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Photothermal deflection spectroscopy of an aqueous sample in a narrow
bore quartz capillary
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An apparatus to perform photothermal deflection spectroscopy on liquid samples within a
cylindrical capillary is described. A tunable dye laser, modulated by an optical chopper, serves as
an excitation source. The resolution of a spectral absorption peak near 575 nm, of a 131023 M
Nd31 aqueous solution, demonstrates the effectiveness of the system. The sample is contained
within a 75mm internal diameter quartz capillary, typical of those used for capillary electrophoresis.
Across the middle of the probed section of the capillary, the magnitude of the resolved peak is
5.231025 absorbance units. A helium–neon laser, focused to a 1/e2 waist diameter of 40mm,
provides an optical probe beam across the center of the sample, overlapping the excitation beam at
an angle of 3°. Maximum signal-to-noise ratio is achieved with the apparatus when the excitation
beam is modulated at a frequency near 205 Hz. The deflection responsivity of the probe beam at this
frequency is 650 nrad permW of absorbed excitation radiation, with an internal noise level in the
system of 0.6 nrad Hz21/2. The shot noise from probe beam radiation upon the photodiodes in the
position sensitive detector exceeds noise from other sources.@S0034-6748~98!03506-0#
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I. INTRODUCTION

Photothermal deflection spectroscopy~PDS! is an ana-
lytical technique suitable for measuring small values of o
tical absorption in transparent matter.1–3 PDS has also bee
called, ‘‘mirage effect spectroscopy,’’ or ‘‘optothermal bea
deflection spectroscopy.’’ Unlike conventional spectroph
tometry, which measures the transmittance of a sample t
optical beam, photothermal methods4 such as PDS monito
temperature fluctuations due to optical radiation that
sample absorbs and converts into heat. For trace detectio
an analyte in a medium that has a low optical absorpt
coefficient at the detection wavelength, spectrophotom
requires measurement of a small change superposed up
relatively large background transmittance signal. Beca
signal drift and noise can cause problems in this situat
photothermal methods that use a high power excita
source may be preferable to spectrophotometry.

In ‘‘collinear’’ PDS, an optical excitation beam pass
through the sample adjacent to an optical probe beam.
cause the two beams are slightly offset, their axes are
exactly collinear and may not even be parallel. Absorption
the excitation beam produces small thermal gradients in
region through which the probe beam passes. Refractive
dex gradients accompany these thermal gradients, cau

a!Electronic mail: jdspear@LBL.gov
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the probe beam to be spatially deflected, and the amplit
of this deflection is monitored as a measure of radiative
sorption at the excitation wavelength. Typically, the focus
Gaussian output beam from a helium–neon laser serve
the optical probe, and a solid state position sensitive dete
measures its deflection. The excitation beam originates f
either a periodically pulsed laser or a modulated continuo
wave laser. This periodic modulation allows synchroniz
electronic equipment, such as a boxcar averager or a loc
amplifier, to filter noise from the signal. In typical aqueo
PDS experiments, a 1 cmspectrophotometer cuvette with fla
windows contains the sample.

With the development of capillary electrophores
~CE!5–8 as a separation technique for aqueous samples, in
est has been shown in applying various photothermal m
ods to enhance detection capabilities. In capillary elec
phoresis, a liquid sample is introduced into one end of a lo
(;20– 100 cm), narrow~;25– 200mm i.d.!, hollow cylin-
drical capillary, along which a voltage is applied. Separat
occurs because the dissolved ions in the liquid migrate
different rates through the capillary. It is desirable to be a
to detect the ionsin situ as they pass through a ‘‘window’
section near the distal end of the capillary. In one type
photothermal refractive index detector,9–11 a probe beam is
directed through the capillary, near the edge of the inter
9
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bore, and internal reflections create a pattern of light a
dark fringes in the transmitted beam. Optical absorption
the fluid in the capillary causes the refractive index
change, thereby perturbing the fringe pattern. In another
tem, crossed-beam thermal lensing has been dem
strated,12,13 in which the three axes of an excitation beam
probe beam, and a capillary, intersect perpendicularly a
single point. Absorption of the excitation beam within th
capillary causes defocusing of the probe beam, which
monitored by a single photodiode. Additionally, photoaco
tic experiments have been performed on a capillary segm
held in mechanical tension between two fixed points, a
optically excited by a beam that is modulated at the reson
vibrational frequency of the capillary segment. Either
photodiode14,15 or a piezoelectric transducer16 can detect the
mechanical vibrations of the capillary.

