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Quantitative vibrational difference spectroscopy of small signals re-
quires techniques that minimize spectral noise. As simple modula-
tion of the sample followed by signal demodulation is often prob-
lematic due to interference with the FT-IR Fourier frequencies, al-
ternate methods are necessary. Using vibrational Stark spectros-
copy as an example, the DC method involves alternating complete
interferogram scans in which a DC electric field is turned on with
scans in which the field is turned off. A new synchronized AC meth-
od is similar, but the field is switched at every interferogram sam-
pling point. In the step-scan method, a sinusoidal electric field is
used and the detector signal is demodulated with a lock-in amplifier
at each mirror position. Noise levels for these methods are derived
analytically in this paper and compared with experimental values,
yielding results that are broadly applicable to FT-IR difference
spectroscopy. It was found that the DC method performed the best,
although specific experimental factors may favor other methods.
Index Headings: Step-scan FT-IR; Rapid-scan FT-IR; Vibrational
Stark; Noise analysis.

INTRODUCTION

While infrared spectroscopy has historically been used
most often as a qualitative tool, it is rapidly gaining utility
as a precision technique. The example used throughout
this paper is that of vibrational Stark effect spectroscopy,!
where a Stark spectrum is the infrared spectrum of a sam-
ple in the presence of an external electric field minus the
spectrum of the sample without the field. Stark spectra
are useful both as a means to probe electric-field changes
in locally structured systems? and as a way of studying
the physics of molecular vibrations.>* Other infrared dif-
ference methods include vibrational linear> and circular®
dichroism, reflection-absorption measurements of ad-
sorbed films,” difference spectra of electrochemically
modulated species,®® and time-resolved infrared spectros-
copy.0-13

Difference spectra for these techniques, as well as
many others, involve very small signals. Using the vi-
brational Stark example, if a sample of acetonitrile has a
peak absorption of 0.2 o.d. (optical density unit) in the
absence of an applied field, then the peak will decrease
by 5 X 107* o.d. in a 1 MV/cm applied field.! The dif-
ference is much smaller away from the absorption max-
imum, but these spectral regions are still essential for data
analysis, so it is necessary to achieve noise levels well
below 5 X 10-° o.d. This example involves a fairly ideal
sample; a sample concentration that gives 0.2 o.d. is often
not achievable, electric breakdown of samples generally
occurs below 1 MV/cm, and many interesting samples
have smaller Stark effects, all of which lead to smaller
signals and require even lower noise.
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The standard method of Stark spectroscopy with dis-
persive instruments involves electric-field modulation at
about 200 Hz, followed by detector signal demodulation
using a lock-in amplifier.'* This method cannot be di-
rectly applied to continuous-scan FT-IR measurements
since the sample modulation frequency needs to be much
faster or much slower than the Fourier frequencies to
avoid signal interference effects. Fourier frequencies
from the interferometer range from 100 Hz to 10 kHz for
typical scan speeds and for mid-infrared measurements,
while electric fields can be modulated only up to between
2 and 3 kHz due to the capacitance and resistance of the
sample cells currently in use. The frequency separation
can be achieved by stopping the field, by stopping the
Fourier frequencies, or by keeping the field and the mir-
ror synchronized, methods which are shown in Fig. 1 and
explained below. Dichroism measurements typically
modulate the light polarization at about 50 kHz, permit-
ting other methods, which are described below as well.

In DC Stark spectroscopy,! a complete interferogram
is measured in rapid-scan mode with a DC electric field
turned on, followed by a scan with the field turned off.
This cycle is repeated several hundred times for signal
averaging, while separately co-adding field-on and field-
off interferograms. The interferograms are Fourier trans-
formed to yield single channel spectra, and the negative
log of their ratio gives the Stark effect difference spec-
trum. For synchronized AC measurements, a method that
has not been reported before, the electric field is switched
rapidly, such that it is turned on for only the even num-
bered interferogram points of one scan and only the odd
numbered points of the next scan. After co-adding many
repetitions, the field-on points are collected into one in-
terferogram and the field-off points are collected into a
different interferogram; the interferograms are analyzed
as for the DC method. For the step-scan method, the
moving mirror is stopped and then stepped sequentially
to each of the sample positions.'>-'® At each retardation,
the electric field is modulated sinusoidally and a lock-in
amplifier measures the detector output at twice the field
frequency (which is the frequency with maximum sample
response since the response is proportional to the square
of the field). The output signal from the lock-in comprises
a difference interferogram, which is Fourier transformed
and divided by the total light intensity through the sample
(measured separately) to yield a Stark effect difference
spectrum. For situations in which the sample modulation
is too slow for high detectivity, phase modulation, in
which the moving mirror is rapidly dithered during a
step-scan measurement,'> can be used to provide a high-
frequency carrier signal.

