Frequency modulation spectroscopy at 1.3 um using InGaAsP
lasers: a prototype field instrument for atmospheric

chemistry research
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Two-tone frequency modulation spectroscopy has been used in conjunction with InGaAsP lasers in the 1.3-
um region to monitor weak water vapor absorptions in a long path White cell. Detection electronics that
reduce the effect of Johnson noise are described. The system was capable of detecting optical densities
corresponding to <1.7 X 10~€ in a 1-Hz bandwidth. Factors limiting the difference between observed and
shot noise limited performance for these types of laser and condition are discussed. Key words: Frequency
modulation spectroscopy, tunable diode lasers.

I. Introduction

Progress in understanding the chemistry of the at-
mosphere has frequently come about as the result of
the identification and accurate field measurement of
trace gas phase components of air. The instrumenta-
tion requirements for such studies are stringent. Mix-
ing ratios of important compounds of perhaps a few
parts per 10!2 by volume (PPTV) must be discerned
against a complex background of often similar species,
leading to the main instrumentation requirements of
specificity and sensitivity. Also, because it is often
desirable to measure from fast moving aircraft plat-
forms, a further requirement of high measurement
speed is necessary if adequate spatial resolution is to
be achieved. Absorption spectroscopy using tunable
diode lasers is a satisfactory method for such studies!
and is inherently very specific because of the high
spectral resolution of the lasers. The best reported
detection limits using Pb-salt mid-IR lasers in field
conditions are of the order of 20-pptv NO,,23 equiva-
lent to an optical density of ~1075 in a 200-m multiple
reflection (White) cell. The measurement bandwidth
was ~0.1 Hz and a separately recorded background
(zero gas) spectrum had to be subtracted from the
ambient air spectra to reach these detection limits.?

Some of the noise sources in diode laser absorption
spectroscopy are associated with the laser itself: for
example, the so-called laser excess noise which has
significant power at the wavelength modulation fre-
quencies (a few kilohertz) used in most field instru-
ments up to the present. Very high frequency modu-
lation (FM) spectroscopy as a technique sensitive to
small absorptions was first introduced in 1980 by
Bjorklund.* The technique is based on the principle
of modulating a laser carrier (»,) with aradio frequency
(vm) at which the laser has intrinsically low amplitude
(laser excess) noise (v, is typically of the order of
hundreds of megahertz). The effect of this RF modu-
lation® is to produce two sidebands at the optical fre-
quencies (v, £ v,,). Foravisible (dye) laser this may be
achieved using an external electrooptic phase modula-
tor (EOM). In the mid- and near-IR, however,
Lenth®7 was the first to demonstrate that the FM
effect could be accomplished more directly by modu-
lating the injection current to a diode laser. The tech-
nique has attracted much attention, and Gehrtz and
co-workers demonstrated the applicability of the tech-
nique to Pb-salt diodes, thus allowing coverage of vir-
tually the entire mid-IR region.?

In the last few years, a further, more convenient,
development of the method has been realized. Modu-
lating a laser simultaneously at two rf frequencies
[two-tone frequency modulation spectroscopy
(TTFMS)] was first proposed by Janik et al.® Here,
two closely spaced RF frequencies v, + %Q (with v,
typically of the order of 500 MHz and Q typically 1-5
MHz) modulate the laser carrier frequency, but detec-
tion is accomplished by monitoring the beat signal at
frequency Q. This technique retains the advantage
associated with normal, or single-tone FMS with diode




lasers, that is, the laser is modulated at frequencies
where it has little 1/f amplitude fluctuation, but the
method removes the requirement for extremely fast
detectors, since the response speed of the detector
need only be of the order of a few megahertz rather
than hundreds of megahertz or even 1 GHz. Cooper
and co-workers!%-14 introduced this technique for the
mid-IR region, where it is particularly advantageous
since the high bandwidth detectors available for the
mid-IR usually have minute active areas, are extreme-
ly damage sensitive, and are often prohibitively expen-
sive. Using Pb-salt laser diodes manufactured for the
5-10-um mid-IR region, Cooper et al.1%-14 have shown
that optical densities as small as ~2 X 10~7 may be
detected in a 2.4-Hz bandwidth. These values mean
that the minimum detectable optical signal approach-
es that limit set by the Poisson nature of the photon
distribution, i.e. the so-called quantum or shot noise
limit.