The goal of the research described here was to dev
and evaluate the capability of photothermal deflection sp
troscopy as a detector for CE. We designed a collinear P
apparatus that accommodates a microbore fused silica c
lary to hold the sample. Instead of incorporating elect
phoretic separation into our tests, we injected a dilute so
tion of Nd31 ions into a capillary, held it stationary, an
spectrally resolved its optical absorption peak. Minimizi
noise was especially important, because the short path le
across the capillary dictated that the deflection amplitu
would be small. By observing signal and noise, we identifi
the capabilities and limitations of the system.

II. APPARATUS

Figures 1~a! and 1~b! show the system that was deve
oped for this work. A Spectra-Physics model 171 argon-
laser pumps a tunable Coherent Model CR-599 dye la
with rhodamine 560 dye to provide the optical excitati
radiation. A Stanford Research Systems Model SR540
chanical chopper, inserted between the ion laser and the
laser, modulates the power of the excitation beam. The
son for placing the chopper between the two lasers ra
than after the dye laser is to prevent scattered probe b
radiation from passing back through the chopper, reflec
off the dye laser output mirror, and then entering the sys
again. Although such scattered probe beam radiation wo
be of very low power, it would be modulated at the sam
frequency as the excitation beam, and therefore could in
fere with the deflection measurements. Two mirrors, M1 and
M2, mounted on tilt plates, direct the excitation beam into
wooden enclosure. The primary purpose of the enclosur
to restrict unwanted laboratory air currents from deflect
the optical probe beam, which originates from a Unipha
Model 1303 P helium–neon laser, with an output power
2.0 mW, a wavelength of 632.8 nm, and an initial 1/e2 diam-
eter of 630mm. Two lenses, L1 ( f 15250.8 mm) and L2
( f 2538.1 mm), separated by a distance of 75 mm, focus
He–Ne beam down to a waist diameter of 40mm63 mm. A
single lens, L3 ( f 35100 mm), focuses the excitation beam
a waist diameter of 40mm65 mm. The method17 used for
measuring these beam diameters was to translate a 10mm
pinhole, mounted in front of a photodiode, across the la
d
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beam. The spatial structure of each beam is close to that
fundamental Gaussian mode. The beams intersect at
waists within a short (;10 cm) segment of a capillary
~Polymicro Technologies model TSP 075375!, having an ex-
ternal diameter of 375mm and an internal diameter of 7
mm. The capillary material is the fused silica form of quar
Its protective polyimide coating was removed with a raz
blade, and the outer surface was cleaned with methanol a
lens tissue. The internal diameter of this capillary was c
sen to be representative of those typically used for CE se
rations. Increasing the internal diameter would make opt
measurements easier, but the specific constraints of a ch
cal separation process, e.g., heat dissipation, dictate w
capillary size is practical. As the beams pass across
middle of the capillary, the curved walls act as a cylindric
lens, distorting the beams horizontally, but not vertical
The absence of vertical distortion facilitates a quantitat
measurement of vertical deflection. Also, aligning the dire
tion of deflection perpendicularly to the direction of optic
distortion lessens the effect of capillary vibrations on t
measurement. To a first order approximation, applying
lensmaker’s formula18 to the curved surfaces of the capillar
can provide a measure of the extent of horizontal distort

1

f c
52S nc21

r o
1

ns2nc

r i
D . ~1!

In the above equation,f c is the effective focal length
~mm! of the cylindrical lens, andr o andr i are, respectively,

FIG. 1. ~a! Plan view of apparatus. L1, L2, and L3, are lenses that focus th
probe and excitation beams in the sample capillary, and D is a pos
sensitive detector.~b! Side view of focused optical beams overlappin
within sample capillary.
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the outer and inner radii~mm! of the capillary. The term
nc51.46 is the refractive index of the quartz19 capillary ma-
terial, andns51.33 is the refractive index of the aqueo
sample. For the dimensions of the capillary used in t
work, Eq. ~1! gives f c520.49 mm, indicating that the cap
illary forms a negative cylindrical lens. In PDS, minim
distortion is desired, so a capillary should be chosen s
that the right-hand side of the equation is equal to zero. W
a quartz capillary containing an aqueous sample, this oc
when the ratio of the capillary outer diameter to inner dia
eter is 3.5 to 1. However, even under such a condition, so
distortion is inevitable, because the width of the optic
probe beam is comparable to the width of the capillary c
umn, causing significant off-axis lens aberration.