It is not immediately obvious which difference spec-
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FiG. 1. Schematic diagram of vibrational Stark spectroscopy methods.

The P.C. box represents both a computer and some FT-IR electronics.
In the synchronized AC diagram, the 0T and 0 symbols represent
starting states with the field off, followed by a positive or negative field
at the next point, respectively.

troscopy method should give the best signal-to-noise ra-
tio. This paper presents calculations of the noise levels
for the three methods as well as experimentally measured
noise levels. The calculations are useful because they
show how various experimental parameters affect signal-
to-noise ratios, which greatly simplifies the optimization
of experiments and also shows what experiments are fea-
sible. While this paper focuses on measurements of the
vibrational Stark effect, results are broadly applicable to
other types of infrared difference spectroscopy.

Other types of FT-IR difference spectroscopy are avail-
able for dichroism measurements or other techniques that
allow fast sample modulation. For double modulation,!”:!8
the sample is modulated at high frequency while the in-
terferometer is in rapid-scan mode, using a slow mirror
speed. The detector is demodulated with a lock-in am-
plifier set to the sample modulation frequency to yield a
difference interferogram, which is analyzed as for the
step-scan method. Signal-to-noise ratios for double mod-
ulation in the mid-infrared region have been shown to be
similar to those for the step-scan method.!® For frequen-
cies above 2000 cm !, double modulation is progressive-
ly more difficult since shorter lock-in time constants are
required to pass the higher Fourier frequencies.'® An ad-
aptation of the double modulation method has been pre-
sented’ in which the signal is demodulated not with a
lock-in amplifier, but synchronously with the sample
modulation using video sample-and-hold amplifiers and
summing amplifiers. This allows the use of a faster mirror
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speed and eliminates some artifacts associated with dou-
ble modulation. A wide variety of methods for time-re-
solved spectroscopy have been presented as well,!0:12.20-23
several of which are conceptually analogous to ones pre-
sented above.

EXPERIMENTAL

Spectra were measured with a Bruker IFS 66V/S FT-
IR with an externally mounted EG&G narrow band MCT
detector (model J15D14-M204B-S01M). The detector
has a 1 mm? detector element and a D* value of 3.4 X
101 ecm(Hz)'? W~'. To prevent detector saturation, light
was limited with a 2-mm-diameter aperture and with a
room-temperature variable interference filter positioned
to transmit light between 1400 and 2330 cm~! placed
between the sample and the detector. The Stark effect set-
up is described elsewhere.! The sample was a dilute so-
lution of methyl-vinyl-ketone dissolved in 2-methyl-tet-
rahydrofuran, and frozen to create a uniform isotropic
glass. The carbonyl stretch mode of methyl-vinyl-ketone
has a Stark difference dipole of 0.049 D/f, yielding a
Stark effect between those found for many nitriles! and
those for carbon monoxide bound to heme proteins.? In
terms of the detector response, light intensity through the
sample was 7.4 mV/cm~! at 1750 cm~!. Applied electric
fields were 0.50 MV/cm for the DC method and syn-
chronized AC method and 0.36 rms MV/cm for step-scan
(peak field of 0.50 MV/cm). To maximize uniformity, all
spectra presented were measured with 40 min of signal
averaging, 1 cm™! resolution, single-sided data acquisi-
tion, using the same sample, and during the same day.
Fourier transforms used a zero-filling factor of 2, Mertz
phase correction (signed Mertz with stored zero-phase-
difference for step-scan), and the Blackman-—Harris 3-
term apodization function. Absorption noise is calculated
as the rms value of difference spectra between 1700 and
1800 cm™!, a region where there are no Stark effect sig-
nals.