Because of these advances in measurement technol-
ogy, it has become possible to work in spectral regions
where the line strengths of various gaseous species
might otherwise be considered too weak to be of use.
We have chosen to investigate the possibility of using
TTFMS in the near-IR with InGaAsP lasers, which
emit near 1.3 um. To date, TTFMS has been used
with 1.8-um lasers by Stanton and Silver!® to measure
lines in the HC] second overtone band, as well as by
Carlisle and Cooper!®17 in experiments to reduce the
effects of RAM and etalon fringes by using a dual beam
balanced homodyne detection technique. Although
the absorption cross sections in the near-IR are typi-
cally smaller than those found in the mid-IR, there are
distinct advantages to working in the near-IR. First,
both the lasing and detecting diodes have been exten-
sively used by the communications industry, so that
much effort has been invested in developing reliable
diodes of high power and high modulation bandwidth.
Second, there are typically fewer absorptions in the
near-IR than in the mid-IR or visible, making it easier
to find an interference-free absorption line with which
to work. Third, since the Doppler widths are larger
near 1.3 um than in the mid-IR, higher measurement
pressures may be used without pressure broadening
becoming important. This partially offsets the prob-
lem of weaker line strengths in the near-IR, since the
higher operating pressures effectively allow more ab-
sorbing molecules into the optical path when making
tropospheric measurements. Finally, in terms of
practicality, both the 1.3-um lasers and the detectors
are inexpensive and may be operated at or near room
temperature, thereby avoiding the need for cryogenic
cooling. This is especially important for the construc-
tion of a rugged, practical, inexpensive instrument for
field monitoring. We have constructed a prototype of
such an instrument using a multiple pass White cell
and report here the measured detection limits as well
as the factors preventing quantum limited perfor-
mance. In addition, we have made a direct compari-
son of the detection limits achievable using TTFMS
with those obtainable using conventional lock-in wave-
length modulation techniques.!8

li. Experimental

Figure 1 displays a schematic diagram of our system.
The two-tone technique has been discussed in suffi-
cient detail by Cooper et al.1%14 50 we focus here on
only the distinguishing properties of our electronics
and those features pertinent to the 1.3-um lasers. Be-
cause the Doppler broadening is large for small mole-
cules at these wavelengths (6vp = 660 MHz for Hy0 at
T =300 K and 1.3 pum), it is necessary to use a commen-
surately large RF modulation frequency v,. Direc-
tional coupling voltage standing wave ratio (VSWR)
experiments for our laser diode and housing package
showed that the impedance had an oscillatory behav-
ior, with reflectance minima spaced approximately ev-
ery 75 MHz. One such minimum was located near 465
MHz, near the maximum frequency of our RF genera-
tor. The RF modulation frequencies finally used,
therefore, were 461.00 £ 1.50 MHz, i.e., v,, = 461 MHz
and %Q = 1.50 MHz, with the signal detected at 3.00
MHz.

The laser used was an SFH 4300 InGaAsP diode
from Siemens Corp. having room temperature emis-
sion at 7852 cm~1. The two-tone RF modulation was
bandpass filtered and coupled via a T-piece to a DC
offset and 200-Hz ramp current provided by a modi-
fied Spectra-Physics SP 5820 LCM current supply,
and the composite current was fed via a high frequency
coupling into the vacuum housing holding the diode.
Contact inside the housing was accomplished with
shielded 50-Q BNC cable brought as close to the diode
cathode lead as possible; a gold clip contact fixed the
cathode lead. The length of exposed contact was thus
only a few millimeters. This is important since this
lead dominates the mount impedance at higher fre-
quencies. The diode was mounted on a copper block
which was temperature stabilized using a PT-100 sens-
ing element and a feedback circuit to drive a Peltier
heating/cooling device. The temperature could thus
be controlled with an accuracy of better than 0.001 K in
the 265-313 K range.