Before reaching the capillary, the two beams are incid
on opposite sides of a dielectric 50% beamsplitter. The tra
mitted portion of the excitation beam and the reflected p
tion of the probe beam pass through the capillary at poin
overlapping each other within the capillary at an angle of
This finite angle allows the beams to separate from e
other, helping to prevent photothermal deflection from o
curring outside the overlap region near the beam waists.
the opposite side of the 50% beamsplitter, the reflected
tion of the excitation beam and the transmitted portion of
probe beam overlap in a symmetric manner. This second
of beams can be used differentially in conjunction with
reference cell for correction of background absorption20

However, because background absorption of the aque
solvent in the experiments reported here was not a prim
concern, these beams were not used. The capillary is t
forward by about 5°, so that Fresnel reflections from
capillary walls do not go back into the HeNe laser. A narro
bandpass optical filter F~Newport Model 10 LF 01633! re-
jects stray light from the excitation beam and allows only
light from the probe beam to reach a position sensitive
tector, D, located 20 cm beyond the capillary. The detec
monitors vertical displacement of the probe beam spot.

We expected that measurement noise in the PDS sys
could originate primarily from four sources:~1! the pointing
noise of the probe laser,~2! electronic noise,~3! convection
or turbulence in the fluid media through which the pro
beam passes, and~4! mechanical vibrations of optical com
ponents. Before conducting quantitative noise measurem
we incorporated features in the design of our apparatu
minimize each of these effects.

The pointing noise is inherent primarily in the prob
laser itself, but also may be affected by the way that mou
ing hardware permits the laser head to cool. Our mount c
sists of two pillars, upon which the cylindrical laser he
rests. Two fixed contact points on each pillar are made o
ceramic, chosen for low thermal conductivity. The surfa
area of the contacts is minimized. A nylon screw above e
pillar applies downward pressure, fixing the position of t
laser head. The intent of this design is to allow the head
cool uniformly, by both radiation and thermal contact wi
surrounding air.

In order to reduce electronic noise, we designed the
sition sensitive detector specifically for probe beam defl
tion measurements. It consists of a lens, two mirrors, and
s
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photodiodes, and has been described previously.21 The pho-
todiodes are connected in parallel, with opposing polarit
thereby allowing a single low-noise current preamplifi
~Stanford Research Systems Model SR570! to convert the
photocurrents into a voltage which is proportional to the a
gular deflection of the probe beam. The amplified deflect
signal is sent to a lock-in amplifier~Stanford Research Sys
tems Model SR830!, which can use the timing signal from
the mechanical chopper as an external frequency referen

Noise from convection currents was more likely to orig
nate from laboratory air rather than from liquid within th
capillary. An oscilloscope monitoring the deflection sign
showed qualitatively that the wooden enclosure reduced
frequency fluctuations. As an added precaution against c
vective air currents, the enclosure contains a separate c
partment with an aluminum lid for the HeNe laser, becau
the laser head generates a significant amount (;10 W) of
heat. Small apertures in the walls of the enclosure allow
optical beams to enter the sample compartment. The ba
between the laser head and the sample also helps to mai
a stable sample temperature, which is important for P
measurements.3 The temperature in the laboratory during o
experiments was 23 °C61 °C. Within the enclosure, the axe
of the probe and excitation beams are 10 cm above the
tical table, and the ceiling is 19 cm high.