For DC and synchronized AC spectra, the interfero-
gram was sampled at every laser zero-crossing, yielding
29 324 interferogram points and spectra over the full 0—
15798 cm™! acquisition range. As shown below, this in-
terferogram oversampling reduces the spectral noise. DC
measurements used a 20 kHz mirror speed (the temporal
frequency of the HeNe laser signal) and co-added 1206
scans (1206 field-on scans and 1206 field-off scans). AC
measurements used a 5 kHz mirror speed and 286 scans.
A 16 kHz low-pass electronic filter was used for the DC
method, although comparison with other measurements
shows that it did not help significantly.

For step-scan spectra, the acquisition range was re-
duced to 1216-2430 cm~!, which is the smallest range
possible with the interference filter used; this required
2225 interferogram points. A Stanford Research Systems
SR850 lock-in amplifier was used for generation of the
2 kHz electric-field signal and for detector-signal demod-
ulation (phase modulation was not used). The lock-in was
configured to have a 100-ms time constant and 12 dB/
octave roll-off on the output low-pass filter, which gave
a 1.2 Hz noise equivalent bandwidth. Since a large tran-
sient detector signal is created at each mirror step, the
lock-in was allowed to stabilize for 1 s after each step



before data collection, which was found to be the mini-
mum stabilization time that yielded difference spectra
without artifacts. (The mirror is effectively stationary af-
ter about 20 ms, so the vast majority of this time is used
for signal averaging by the lock-in.)

Double modulation was attempted as well. In this case,
a 1.6-kHz mirror speed was used, 212 scans, a 2-kHz
electric field, and either a 100-ws or a 300-ws lock-in time
constant. While signal-to-noise ratios were nearly as good
as for other methods, results were inconsistent and dis-
agreed with other results, leading us to believe that they
were dominated by artifacts. Since we could not separate
the frequencies further, double modulation was not pur-
sued and is not discussed below.

For measurements of detector noise, the interference
filter was removed and a black card was immersed in
liquid nitrogen at the sample position. The card effec-
tively blocked all incident light and, being cold, had little
emission of its own.

RESULTS

Sources of Noise. Noise sources in FT-IR measure-
ments include light source fluctuations, background light
fluctuations, sample fluctuations, interferogram sampling
at slightly unequal retardation intervals, amplifier noise,
and bit noise on the analog-to-digital converter.?* On
most commercial FT-IRs, great care has been taken to
reduce all the forms of noise as much as possible, leaving
the sample and detector as the dominant sources. For the
experiments presented here, sample fluctuations were ex-
amined by comparing interferogram noise between scans
with and without the sample and cryostat in the beam-
path. They were essentially the same, showing that sam-
ple fluctuations add a negligible contribution to the total
noise. To examine bit noise, a pair of identical interfer-
ograms was measured with a single scan each. The dif-
ference showed noise with no digitization effects, indi-
cating that bit noise is negligible as well.

For quantum-type infrared detectors, such as InSb and
MCT detectors, noise is often dominated by statistical
photon fluctuations of background infrared light. This
light, which is simply the thermal radiation of anything
within the detector’s field of view, leads to white noise
in the spectrum (the same amount of noise at all fre-
quencies). If the background fluctuations are eliminated,
the remaining sources of detector noise are noise due to
the detector current,? which has a 1/f frequency depen-
dence, and the Johnson noise of the detector,2® which is
white noise. We measured the frequency distribution of
noise for our MCT detector with the detector facing a 77
K black card, as described above, over frequencies from
0.25 Hz to 80 kHz. This method excludes all sources of
noise other than that from the detector and amplifiers.
Noise was nearly constant up to 20 kHz and then de-
creased, reaching a factor of 3 decrease by 80 kHz. Using
the same data, but in the time domain, the rms noise was
1.3 X 10+ V.

