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several groups have reported. Here, we Present a quantitative mog- excitations of 532 and/or 785 nm) as 110 con-

dwm&mﬂnwﬂmmmm@)a . R s S 4 e
mbmw-mmm).hmmmnmmm :'ejlllj?}(')l:’afl&uevette- or;m] based geometries, indicating the

ing two geometries, 5 Teflon®-AF waveguige and a standard quarg; To date, the reported Raman enhancement factors ﬁ:om

affect the enbancement factor in t
paper, we present an analytical mode] that predicts the
Index Headings: Raman; Spectroscopy; Tefion; Waveguide; En- relative strength of Raman signalg collected from a Tef.
hancemeat, lon®-AF waveguide and a cuvette. We also present ex-.
Perimental data for 5 particular fiber ang cuvette and
show that the measured t agrees with the the-
INTRODUCTION oretical prediction, The model more distinguishes

Vibrational R ¢ can provide a wealth ~ between absorption losses due to the liquid and scattering

of information about the chemicals present in a sample.  losses due to the LCW surface; this is useful in deter-
Because Raman scattering is a weak optical effect, jt j;  mining the quality of a particular LCW,

ometry. A common method for studying liquids is to  OPTICAL SYSTEM

place them in a } -path-length cuvette and irradiate . L. .
from the side. While this arrangement is often sufficient, _ The optical system for obtaining Raman Spectra is de-
special excitation/collection geometries are sometimes  Picted in F 1g. 1. Laser hght.at 830 nm (Process Instru-
employed to increase the signal strength. One idea tha;  mMents, Salt Lake City, UT) is focused by lens L1 (r =
dates back to the 19705 s to Place the sample in the core 35 mm, D = 254 mm) onto one end of a 17-cm Toflop

of a waveguide, confining the excitation and f th AF tube (600 Km inner, 800 wm outer diameter), which
emission gvt:ll.lthm its gmged modes. The apga)gem: ha: scrves as the liquid oore optical fiber (LCOF). The tube

b re . - . . .
if it is thin and flexible, g liquid core optical fiber Toerved A syringe injects aqueous samples into the

capillary tubes could be formed. Since its introduction, dard l-cm-path-length quartz cuvette (wall thickness 1
several groups have used Teflon®-AF LCws to obtain mm) in place of the LCOE with the excitation beam com-
Raman signa] strengths from aqueous solutions; 2 detajls ing to focus halfway through the cuvette.

pas

N Recereg i 3 X ’ through the T-connector, enters a solid optical fiber (OF),
* Author Jé..’?‘..,,’ ft?r?:spm :Zohm?bze@.;a E-mail: ajberger@ ~ and arrives at a power meter (PM). These clements, not
optics.rochester.edn, involved in Raman measurements, are usefy] during sys-
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effects are negligible; and (2) at other depths, despite the
larger beam diameter, even the on-axis collection effi-
ciency drops so steeply that contributions to the tota] sig-
nal are very sma]l.

Enhancement Ratio, Equation 7 resembles Eq. 6 for
the waveguide, and the similarity can be emphasized by
writing the latter equation as

w | fo
Pw(2) = f [ f Pr(0)etex de]e""‘”"%sv dy (8)
=0 *=0

The parallel forms emphasize that we can compare mea-
Surements taken in the two geometries. Note that the up-
per limit of integration for Y in Eq. 8 is not depth-de-
pendent, unlike Eq. 7 for the cuvette,

Equations 7 and 8§ describe the POWET per unit sample
depth delivered to the fiber bundle input face. The wave-
guide enhancement factor £ is thug given by

L
f Po(2) dz
E=— ©)
f Pan(2) dz
/2

~w,

In Eq. 9, we assume that all do
the fiber bundle, Spectrograph, and CCD array detector

Note that, because the bundile transforms to a linear array
graph, variations in how the

MEASUREMENTS

Determination of Waveguide Reflection Efficiency,
The reflection efficiency R can be measured by msertmg

f Pe(0)e*@ do
el T iy o
'in 0

where ( ) denotes a weighted average over aj of the input
light. Different distributions of input light will have dif-
ferent averages. For the case of light launched uniformly
into the emission solid angle of the fiber, Pe(6) x 0. Based
upon observations of the light cone emerging from the
optical fiber in air, we assume that this angular distriby-
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Fg, 4, Measmingtheintema.lreﬂecﬁon Ooeﬂ'ecientkofthewave-
guide, (Circles) measured values of Poo/Py; (solid linc) best fit using
Eq. 11, with R = 0.9¢6,

tion is a sufficient first-order approximation for the light
emerging from the multimode fiber within an aqueous
medium. In this case, Eq. 10 evaluates to

Pou(z)

P,

_l‘-l'-hz R/ £ -
] e | ]

equations above, A plot of the e
given in Fig, 4, along with the best fit using Eq. 11. The
model gives R = 0.966 + 0.003 (90% confidence inter-
val). Because the datapoints are hi
attribute the fine structure to local
inhomogeneities within the Wwaveguide.