To reduce noise from mechanical vibrations, optic
components whose movements affect the deflection sig
must be joined together in a dynamically rigid structure. F
our apparatus, the critical components are the probe l
head, the two lenses that focus the probe beam, the be
splitter, the capillary, and the detector. Where practical,
designed the mounting structures for these component
that the resonant frequencies for their modes of mechan
vibration would exceed the modulation frequency of the e
periment. For example, the posts holding the two lenses
the beamsplitter were milled from solid cylinders of 6061-T
aluminum, each with a diameter of 3.2 cm, and a height
about 11 cm. The base plates for these posts were fast
directly to the laser table~Newport model MST-410-8!. For
vibration analysis,22 it is appropriate to idealize each post
a uniform beam with one end cantilevered and the other
free. Using an elastic modulus ofE56.93109 Pa, and a
density ofr52.77 g/cm3 for aluminum23 gives a natural fre-
quency off n51850 Hz for the fundamental mode of such
cylindrical beam. This value is greater than the modulat
frequency that we expected to use. The pillar mounts for
HeNe laser head are shorter and thicker, and so their r
nant frequencies are even higher. A nylon washer clamps
quartz capillary against an aluminum holder with a circu
aperture, leaving an exposed span of 0.6 cm. Quartz19 has an
elastic modulus ofE57.23109 Pa, and a density ofr
52.2 g/cm3. Under the assumption that the exposed segm
is cantilevered at both ends, vibration analysis gives tha
fundamental resonant frequency exceeds 20 kHz.

Because the mounts for the two lenses, the beam spli
and the He–Ne laser were fixed to the optical table, it w
necessary that the positions of the capillary and the dete
be made adjustable. For convenience, commercially av
able translation stages were selected for this purpose.
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capillary holder was mounted on a Newport model 4
three-axis translation stage,24 and the detector was placed o
a Newport model 462-XZ-M two-axis translation stage. T
vibrational properties of these translation stages were
known. It was expected that the capillary holder might
susceptible to vibrations, because its translation stage
flexure plates rather than roller bearings in its design.
though the flexure plates may be less dynamically rigid th
roller bearings, they were chosen because they allow
smooth motion and fine adjustment of the sample.

III. NOISE MEASUREMENTS

To characterize our apparatus, we placed an aque
sample, of 131023 M NdCl3 dissolved in 13103 M HCl, in
the capillary and measured the inherent noise in the sys
with the excitation beam turned off. For these initial noi
measurements, it was necessary only that the sampl
transparent to the probe beam. In other respects, its spe
properties were not important. The current preamplifier g
was 106 V/A. A desktop computer program used the follow
ing algorithm to control the lock-in amp and to calculate t
noise:~1! The computer commands the lock-in amp to use
internal timing mechanism~rather than an external referenc
signal! to allow it to function as a narrow bandpass filter a
specified initial frequency.~2! After waiting for the duration
of one time constant, the computer queries the lock-in for
‘‘in-phase’’ and ‘‘quadrature’’ values of the deflection sig
nal. Each of these values represents a scalar quantity
corresponds to one of the two orthogonal components
periodic signal.~3! The computer repeats step~2! many
times, accumulating a sequence of data points for a sin
frequency.~4! The computer calculates the standard dev
tion in the accumulated data, using the corrected two-p
algorithm.25 ~5! The ‘‘noise’’ at each frequency is defined a
half the sum of the standard deviations for the in-phase
for the quadrature, divided by the square root of the effec
noise bandwidth~ENBW! of the lock-in amp. For this cal-
culation, the time constant and the number of ‘‘poles’’ in t
low-pass filter stage of the lock-in amp determine t
ENBW. As the number of accumulated data increases,
standard deviation of the in-phase should approach tha
the quadrature, because the reference signal originates
an internal clock, asynchronously from any external phys
process. This is the noise that a single channel of the loc
amp will incur when the lock-in uses an external frequen
reference.~6! The program writes the computed data into
file. ~7! The internal frequency setting is increased increm
tally, and steps~2!–~6! are repeated. This procedure conti
ues until a specified final frequency is reached.

Figure 2 shows a scanned measurement of noise in
apparatus as a function of frequency, from 10 to 400
Noise is displayed in both angular and electrical units. T
time constant of the lock-in was 0.3 s, with a two-pole~12
dB/octave! low-pass filter, for an ENBW of 0.4167 Hz. T
calculate each value of noise on the figure, the program
cumulated a sequence of 500 queries from the lock-in.
frequency increment was 0.5 Hz between measurements.
graph shows that, for frequencies below 100 Hz, there
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several noise peaks superimposed upon an apparenf
trend. Although the peak just below 140 Hz may be asso
ated with the fundamental vibrational mode of the optic
table, we believe that most of the low frequency noise ori
nates from pointing fluctuations within the laser head. No
with a 1/f trend is generally called ‘‘flicker noise’’ or ‘‘pink
noise,’’ and often arises in electronic circuits when a volta
is applied across a resistor.26 This 1/f electronic noise occurs
because of fluctuations in electrical resistance. The mec
nism of 1/f pointing noise in the laser head may be comp
rable to that of electrical noise in a resistor, except that
origin is thermal rather than electrical. In a resistor, the
plied voltage causes current to flow, inducing fluctuations
resistance which appear as electronic noise. In the He
laser head, the thermal power originating internally from t
plasma causes heat to pass through the outer walls of
plasma tube, inducing temperature fluctuations. Becaus
thermal expansion of the plasma tube material, these fluc
tions may alter the alignment of the laser mirrors, appear
as pointing noise.