The emitted light was collected by a gold first sur-
face f/2 off-axis paraboloid (OAP) and focused into the
White cell using a second OAP. The 1.5-m base path
White cell was a double corner cube type,!® and the
path length used in these experiments was 132 m.
Light exiting the White cell was collected by a third
OAP and focused onto a high speed 13 PD-100 photo-
diode detector from Telecom Corp. The 13 PD-100 is
an InGaAs PIN photodiode having a photosensitive
diameter of 100 um, a calculated D* value of 1.8 X 1011
cm Hz!2W-1, and arise time of <1ns. (Note that the
D* for 77K HgCdTe detectors operating in the mid-IR
is typically of the order of 2.5 X 10'° cm Hz!/2 W-1
because of the higher background radiation in the mid-
IR.) All transmissive optical elements were posi-
tioned at an angle to minimize étalons, and the win-
dows on the laser housing and the White cell were of
the wedge type to avoid internal etalons. ,

The detector diode output was dropped across a 125-
kQ resistor and impedance matched to 50 @ with a
Harris HA-5127 ultralow noise operational amplifier.
The RF signal was then 10-MHz low pass filtered and
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Fig.1. Block diagram of the TTFMS spectrometer using InGaAsP lasers: BP, bandpass filter; LP, low pass filter; and HP, high pass filter.

amplified 60 dB by a SAT-500 broadband amplifier
from SAT Electronics. The SAT-500 is nominally
rated from 5 to 500 MHz but proved to have 60-dB
linear amplification down to ~1.9 MHz, As expected,
it introduced less noise than a series of three (low
noise) 20-dB amplifiers. The amplified signal was
demodulated with a Mini-Circuits ZFM-3 Level 7 Mix-
er, and care was taken to avoid saturation near the 1-
dB compression point, which lay at approximately —5
dBm. The mixer IF output was low pass filtered at 1
kHz (3-dB point) and input to an oscilloscope for real
time adjustment or to an EG&G 4203 signal averager
for spectra collection. The displayed TTFMS spectra
represent 1000 averages for a Afes = 1-Hz effective
bandwidth. We note that, except for the noise mea-
surements, the reported spectra have not had back-
grounds subtracted, but represent either real time
data, or data obtained after a few seconds averaging.
To make as direct a comparison as possible between
TTFMS and wavelength modulation spectroscopy
(WMS), the same laser, detector, and optical arrange-
ment were used with a wave function generator and a
lock-in amplifier to record a conventional 2f WMS
spectrum.?’ The modulation frequency was 17.5 kHz.
The 1-ms minimum time constant on the lock-in am-
plifier allowed a maximum scan rate of 50 Hz. Thus,
160 scans were averaged so that the effective measure-
ment bandwidth was 1 Hz, as in the FM experiment.

lll. Results

The aim of this study was to investigate the detec-
tion limit for TTFMS using InGaAsP lasers and to
compare this with the shot noise limit and with detec-
tion limits obtained using conventional modulation
techniques. A further aim was to consider the design
of a field spectrometer capable of measuring small
concentrations of trace gases. The emphasis in our
work, therefore, is not on extremely fast measurements
(e.g., Af > 1 kHz) but on low detection limits for a field

instrument. As has been pointed out,>!4 achieving
quantum limited detection in a narrow bandwidth re-
quires considerably more effort than for broad band-
width measurements. Extrapolation from broad
bandwidth measurements is in general not possible
due to the differing Af dependencies of the noise
sources.!4