DC Stark Spectroscopy. The measured detector volt-
age after the pre-amplifier has both a ‘“‘noise-free”” com-
ponent, V(8), which is proportional to the light intensity,
and a noise component, N(8)X, where & is the mirror
retardation. N (8) is the rms noise level and X is a random

variable with unit variance. The measured voltage com-
prises an interferogram,

Vinea (8) = V(8) + N(®)X. (1)

The Fourier transform of the interferogram, with appro-
priate apodization and phase correction, yields a single
channel spectrum,?*

Tpts

— > Vi (8)exp(—2mid b) 2)

npls Jj=1

2
B() + \EN(]‘)X. 3)

The factor of 2 in the Fourier transform arises from basic
FT-IR signal analysis for a single sided interferogram.
The f is the modulation frequency of wavenumber v,
called the Fourier frequency (f = 2vv, where v is the
mirror velocity), and n, is the number of points in the
interferogram. B(V) can be understood as the ‘‘noise-
free’’ detector voltage that would be observed if the in-
terferometer were replaced with a perfect monochromator
that just passed light between ¥ and v + AD, where AV is
the spectral resolution. N(f) is the rms noise of the de-
tector signal at frequency f. From the central limit the-
orem, the variance of the sum of n, uncorrelated random
variables, each with unit variance, is Ny In the Fourier
transform, half of the result is imaginary, leading to a
variance of the real component of n,/2, a real rms value
of (2n,,)~'2, and thence the final result given above. This
analysis depends upon the assumptions that the noise is
white noise and that it is additive rather than multipli-
cative; from the discussion above, these are valid for the
dominant portion of the noise in these experiments.

In the case of Stark measurements using a DC field
technique, the difference absorption is the negative log
of the ratio of the field-on single channel spectrum and
the field-off single channel spectrum. Including noise ef-
fects, the measured Stark absorption spectrum for a single

pair of scans is
_ 2
B, () + N o ()X
npls

AAHIC&SA(-D) = _log (4)
2
B (V) + \ENuff(f)X

Since the Stark effect yields a small absorption change,
B,.(v) is very similar to B (V). Also, the noise voltages
are much smaller than the signal voltages. These simplify
Eq. 4 to

Bmea& (1_))

N V2AN(f) X (s
meas (V) = ) In(10)Vn, B (V) ’ )

where AA(D) is the ‘“‘noise-free” Stark spectrum and
AN(f) is N,(f) — N x(f). AN(f) is a factor of 2! larger
than the noise in a single spectrum since it is the differ-
ence between a pair of uncorrelated noise values. If n,
reference scans are averaged together and n, sample
scans are averaged together, the average noise values de-
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FiG. 2. Raw data for vibrational Stark spectra of methyl-vinyl-ketone
measured with each method. Spectra for the DC method and synchro-
nized AC method are offset for clarity. All spectra were measured at
77 K, with a 0.5 MV/cm peak field, 1 cm~! resolution, and with 40 min
of signal averaging.

crease by a factor of n.'?, again due to the lack of noise
correlations between different scans. These factors are in-
cluded to give the final result for multiple co-added scans,

2N()
In(10)Vn 1, B ()

AA . (V) = AA(D) — (6)

This result does not depend on the order of field-on
and field-off scans, which can be traced to the assumption
of white noise. However, there is actually slightly more
noise at very low frequencies than elsewhere, due to the
detector current and detector drift. These factors were
nearly eliminated by interleaving sample and reference
scans.

Using just the experimental detector noise, along with
the measurement parameters given above, the absorption
noise is calculated for a 40 min measurement to be 3.6
X 107% o.d., in good agreement with the experimental
noise (Fig. 2), 4.6 X 10-¢ 0.d. The close agreement shows
that most of the noise in the measured Stark spectrum is
from the detector.

Synchronized AC Spectroscopy. The synchronized
AC method gets around the restriction that the frequen-
cies be well separated by having the field synchronized
to the sampling of the interferogram. However, the mirror
still had to be slowed down to give the Stark cell time
to fully charge or discharge between interferogram sam-
pling points. Looking back to Eqs. 1 through 6, it can be
seen that they also apply for synchronized AC measure-
ments. The only differences are that f is now approxi-
mately twice the field frequency to account for the mod-
ulation and n_, is reduced due to the slower mirror speed.
The result is that the expected noise doubles, giving a
value of 7.5 X 107% o.d. of noise in a 40 min measure-
ment. The measured noise was somewhat larger, with a
value of 12.6 X 1076 o.d.