For PDS experiments, the most favorable frequency
main appears to be 195–220 Hz, where the measured n
level, in units of current, remained fairly constant, at a lev
just above 5.1 pA Hz21/2, which corresponds to an angula
deflection noise of 0.6 nrad Hz21/2. We attribute this noise
floor to photodiode shot noise. In the measurement of cur
from a single photodiode, the commonly used formula
shot noise,I s (A Hz21/2), is

I s5A2eI, ~2!

wheree51.6310219 C is the charge of an electron, andI is
the photocurrent produced~A!. In estimating the shot noise
for the position sensitive detector with two photodiodes,
use the sum of photocurrents produced. To evaluate th
we reduced the gain of the current preamplifier and al
nately masked the upper and lower halves of the detec
obtaining a figure for the sum of the photocurrents to be
mA. This value in the preceding formula implies that sh
noise should have been 4.9 pA Hz21/2, which is consistent

FIG. 2. Deflection noise as a function of frequency with an aqueous sam
in place.
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with the measured noise. The combined internal electr
noise of the current preamp and the lock-in amp was
than 1 pA Hz21/2, so photodiode shot noise dominates.

From observations on an oscilloscope, it was appa
that lightly tapping the translation stage that holds the ca
lary seemed to induce significant vibrations, which affec
the vertical deflection signal. Ideally, perturbations in t
capillary position should cause horizontal, rather than ve
cal, deflections of the probe beam. The observed deflect
probably occur because of microscopic irregularities in
capillary and because of misalignment of the axis of the
sition detector with respect to the capillary axis. It is al
possible that some probe beam radiation is scattered from
capillary and refocused by lenses L2 and L1 back into the
He–Ne laser cavity, thereby causing probe beam ou
noise when the capillary vibrates. Under normal conditio
in the laboratory, external vibrations can be transferred
components on the optical table either mechanically thro
the table legs, or acoustically through the air. To check
effect of capillary vibrations on deflection noise, we remov
the capillary from the path of the probe beam, and repea
the previous noise measurements. To reduce the mea
ment time, the number of records for each statistical no
calculation was decreased from 500 to 400. Other parame
remained the same. Figure 3 shows the results of this
with features similar to those of the previous measureme
A notable difference is that the ‘‘white’’ shot noise floor
more clearly visible, particularly in the frequency domain
250–310 Hz. This indicates that capillary vibrations m
contribute significantly, although their intermittent natu
makes numerically evaluating the magnitude of their eff
difficult. By eliminating optical losses due to distortion an
Fresnel reflections, removal of the capillary increased
photocurrents in the detector to 83 pA. This increased
electrical shot noise, which scales linearly withAI , to
5.2 pA Hz21/2. However, the responsivity of the detector~in
units of A/rad! scales linearly withI . Therefore, the effect o
shot noise upon angular measurement~in units of rad Hz21/2!
decreased, scaling linearly with 1/AI . In the domain of 195–

FIG. 3. Deflection noise as a function of frequency with the sample ca
lary removed.
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210 Hz, capillary removal reduced the observed deflect
noise to below 0.5 nrad Hz21/2. Other changes in noise peak
above the shot noise floor, e.g., in the range of 300–400
probably occurred because intermittent environmental dis
bances differed between the two noise measurement sca

