was op-
erated in the forward scattering geometry shown in Fig.
2A. Figure 4 also de� nes a few of the optical parameters
of the Raman system. The lens in front of the entrance
slit was used to f /# match the LCOF to the spectrometer
and consequently optimize the light collection. Through
the process of f /# matching the LCOF to the monochro-
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FIG. 5. Coupling ef� ciency, h, of the Raman light into the spectrom-
eter. (Fraction of the light transmitted through the slit.)

mator, the magni� cation of the emitted light at the spec-
trometer entrance slit can be calculated when the numer-
ical aperture, NA, of the LCOF and the f /# of the spec-
trometer are known. The NA of the LCOF is de� ned by

NALCOF 5 ncosin u (11)

where nco is the refractive index of the core liquid and u
is the angle the light makes in the � ber with respect to
the cladding, as is shown in Fig. 1. Using Snell’s law,

n1sin u1 5 n2sin u2 (12)

one can calculate the value of the u2, the angle at which
the light travels in the air as it exits the LCOF. In Figs.
1 and 4, u2 is labeled as f. Assuming that nair 5 1, the
combination of Eqs. 11 and 12 results in following ex-
pression:

NALCOF 5 sin f (13)

Snell’s law can also be used to equate the NALCOF to

NALCOF 5 Ï (n 2 n )2 2
co cl (14)

For Te� ont-AF tubing � lled with methanol or water,
NALCOF ù 0.33. Thus, f is approximately 198. At this
value, sin f ù tan f, which results in NALCOF ù tan f
ù (y /o) where y and o are distances de� ned in Fig. 4.
The f /# of the spectrometer is equal to the ratio of the
focal length to the diameter of the mirror. From Fig. 4,
this quantity is (i /2y). Likewise, the magni� cation factor,
m , of the source image at the entrance slits is de� ned by
(i /o). Given that the f /# of the spectrometer 5 (i /2y) and
the NALCOF ù (y /o), the magni� cation can be expressed
by the following equation:

z m z ù 2NALCOF f /#spectrometer (15)

Thus, for the double monochromator used here with f /#
5 8, the LCOF source was magni� ed by a factor of ; 5.3.
Therefore, even in the case of the smallest LCOF previ-
ously manufactured for this project (d 5 50 mm), the
magni� ed image of the source at the entrance slit was
much larger than the slit width. When the image diameter
is much larger than the slit width, the fraction of light
entering the monochromator, or coupling ef� ciency, is
given by

4w 4w
h 5 5 (16)

pD p z m z d

where w is the slit width and D is the diameter of the
source image at the slit, D 5 md. Figure 5 illustrates that
h is the ratio of the slit area to the area of the magni� ed
image. By combining Eqs. 10 and 16 with the maximum
Raman intensity derived from the maximum ze values
listed in Table II, we see that the � gure of merit for and
LCOF in a single-ended collection geometry (Fig. 3A–
3D) coupled to a conventional Raman spectrometer is
given by

1
Figure of Merit 5 (17)

ad

It should be emphasized that functional form of the � gure
of merit is speci� c to the excitation/collection/spectrom-
eter geometry presented here (conventional spectrometer,
direct imaging onto slit, slit length greater than diameter

of LCOF image, etc.) In other systems—in particular, � -
ber optically coupled Raman systems—the form of the
� gure of merit will in general be different.10

To test the validity of Eq. 17, we performed several
experiments with LCOFs of different inner diameters and
loss characteristics. The LCOF cells were operated in the
forward scattering geometry and were arranged in front
of the double monochromator, as shown in Fig. 4. For-
ward scattering geometry was chosen solely for its sim-
plicity. The LCOFs were � lled with methanol, and the
intensity of the 2834 cm21 C–H stretching peak was mea-
sured as a function of cell length by using the 514.5 nm
line of an argon-ion laser. The cell length was varied by
adjusting the position of the glass optical � ber used to
deliver the laser radiation inside the LCOF. The results
of the intensity were plotted as a function of physical
length and then � tted to the functional form given in
Table I. The loss coef� cient and maximum intensity were
extracted from the � tting parameters. This process was
done for LCOFs with different values of d and a. An
example of the results from a single set of measurements
is shown in Fig. 6. In order to obtain an appropriate range
of data, several sections of tubing with a relatively large
inner diameter were fabricated speci� cally for these ex-
periments, and pieces of poor-quality tubing were chosen
for their high loss. In many cases, especially for those
involving poor-quality tubing, the data showed consid-
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FIG. 6. Raman intensity (2834 cm21 band) vs. physical cell length for 533 mm i.d. LCOF with methanol. Circles represent actual data points. The
line is the best � t to expected functional form for forward scattering: y 5 , where a 5 0.933 m21.2a z pz ep