To test the detection limit of our system, we chose to
observe a water vapor absorption line strong enough to
allow direct measurement of its optical density with
~1-Torr Hy0 in the White cell, and then to reduce the
pressure to produce signals near the detection limit.
It has been empirically demonstrated!? that the
TTFMS signal is linear in gas concentration over sev-
eral orders of magnitude. Figure 2(a) displays the
two-tone signal obtained from a water vapor absorp-
tion near 7830 cm™! with an optical density of 4.2 X
1073, The signal in Fig. 2(a) was obtained in a 1-Hz
effective bandwidth by averaging a 5-ms scan 1000
times (1-kHz low pass). It should be pointed out that
with such a strong signal, the spectrum may be easily
observed and optimized in real time on an oscilloscope.

In Fig. 2(b), the signal corresponds to an optical
density of 6.5 X 107% and has a peak-to-peak signal-to-
noise ratio (SNR) of ~28. Because the signal in
TTFMS is an rms value, while the noise is measured
peak to peak,l4 the SNR value is divided by 3 (as a
conservative estimate) to yield an rms signal-to-noise
ratio of ~84. This corresponds to a detection limit of
7.7 X 1077 for SNR unity. This noise figure is well
above the detection electronics noise (vide infra).
However, closer inspection of Fig. 2(b) reveals a shoul-
der to the right of the absorption line which we ob-
served to be part of a reproducible background. This
background could arise either from a long pitch étalon
or from RAM (residual amplitude modulation), an
effect which exists because laser diodes vary not only
their wavelength but also their output power as the
injection current is varied. However, we observed
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Fig. 2. (a) TTFMS signal from an HyO absorption band near 7830

cm-! having an optical density of 4.2 X 10-3. (b) TTFMS signal

from the same band with the pressure reduced to correspond to an

optical density of 6.5 X 10~5. The inset displays the difference

between two successive spectra on the same abscissa; the vertical bar
corresponds to an OD of 7 X 1078,

that, over a wider scan range, the background structure
displayed no periodicity and the structure depended
on the choice of laser temperature and current for
constant output wavelength. We therefore conclude
that the background in this case was related to RAM,
not etalons.

The size of the main background feature in Fig. 2(b)
is approximately half of that of the signal, i.e., ~3 X
10-5 OD. It is often the presence of such a back-
ground, and its reproducibility which governs the de-
tection limit that may be achieved in practice.?! To
investigate the background reproducibility, a second
spectrum was recorded directly after that shown in

Fig.3. A2flock-insignal from an HyO absorption corresponding to

an optical density of 9.0 X 10~%. The inset displays the difference

between two successive spectra on the same abscissa; the vertical bar
corresponds to an OD of 4.5 X 1077,

Fig. 2(b), and the two digitally subtracted. The differ-
ence spectrum in a region away from the signal peak is
displayed in the inset. The region under the absorp-
tion feature was somewhat distorted due to a small
change in the water pressure (~1.9 mTorr) between
the two spectra. The difference spectrum has a peak-
to-peak amplitude corresponding to an OD of ~7.0 X
10-6, This is equivalent to an rms noise in each indi-
vidual spectrum (~3y2 times smaller) of ~1.6 X 10-8-
OD units. We believe this is then a realistic estimate
of the detection limit for a 1-Hz bandwidth measure-
ment made without long extrapolations from either
large signals or broad measurement bandwidths and

‘furthermore recorded with a White cell and the associ-

ated optics necessary for a field instrument capable of
measuring low concentrations of trace gases in the
atmosphere,

The 2f WMS spectrum was calibrated in the same
way as for the TTFMS experiment, using the same
H;0 absorption band, and the HyO pressure reduced
until a small signal remained. We averaged 160 scans
using a 1-ms time constant (Afeee = 1 Hz) to obtain the
signal in Fig. 3 which corresponds to an optical density
of 9.0 X 10~4. Note, however, the background (laser
structure) present as a sloping baseline and that it has
an amplitude comparable to the absorption, more than
an order of magnitude larger than the background in
the TTFMS spectra. A difference between two
successive spectra was recorded as before, and the
resulting noise/background instability is plotted in the
inset. The peak-to-peak excursion of this difference
spectrum is 4.5 X 1075 OD, corresponding to an rms
fluctuation of 1.1 X 105 OD in each spectrum, approx-
imately an order of magnitude poorer than the
TTFMS result.