IV. PERFORMANCE OF APPARATUS

In order to determine the optimal modulation frequen
for our apparatus, we performed a sequence of photothe
deflection measurements at a fixed optical wavelength, v
ing the modulation frequency from 10 to 400 Hz, at 30 H
increments. The capillary contained the solution of
31023 M NdCl3 in 131023 M HCl. The dye laser was
tuned to the center of the Nd31 absorption peak, at 575 nm
The molar absorptivity of Nd31 at this wavelength is
6.9 M21 cm21, so the optical absorbance through the midd
of the 75 mm circular cross section of the sample is 5
31025. The output mirror of the dye laser is wedge shap
rather than uniformly thick, so that the Fresnel reflection
the primary output beam from its uncoated outer surface
not be directed straight back into the laser cavity. From t
reflection, the laser emits a less powerful secondary ou
beam, which deviates at an angle from the primary be
We captured this secondary beam with a radiometrically c
rected photodiode, for normalization of measurements w
respect to output power. The focusing lens,L3 , for the pri-
mary excitation beam was mounted on a Newport mo
461-XYZ-M three-axis translation stage. We adjusted
position of this lens to obtain maximum deflection amplitu
for each modulation frequency. A maximum occurs whe
the excitation beam is either slightly above or slightly belo
the probe beam. By observing the difference in lens posit
for these two maxima, we could deduce a value for the
timal vertical offset between the beams. This vertical off
varied from627mm at 10 Hz, to617mm at 400 Hz. The
measured amplitude values appear as individual data po
in Fig. 4, showing that signal amplitude monotonically d

l-

FIG. 4. Deflection amplitude as a function of modulation frequency. N
malization is with respect to the absorbed excitation power.
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creases with increasing modulation frequency. Incidenta
the phase lag of the deflection signal for the points of optim
alignment varied from 7° at 10 Hz, to 60° at 400 Hz. T
experimental data seem to conform to expectations3 based on
the principles of thermal diffusion. For very low frequencie
the thermal conductivity~W/cm K! of the sample and capil
lary materials dominate thermal diffusion. In this low fr
quency limit (f→0), the signal amplitude approaches a co
stant value, and the phase lag approaches zero. For very
frequencies, the product of heat capacity~J/g K! times the
density (g/cm3) of the sample dominates thermal diffusio
In this high frequency limit (f→`), the signal amplitude
asymptotically approaches a line proportional to 1/f , and the
phase lag approaches 90°. Our data lie in-between these
limits. We matched the amplitude data to a continuous cu
using a least-squares fit to a fourth-degree polynomial inf .
The continuous curve fit is shown, along with the individ
ally measured data points, in Fig. 4.

We divided the polynomial fit of Fig. 4 by the data o
Fig. 2, to compute the signal-to-noise ratio~SNR! as a func-
tion of modulation frequency. Figure 5 shows the resu
expressing SNR in units of Hz1/2/mW. For a specific set of
experimental conditions, SNR can be expressed in its m
traditional form as a dimensionless quantity, depending
the absorbed excitation power and the ENBW of the el
tronic filtering system. Multiplying a data point from Fig.
by the absorbed excitation power~in mW!, and dividing by
the square root of ENBW~in Hz1/2!, will achieve this result.
SNR is maximized, at a level above 1000 Hz1/2/mW, for a
frequency domain near 205 Hz, so we choose for spec
scans to modulate the excitation beam at this frequency
creasing the modulation frequency above the measured
main of Fig. 5 would not improve SNR, because signal a
plitude would continue to decrease, while noise could
decrease below the white shot noise floor.

As a demonstration of the ability of our apparatus

FIG. 5. Signal-to-noise ratio as a function of modulation frequency, as
culated by dividing the data of Fig. 4 by that of Fig. 2. SNR units acco
for the effective noise bandwidth of the lock-in amplifier and the power
the absorbed radiation.
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obtain an optical absorption spectrum, we used a step
motor~Oriel model 18510! to scan the wavelength of the dy
laser at a constant rate of 0.155 nm/s. The lock-in amp
set to measure the in-phase component of a signal wi
phase lag of 43°. The time constant was 0.3 s, with a tw
pole ~12 dB/octave! low-pass filter. The amplified photodi
ode signal was fed through a Stanford Research Syst
Model SR235 analog processor, which acted as a single-
~6 dB/octave! low-pass filter with a 0.3 s time constant. Du
ing the scan, the computer recorded the lock-in deflect
signal components and the filtered normalization data at 0
intervals. Figure 6 shows the output power of the dye la
during the scan, and Fig. 7 shows a normalized spectrum
the 131023 M Nd31 solution. The spectrum clearly show
the characteristic absorption peak of neodymium, althou
we believe that two effects may have increased noise le
during the scan above those that we had measured p
ously. The first is mechanical vibration caused by the s
motor used for scanning the dye laser. Because all opt
components directing the probe beam are attached to
same structure as the dye laser, the mechanical disturba
can create significant noise. The second effect is fluctua
in the output of the dye laser. Ideally, power fluctuations
not cause noise directly, but the amplitude of the sig

l-
t
f

FIG. 6. Incident excitation beam power as a function of wavelength. T
beam is chopped with a 50% duty cycle, at a rate of 205 Hz. The
modulated power shown is equal to one half of the peak power.