FIG. 7. Maximum normalized Raman intensity of the 2834 cm21 band (counts per second per mW of laser power) vs. � gure of merit for LCOFs
� lled with methanol. All Raman measurements presented here were collected by using 514.5 nm excitation and a conventional spectrometer. Data
point labels indicate LCOF i.d.

erably more noise (see Fig. 7) than what is displayed in
Fig. 6. The results of eight sets of experiments are sum-
marized in Fig. 7, which plots the maximum normalized
Raman intensity vs. the � gure of merit (1/ad ). Normali-

zation of the Raman intensity was achieved by dividing
the Raman intensity at optimum cell length by the input
laser power.

From Fig. 7, it appears that there is an approximately
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linear relationship between the Raman intensity and the
� gure of merit. Thus, we believe that the expression giv-
en in Eq. 17 is correct for the conventional system used
here. Scatter in the data can be attributed to noise in the
Raman intensity vs. cell length data observed with poor-
quality tubing, which led to larger error in determination
of a. Given that the optical characteristics of Te� ont-AF
LCOFs tend to vary signi� cantly with parameters such
as inside diameter, core liquid, excitation/emission wave-
lengths, and manufacturing technique, we believe that a
� gure of merit such as that derived here is essential for
optimizing the performance of an LCOF accessory with
a Raman system.

CONCLUSION

We have developed a method of estimating and opti-
mizing the Raman intensity delivered by a Te� ont-AF
LCOF to a spectroscopic instrument. By assuming that
the intensities of both the laser and Raman scattered light
undergo single exponential decay as they propagate
through the waveguide, we derived expressions for an
‘‘effective’’ � ber length, ze, for six commonly used scat-
tering geometries. We showed that Raman intensity is
directly proportional to this effective � ber length and is
a function of the following paramters: (1) the loss coef-
� cient of the LCOF at the laser and Raman wavelengths,
(2) the physical length of the LCOF, (3) the sampling
geometry, and (4) the input laser power. Raman intensi-
ties as a function of LCOF cell length were compared for
six simple scattering geometries. For the general purpose
of maximizing signal intensity, we conclude that a com-
bined foward and backward scattering con� guration that
uses a long-pass � lter is the theoretically ideal arrange-
ment. At short LCOF lengths, this geometry can provide
almost 40% more Raman intensity than other con� gura-
tions. The second part of this report addressed the frac-
tion of the Raman light emitted from the LCOF that can
be coupled into a spectrometer. We developed a ‘‘� gure
of merit’’ which allows the designer/user of an LCOF
Raman instrument to predict the relative performance of
different LCOFs in a particular spectroscopic system. The
� gure of merit is simply the product of the total Raman
light emitted from the LCOF and the coupling ef� ciency
into the spectrometer. For the conventional double mono-
chromator and f /# matching optics used here, we found
that the LCOF source image at the spectrometer entrance
slit was much larger than the slit width. Hence, only a
fraction of the total emitted Raman light can couple into
the spectrometer. Under these circumstances we found the
� gure of merit for an LCOF in a single-ended collection
geometry to be simply 1/ad, where a is the loss coef� -
cient and d the inside diameter of the LCOF.

Raman spectra of methanol were collected from eight
different LCOFs of various inner diameters and loss
coeff� cients. A relatively linear relationship was ob-

served when the normalized Raman intensities of the
2834 cm21 peak were plotted vs. (1/ad ). Hence, we con-
clude that our proposed � gure of merit was indeed cor-
rect.
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