IV. Discussion \

Cooper and Warren!? developed a detailed expres-
sion for the minimum detectable signal in TTFMS
that takes into account not only the shot noise, but also
the detector Johnson noise and the residual amplitude
modulation (RAM), which has been characterized in
terms of an amplitude modulation index M. Cooper
and Warren determined that the maximum signals for
TTFMS are obtained when the frequency modulation
index B8 is #1.15. In our experiments the frequency
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modulation index 8 was estimated by observing the

decrease in the line center intensity of an absorption

band as the rf modulation was applied,'® and an opti-

mum TTFMS signal-to-noise ratio was found for g8 =
0.8. However, for 8 = 1.15,
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where the carrier-to-noise ratio (CNR) is defined as
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where (P,) is the optical power, ne/hv, is the detector
responsivity, and ¢ is the variance in laser power. The
first term in the denominator of Eq. (2) is the shot
noise arising from the interaction of the detecting ele-
ment with the impinging photon flux, The second
term in the denominator, 4k TnAf/R;p, represents the
detector Johnson (thermal) noise?? for a detection
electronic input impedance R;p and effective operating
temperature T.!3 The photodiode also has a nonzero
shunt resistance Rgpyy, but this is small compared to
Ryp.

If a measurement is to be shot noise limited, inspec-
tion of the two terms in the denominator of Eq. (2)
suggests increasing the laser power (P,) such that the
shot noise dominates the Johnson noise. For example,
if it were desired to make the shot noise equal to or
larger than the thermal noise (IZy = I%y), using a 50-Q
detection system and the present experimental condi-
tions of Sp = (ye/hv) = 0.8 A/W, T =298 K,and M ~ 0,
a power of (P,) ~ 1.3 mW would be required at the
detector. This is not practicable with diode lasers and
multiple reflection cells. A second way of reducing the
effect of the Johnson noise would be simply to increase
R;p such that the thermal noise term becomes negligi-
ble relative to the shot noise. Although this is not
directly possible since most RF components have a
fixed input impedance of 50 ©, we achieved the same
effect indirectly by first dropping the photocurrent
across a high impedance load resistor Rz = 125 kQ and
using a low noise buffer to impedance match the result-
ing voltage to the R = 50-Q impedance of our amplifica-
tion system (see Fig. 1). A modified sensitivity analy-
sis using Cooper’s mean-square current noise is thus
possible, but the signal and noise currents must now be
considered after they have been impedance matched
to 50 ©, i.e., at the output of the box depicted in Fig. 1.

ey

CNR, =

2

For example, at the load resistor R; there arises a-

Johnson noise voltage Vyn = J4kTAfR;; after this has
been impedance matched to the system impedance R
the square current Johnson noise is

. Vin R,
13N = F = '}? (4kTAf). (3)

Similar considerations for the square current signal

and square current shot noise,? after they have been
impedance matched to the detection system imped-
ance R, yield I% = (R1/R)2S%(P,)? and I%y = [2e(ne/
hv)(Po) Afl(RL/R)?, respectively. On substituting
these into Eq. (2) we have a modified CNR, of

E& ne\ [ 2
NR, = [R (h”)-l 2(P0) (4)
° Ri\2 £ pe M2\2 | _RkT\R,T
2eAf[(§) (h—”) (P, (1 *T) e ]