FIG. 7. Photothermal deflection spectrum of a 131023 M Nd31 aqueous
solution in a 75mm internal diameter silica capillary. Normalization is wit
respect to incident excitation power.
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should vary in direct proportion to the power. If the filter o
the normalization channel has exactly the same tempora
sponse as the lock-in amp low-pass filter, then the po
fluctuations should not affect the normalized measurem
However, because there is some difference in these, an
steady excitation beam can result in measurement error
appears as noise. Also, changes in the alignment or the w
length of the excitation beam can cause similar unsteadi
in the measured deflection amplitude.

An interesting feature of the spectrum of Fig. 7 is th
the base line goes slightly below zero for optical wav
lengths near 560 nm, away from the Nd31 absorption peak.
We attribute this to photothermal deflection occurring with
the silica capillary material rather than in the liquid samp
The thermo-optic coefficient,dn/dT, of fused silica27 is
8.731026 °C21, whereas for water3 at 25 °C, dn/dT
521.03831024 °C21. Because the sign fordn/dT of the
capillary material is opposite that of the sample, backgrou
absorption from external surface contamination or from b
absorption in the fused silica appears as a negative defle
amplitude. In Fig. 7, this background offset is equal to ab
22 nrad/mW, a deflection comparable in magnitude to t
observed from a sample with an optical absorbance o
31026. A calibrated absorbance scale for the spectrum
shown as a second vertical axis.

In the initial setup of the apparatus, absolute cleanlin
of the optical surfaces was not our primary concern. Ho
ever, Fig. 7 shows that the effects of surface contamina
can be significant. To further illustrate these effects, we
tentionally translated the capillary vertically until the excit
tion beam was incident upon a spot that was less clean,
scattering of both optical beams from the capillary was
parent. We repeated the spectral scan, and plotted the
data in Fig. 8. Here, the photothermal deflection signal fr
the speck of contaminant dominates, causing a signal o
in excess of250 nrad/mW. Although noise is significantl
increased, the Nd31 absorption peak is still easily discern
ible, with a height close to that of the previous spectrum. T
optical flaws introduced by the surface contaminant may
crease noise by sensitizing the deflection signal to capil
vibrations, or by increasing the amount of optical radiati
that is scattered back into the He–Ne laser head. Also,
background signal from the surface contaminant may be
ticularly sensitive to drift in the alignment of the excitatio
beam.

With the optical beams overlapping at an angle of
their axes diverge from one another in the horizontal dir
tion by only 2mm at the inner wall of the capillary, and b
only 10 mm at the outer wall. These values are less than
beam radii, and also less than the thermal diffusion len
which is a measure of the extent to which periodic therm
gradients travel in a material. The thermal diffusion length
defined asAk/rCpp f , wherek is the thermal conductivity,
r is the density,Cp is the heat capacity, andf is the modu-
lation frequency expressed in Hz. At 205 Hz, the therm
diffusion lengths in water and quartz are 15 and 36mm,
respectively. One way of reducing the unwanted mirage
fect within the capillary wall would be to increase the ove
lap angle of the optical beams, perhaps aligning them p
e-
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pendicularly, as in previously reported12,13 thermal lensing
measurements. Although such a transverse arrangem
would cause an unwanted decrease in signal amplitude
benefit of background signal reduction might be worthwh
in some situations.

V. DISCUSSION

As the first reported application of PDS within
micrometer-bore capillary, our apparatus successfully de
onstrates the applicability of this technique to capillary ele
trophoresis separations. Our work shows that, with care
precautions and systematic noise measurements, it is
sible to reduce the effect of mechanical disturbances u
photodiode shot noise is the predominant source of no
Although the background signal due to photothermal defl
tion within the quartz capillary wall is an important consi
eration, the clear resolution of spectra from dilute sample
possible, even without absolute cleanliness of the capill
exterior.