While the noise in synchronized AC measurements is
consistently larger than that for DC measurements, the
AC method is still useful. While developing Stark spec-
troscopy methods, we showed that sample molecules did
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not become aligned with an external electric field on
timescales longer than 1 s,! suggesting, but not proving,
that the sample was fully immobilized. As the synchro-
nized AC method yields results that are identical to pre-
vious ones, which used the DC method, it is now seen
that there is negligible sample alignment on timescales
as short as 0.4 ms, allowing increased confidence in the
original data and in comparable data. A second benefit
of the AC method is that it is less susceptible to low
frequency noise. As a result, baselines are not offset from
zero, as they sometimes are for DC measurements, and
baselines are also significantly flatter. This is especially
valuable for difference spectroscopy of very broad peaks,
such as a mid-infrared electronic transition in the pho-
tosynthetic reaction center,?’ for which it would be useful
to have Stark effect results.??

Step-Scan Stark Spectroscopy. Using the same no-
tation as before, a difference interferogram in the pres-
ence of noise for the step-scan method is

AV, . (®) = AV(®) + AN(®)X (7

In this case, the noise term is the noise that passes
through the lock-in amplifier. It can be estimated by using
the measured rms noise for the MCT detector, 1.3 X 10-4
V, and the approximate frequency range over which white
noise was observed, 20 kHz, to yield a detector noise
density, e,, of 9 X 1077 V(Hz) 2. The equivalent noise
bandwidth of the lock-in, Af, ., was 1.2 Hz, yielding
transmitted noise of 1 X 10-¢ V. Fourier transforming, as
in Eq. 3, yields the difference single channel spectrum,

ABmeasA(l_)) = AB (1_)) + vilfen v A.flock»in)( (8)

pts

The noise term here is a factor of 22 smaller than it was
for the DC method because half the noise appears in the
lock-in quadrature signal and so does not appear in the
difference spectrum.

A reference intensity, B ;(V), is measured separately in
rapid-scan mode with the electric field turned off. Since
AB ... () is much smaller than B (v), the Stark absorp-
tion spectrum can be approximated as

2’\/§ABTHC&SA(-D)

AA,... (V) = Tn(10)B.(3) 9)

where the factor of 22 accounts for the difference be-
tween rms and peak voltage and for the second harmonic
of the field."* Combining Eqgs. 8 and 9 yields the final
result

2\/§€n(f) VAF ercin
In(10)Vn B (V)

pts

AA,.. (D) = AA@D) —

meas.

(10)

Using this equation and the assumptions above, the noise
is calculated to be 3.5 X 10-¢ o.d., which can be com-
pared to 8.4 X 10-¢ o.d. of experimental noise.

DISCUSSION

It is seen that the experimental noise was consistently
larger than the calculated noise. A contributing factor for



all the methods is that the detector noise was measured
with essentially no incident light and minimal detector
current, whereas the Stark experiments involved a probe
light and a significant detector current, thereby adding
some noise. Also, Stark measurements included random
background thermal emission from the interference filter.
Step-scan experiments are subject to a variety of other
noise sources as well, which were not included in the
calculation. They are known to be very sensitive to in-
strument vibrations from building motion and acoustic
noise, to low frequency multiplicative fluctuations such
as source drift,2° and to lock-in limitations, which can be
reduced by replacing the lock-in amplifier with a digital
signal processor.30:3!