The model fit in Fig. 4 looks approximately like a sim-

y
coefficient of 5, = 0.0086 mm~!, we emphasize, how-
ever, that unlike R, this js hot an intringic property of the
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for the dependence of Raman signal upon 7, The mono-
€xponential prediction of Eq. 4, based upon 8, = 0.0086
mm~! as derjved from the Previous section, jg plotted as
a dashed line, The t prediction, from in-
tegration of Dul(2) from Eq. 8, is plotted as a solid line.
Inthelauerpredicﬁon,pg(e)mewasagainused, this
time based upon power measurements of the €Xcitation

beam.

Both theoretical plots reproduce the basic shape of the
©Xperimental curve, is result is consistent with that of
Altkorn et al., who uged 3 mono-exponentia} decay mode]

small Raman features due to the Teflon®_AF are visible
below 800 cm™. Areas under the five most pProminent
ethanol Raman peaks (888, 1058, 1097, 1287, and 1463

Fe. 6. SpecuaonO%aqueéuseﬂamol,me-smdus‘
guidz(lowa)andcwoue(uppe;nnﬂup' lied XlO)SBOmeme,' . System
background been

€asurements,
enhancements £ a¢ those Wavenumbers were calculated,
The ang, t light Propagation mode] was
employed to Predict the ent of collected Raman
signal. Figure 7 plots the Ramap signals, p_ ang DLeusn
arriving from various depthg Z, as predicted by Egs. 8
and 7, Tespectively, for the 8gg cm~! Raman band, The
dashed curve, co; i i

waveguide geometry exploreg amuci: greater collec-
tion depth._
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Fa. 7. PredictedRaman unit depth > l!ected&omtbe

POWer per uni co
Aqueous samples, for fhe 888 cm—1 transition (895 nm emission). (Solid
curve) p_ (wuveguide), given by Eq. 8; (dashed curve) p.. (cuvetts),

mmrmgﬁomﬁez=0plme,btwm&emmmwy
equauyetﬁcient.'rhetohlkm i i i
theaxmlmderﬂ:uecm'ves.Notethatﬂxemvmmehumms
ﬁom-SmmstSmm,sineeﬂxeﬁ)wsislﬂhceenmofthecuvette,
WHereastheWaVegnideCerhasVllmﬁumOst 170 mm (the
lengﬂxofthewnvexlﬁde,widxthcmuputﬁceatz= 0).
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dicting severa] key aspects of the Waveguides® perfor-
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SC0Py. If both R ang the range
Specified, then the Waveguide losg

unsuccessful jn Predicting the observed
ignals _ﬁ-om the Waveguide,

around thjg Wavelength dye ¢, the
water and bilimbin_ For oth aqueous sampleg of bio-
medical in €.8., blood serym or saliva_ j

more advantageons to move to shorter
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rest of the Optical system Using the cuvette and establigh, Teflon®.AF vwaveon: tubing, and ¢, DuPont°°mpnnyforPﬂ1msglon
a baseline Ramap, signal g . The conduct gm:s i this research

above can thep, calculate the expected signa] Increase  Whitaker Foundation, awarg RG-02-0079.
Within the Waveguide, Providing 5 target vaye during jts
alignment,

The demonstrateq enhancement signal shoylg mean LGw Walrafen
that dissolyeq chemicals cap pe detected more accurately - - Ly, V.
Of more rapjy, Verification of this prediction will be the
subject of 5 future Commumication,

In

tcularly When refi ion efficiency, rather thap
absorption, limits the usefi] length 2 Waveguide, A]-
€ Waveguide Studied ection effi-

and

Water, the amount of Ramap enhancement obtained jg
consistent wigh published values from other stydieg, Even

under the Present conditions, the signal €nhancement fac-
tor Was greater thap 5 at ag1 wavelepgths, while using a
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