In assessing the ultimate sensitivity of an analytical te
nique, it is customary to quote a value for the limit of dete
tion ~LOD!. An accepted definition28 for the LOD is the
concentration of analyte for which the SNR is equal to
Our work has emphasized the limitations arising from no
in the measurement of deflection. Ideally, increasing the t
constant of the lock-in amplifier can reduce the effect of t
noise indefinitely, because the ENBW is inversely prop
tional to the time constant. Similarly, increasing the availa
power from the excitation beam will improve SNR, as lon
as the deflection signal is linearly proportional to the exci
tion power. However, in a practical experiment involving
capillary electrophoresis separation, the time available
measurement is limited, as is the available power out

FIG. 8. Photothermal deflection spectrum of a 131023 M Nd31 aqueous
solution in a 75mm internal diameter silica capillary, with contamination o
the outer surface of the capillary.
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from a cw laser source. Also, problems that are not allevia
by increased noise filtering may exist in a real experimen

We believe that, apart from noise, the most import
problems in the practical application of photothermal defl
tion spectroscopy to trace detection can generally be cla
fied as signal drift. Signal drift can become especially imp
tant when the signal due to sample absorption decrease
less than the signal due to background absorption. Altho
the background signal due to photothermal deflection in
capillary wall may be important, the technique of capilla
electrophoresis helps reduce the effect of solvent backgro
absorption, because the separated sample ions are lo
concentrated in the column. Signal drift due to temperat
variation is particularly important in PDS, primarily becau
the material parameter,dn/dT, is dependent upon tempera
ture. For this reason, ultimate sensitivity may require care
temperature maintenance. Another form of drift is due
changes in the alignment or mode structure of the excita
beam. Extending the time of measurement can reduce n
but it may actually aggravate the problem of signal drift.

To calculate the LOD of our system, we will use as
example the experimental conditions for the spectrum of F
7, along with the measured noise from Fig. 2. For suc
computation, it is necessary to assume that the problem
background absorption and drift have been sufficiently
dressed so that signal amplitude and noise determine
LOD. At the absorption peak of Nd31, the available power
was 75 mW, and the lock-in amp used a 12 dB/octave, 0
time constant. For a signal-to-noise ratio of 3 at the limit
detection under these conditions, the minimum detecta
absorbance would beA52.431028, which translates into an
absorption coefficient ofa53.231026 cm21, or a Nd31

concentration of 4.631027 M.
The results from our apparatus compare favorably w

those reported from other techniques, and adjustments to
initial design could enhance performance even further
logical improvement would be to reduce the effect of pro
beam shot noise by increasing the photocurrent. For
ample, a sharply edged mirror could replace the 50% be
splitter, so that the probe beam would reflect off an area
the mirror near the edge, and the excitation beam would p
straight by the edge of the mirror. This sort of arrangem
would double both the photocurrent and the excitation po
incident on the sample, thereby improving SNR by up to
factor of 2&. Also, further isolating the probe beam optic
components from the effect of mechanical vibrations wo
be beneficial. A simple step would be to replace the tran
tion stage that holds the capillary with a more dynamica
rigid device. A more thorough method29 of vibration isola-
tion is to mount the sample and the probe beam optical c
ponents on a compact rigid platform rather than directly
the laser table. Foam rubber pads or some other soft mat
can support the platform on the optical table, thereby prov
ing vibration isolation.

Also, it may be worthwhile to focus the optical beam
down to smaller waist diameters in the capillary. Because
intensity of a laser beam at its center is inversely prop
tional to the square of its diameter, shrinking the excitat
beam would increase the amplitude of local temperat
d
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fluctuations~in units of degrees K!. The reduced size of the
excitation beam also would dictate that these increased t
perature fluctuations would be confined to a smaller regi
further increasing the magnitude of the temperature grad
~in units of K/cm!. The disadvantage of reducing the size
the optical beams is that the far-field diffraction angle wou
increase, being inversely proportional to the waist diame
Even though the beams do not expand significantly wit
the sample capillary, the size of the probe beam spot incid
on the position sensitive detector would increase. Beca
the responsivity of a bi-cell-type position sensor to vertic
displacements~in units of A/cm! is inversely proportional to
the height of the spot, this effect of increased diffracti
would tend to decrease the amplitude of the electronic sig
Thus, a trade-off exists between the benefit of increasing
thermal gradients and the detriment of reducing the electr
responsivity. Proper consideration of these effects may l
to improved performance in the development of a future
sign.
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