Equations 6 and 10 have several dependencies in com-
mon, which can be used for understanding and minimiz-
ing experimental noise. Noise is inversely proportional to
B (v), implying that noise can be reduced by maximiz-
ing the light throughput at the frequency of interest. In
practice, detector noise increases with increasing light,
but as the noise does not increase as fast as the signal
over most of the available intensity range, it is advanta-
geous to use high light throughputs.i The noise is also
inversely proportional to n,'2. This implies that for the
DC and synchronized AC methods, oversampling of the
interferogram is a simple way to reduce noise without
taking any more scan time. On the other hand, each in-
terferogram point takes a fixed amount of time in the
step-scan method, so in that case, one wants to sample
the fewest points possible by using a narrow optical
bandpass filter. Thus, the DC and synchronized AC meth-
ods are best for broad spectral ranges whereas step-scan
is best for narrow spectral ranges. Doubling the resolu-
tion (halving AD) while maintaining a constant measure-
ment time affects several factors: n, is doubled, n is
halved, Af .., is doubled, and B(¥) is halved. Thus, for
all the methods, doubling the resolution doubles the rms
noise. However, when the data are analyzed, this yields
twice as many data points in a spectral region, so fit er-
rors only increase by a factor of 2'2.

In DC and synchronized AC methods, low noise is
achieved by averaging many data points over many
scans. They also make use of the multiplexing advantage,
in which all frequencies incident on the detector are col-
lected and used. The step-scan method, by contrast, uses
relatively few data points, does not make use of signal
multiplexing, and spends a large fraction of the total scan
time waiting for the lock-in to settle. However, the ex-
cellent noise rejection of the lock-in amplifier (which is
a direct consequence of the long settling time and the
lack of multiplexing) makes up for the other factors,
yielding very similar noise results in the end for the pa-
rameters used here.

The data presented here show that our original method

T A cooled interference filter, which passes just the spectral region of
interest, can be placed over the detector element to block unnecessary
light and reduce detector noise. It also does not emit much light since
it is cooled, and it moves the interferogram intensity away from the
centerburst and into the wings, which allows the use of a brighter
light source, larger aperture, and greater amplification of the detector
signal.

of measuring vibrational Stark spectra on an FT-IR, using
a DC field, performs better than either synchronized AC
or step-scan methods. However, the differences in signal-
to-noise values are small, so specific situations may favor
the other methods. In particular, the synchronized AC
method can be used over a large spectral range but still
yields very flat baselines while the step-scan method
should perform the best for narrow spectral ranges. It is
possible to predict quantitative noise levels for any of the
three experimental methods from Eqs. 6 and 10, which
are seen to approximate measured values moderately
well.
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http://ernesto.catchword.com/nw=1/rpsv/0066-426X^281997^2948L.213[aid=966614]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281993^2947L.1297[aid=557783]
http://ernesto.catchword.com/nw=1/rpsv/0009-2614^281982^2990L.1[aid=557856]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281984^2938L.20[aid=557857]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281997^2951L.504[aid=557860]
http://ernesto.catchword.com/nw=1/rpsv/0034-6748^281993^2964L.2508[aid=1477976]
http://ernesto.catchword.com/nw=1/rpsv/0034-6748^281995^2966L.2812[aid=559036]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281992^2946L.560[aid=556800]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281999^2953L.588[aid=1477977]
http://ernesto.catchword.com/nw=1/rpsv/0006-2960^281992^2931L.7503[aid=1477980]
http://ernesto.catchword.com/nw=1/rpsv/0166-8595^281998^2955L.163[aid=1477981]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281997^2951L.1092[aid=562700]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281993^2947L.1345[aid=556801]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281997^2951L.453[aid=556915]
http://ernesto.catchword.com/nw=1/rpsv/1089-5647^281999^29103L.9813[aid=1477969]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281995^2949L.702[aid=558008]
http://ernesto.catchword.com/nw=1/rpsv/0066-426X^281997^2948L.213[aid=966614]
http://ernesto.catchword.com/nw=1/rpsv/0009-2614^281982^2990L.1[aid=557856]
http://ernesto.catchword.com/nw=1/rpsv/0003-7028^281997^2951L.504[aid=557860]
http://ernesto.catchword.com/nw=1/rpsv/0034-6748^281995^2966L.2812[aid=559036]
http://ernesto.catchword.com/nw=1/rpsv/0006-2960^281992^2931L.7503[aid=1477980]
http://ernesto.catchword.com/nw=1/rpsv/0166-8595^281998^2955L.163[aid=1477981]