On first inspection Eq. (4) appears similar to Eq. (2),
being multiplied in both numerator and denominator
by (R1/R)2. However, in Eq. (2) the R;p was fixed as
the (usually 50-Q) input impedance of the amplifica-
tion electronics, whereas in the present case R denotes
an actual load resistor whose value can be freely cho-
sen. Herein lies the advantage of the buffer system:
the signal and shot noise vary as RZ, while the Johnson
(thermal) noise varies as Ry, and R; can be made
arbitrarily large. The expression (Rr/R) thus repre-
sents the factor by which the impedance buffer has
decreased the required laser power such that Igy > Iy
With Ry, = 125 kQ, R = 50 2, and the other parameters
as above, the power required such that IZy = I3y de-
creases from 1.3 mW to 0.51 4 W, a more feasible value
for diode lasers.

Thus far we have ignored the noise sources intro-
duced by the (HA-5127) impedance buffer chip, but
these must also be compared with the thermal and shot
noises. Expressed in terms of currents, there are three
purely electronic noise sources on the input side of the
buffer: the current input noise Icy, the voltage input
noise Vin/Rr, and the Johnson noise

4RTAf
R, '
where Ry, is again the drop load resistor; that is,

4RTAf Vi
N
R, R

As both Egs. (4) and (5) suggest, Ry, was chosen to be as
large as possible, limited only by the consideration that
the buffer not exceed its maximum output current.
Using the R;, = 125-kQ load resistor and a 1-Hz mea-
surement bandwidth, we may then calculate the laser
power at which the shot noise will be equal to the sum
of the Johnson noise plus the buffer amplifier noises.
Referring to the manufacturer’s data for the HA-5127
low noise amplifier this yields the value {(P,) = 1.2 uW.
The laser power used in these experiments was (P,) =
40 uW. ’

To ensure that the detection system performed ac-
cording to expectations, Fourier spectra of the noise
sources were recorded. Figure 4, obtained using a
Tektronix 2710 spectrum analyzer, shows successive

)]

Noisegy, = IgN +

contributions above the spectrum analyzer baseline .

floor (trace A) to the noise in our spectrometer. Trace
B was acquired with the photodiode dark current
dropped over Ry = 125 kQ and buffered to 50 Q; the
spectrum therefore includes the Johnson noise, the
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Fig. 4. Spectrum analyzer output of noise sources contributing to
the TTFMS signal: A, spectrum analyzer baseline; B, with input
from photodiode dropped over 125 kQ and impedance matched to 50
Q (i.e., detection system dark current); C, same as B but with 23 xW
of laser power (no modulation) at the diode.

buffer noise, as well as the photodiode dark current
and background noise, and has an ~1/f or pink fre-
quency spectrum. Trace C was acquired with 23 uW
of unmodulated laser power focused on the diode, and
the difference between traces B and C therefore repre-
sents the laser excess noise level above the detection
electronicnoise. It can beseen that at 3 MHz the laser
excess noise is ~9 dB greater than the dark current,
buffer noise, and Johnson noise. It would also appear
that lower overall noise levels could be obtained by
choosing an Q closer to the buffer cutoff frequency of
10 MHz. Nevertheless, better SNRs were obtained
with @ =3 MHz. We believe that the relatively narrow
width of the VSWR (i.e., of the impedance match)
minimum near 461 MHz is responsible for this effect.
The VSWR minimum is not necessarily symmetrical
about v, and for higher Q more asymmetry in the
sideband pairs and therefore more RAM may be intro-
duced. Better impedance matching should in princi-
ple allow use of a higher two-tone frequency €.
Substituting our experimental values of Af = 1 Hz, 5
=0.76, By, = 125 kQ, and R = 50 Q into Kqs. (1) and (4)
with M =~ 0 we find the theoretical detection limit for
(P,) = 40 uW of Ad = 1.50 X 10~7. We compare our
observed TTFMS detection limit (including both ran-
dom noise and background instability) of 1.65 X 10~%
and see that it is 1 order of magnitude away from the
theoretical limit, while the 2f WMS value of 1.1 X 1075
is a further order of magnitude poorer. The best val-
ues achieved to date for bandwidths between 1 and 10
Hz are approximately a factor of 5 from the shot noise
limit.1224 It should be noted here that measurements
of the output mode structure of our laser using a mono-
chromator showed that only about one third of the
power lay in the mode giving rise to the absorption.
This effectively raises the theoretical detection limit
by ~/3 since the other modes contribute nothing to the

signal but do contribute to the shot noise. However,
we note that the thrust of this work is toward deter-
mining realistic detection limits for a field system, and
multimode behavior in these lasers is common.

Our signal-to-noise ratio was empirically optimized
and B wags estimated to be ~0.8, so use of Eq. (2) or Eq.
(4) is not strictly valid; however, the detection limit
shows only a shallow minimum!! in 8, so only a small
error is anticipated. Recently, other workers?* (using
GaAlAs lasers emitting near 800 nm) have also report-
ed optimum SNR for 8 values less than unity and have
pointed out that M is proportional to 8 for small 8, and,
in the presence of RAM, the noise includes a term
dependent on M%. Subsequent analysis has shown26
that the minimum detectable signal A as a function of
modulation index 8 has an implicit dependence on the
amplitude modulation index M. As a result, the 8 =
1.1 value that maximizes the TTFMS signal is not
necessarily the value at which A§ will be minimized.
The minimum in A$ (i.e., the best SNR) also depends
on the ratio r = M/B, a ratio which is relatively constant
for a given laser diode.

To achieve the detection limits cited here, consider-
able efforts were made to avoid étalons. As has been
pointed out by Werle et al.,28 the reduced optical pow-
er and the étalons associated with multiple reflection
cells present a challenge to realizing low detection
limits. Nevertheless, we have demonstrated that ap-
plied TTFMS techniques using a long path cell are an
order of magnitude more sensitive both in terms of
noise and background than 2f lock-in techniques. The
TTFMS result is also 1-2 orders of magnitude better
than values reported elsewhere for 2f with the In-
GaAsP lasers, although reflections from the cleaved
end of the fiber pigtail may have limited the detection
sensitivity in those experiments.18

V. Summary

At the present state of development, the detection
level is within 1 order of magnitude of the theoretical
shot noise limit. For both Pb-salt!? and GaAlAs24
laser diode systems, 1-Hz bandwidth detection limits
ugsing TTFMS that are approximately a factor of 5
above the theoretical quantum limit have been
achieved. In both the Cooper et al.2%-14 and Wang et
al.2* work, the final obstacle to quantum limited detec-
tion has been attributed to laser excess noise. In the
present studies, however, both laser excess noise and
RAM make contributions to the noise at levels corre-
sponding to optical densities of ~10~6, Nevertheless,
a detection limit of 1.65 X 108 has been achieved in a
1-Hz bandwidth. We estimate that detection limits
for a field instrument based on InGaAsP lasers and a
multireflection cell of the order of 1 X 107¢ for a 1-Hz
bandwidth are possible, without having to purge the
White cell to obtain a background spectrum. This
further suggests the possibility of measuring in an
open White cell at atmospheric pressures.

We have not investigated single-tone vs two-tone
FMS. TTFMS, however, is easier to implement, more
economical, and appears to have at least as sensitive




detection limits as STFMS, and therefore is our meth-
od of choice for a field-oriented spectrometer. The
present work has demonstrated an improvement in
detection limit of 1-2 orders of magnitude over con-
ventional techniques using InGaAsP lasers. This,
combined with the lack of interference in the near-
infrared, the relatively low cost of the components, and
the ability to measure at or near atmospheric pressure,
make a near-IR TTFMS spectrometer look very prom-
ising.

We would like to thank H. Fritz as well as H. Senz
and colleagues in the MPI workshop for construction
of the White cell. We also thank T. Zenker for fruitful
conversations regarding the electronics and one of the
reviewers for helpful comments. This work was sup-
ported by the Max-Planck Gesellschaft.
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