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A common-path (Sagnac) interferometer combined with a charge- 
coupled device (CCD) was evaluated for Raman spectroscopy in the 
near-infrared region. A spatial interferogram of the scattered light 
was projected onto the face of the CCD, and a Fourier transform 
of the intensity vs. pixel data yielded a Raman spectrum. This mul-  
t ichannel Fourier transform (MCFT) technique retains several ad- 
vantages of FT spectroscopy, including high throughput, excellent 
frequency precision, and wide spectral coverage, while also retain- 
ing the multichannel, shot-noise-limited operation of the CCD. The 
signal-to-noise ratio (SNR) for the MCFT system was comparable 
to that for a dispersive spectrometer for the same laser power and 
integration time, and its frequency and intensity stability were ex- 
cellent. Resolution is dictated by the number of CCD pixels, and 
was 25 cm -t for the initial M C F T  system. In addition to stability, 
a possibly important feature of the MCFT spectrometer is its large 
A ~  produc t  (etendue), which results in a signal which is indepen- 
dent of laser beam diameter over the range of 60 Ixm to 1.3 mm. 

Index Headings: Raman spectroscopy; CCDs; Interferometry; Mul- 
t ichannel spectroscopy; FT-Raman. 

I N T R O D U C T I O N  

The introduction of FT-Raman in 1986 stimulated rap- 
id growth in Raman applications, mainly because of the 
reduced fluorescence interference of many samples ex- 
cited by near-infrared lasers. 16 FT-Raman also benefits 
from advantages inherent to interferometry: high collec- 
tion efficiency due to the absence of slits, excellent wave- 
length precision, easily variable resolution and spectral 
coverage,  and an active history of  hardware and software 
development  for FT-IR applications. Unfortunately, FT- 
Raman  as currently implemented has restrictions on the 
signal-to-noise ratio (SNR) which are fundamental.  De- 
tectors for the 1- to 2 -~m wavelengths of  interest are 
noisy, so the SNR is limited by detector noise rather than 
signal shot noise. Even with a perfect (i.e., noiseless) 
detector, FT-Raman would suffer from a multiplex dis- 
advantage, because the shot noise f rom all multiplexed 
wavelengths monitored by the detector would be detected 
simultaneously. The result is an SNR comparable  to that 
for a single-channel dispersive system with equal mea- 
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surement time. So an FT-Raman spectrometer  consisting 
of a Michelson interferometer and noiseless detector 
would lose the multiplex advantage but retain high wave-  
length precision and high throughput. 

Dispersive Raman spectrometers with low-noise mul- 
tichannel charge-coupled device (CCD) detectors avoid 
the limitation imposed by detector noise and maintain the 
multichannel advantage of array detectors. 7-~2 The sensi- 
tivity of  sil icon-based CCDs extends to 1.1 ~m, permit-  
ting laser operation at --800 nm, thus avoiding much of  
the fluorescence associated with visible excitation. Al- 
though dispersive CCD Raman spectrometers can yield 
much higher SNR than FT-Raman or scanning systems, 
they have some inherent limitations. The small CCD pix- 
el width (typically 25 ~m) requires a small entrance slit 
and corresponding small collection efficiency, and in- 
creasing efficiency by increasing slit width degrades res- 
olution. In addition, dispersive systems cannot easily vary 
spectral coverage, and always face a resolution vs. spec- 
tral coverage trade-off. With a finite number  of  pixels 
along the wavelength axis, one must sacrifice resolution 
to cover  a wider spectral range. The wavelength precision 
of  a dispersive system is not generally as good as that of  
an interferometer, because of backlash and thermal drift 
of  mechanical components  and alignment. 

For a large number  of  Raman samples, the spectros- 
copist would like to combine the precision and through- 
put of  FT-Raman with the low-noise and multichannel 
characteristics of  CCDs. Sweedler et al. 13,14 reported such 
a device for emission spectroscopy, and one report of  a 
related device used for Raman scattering has appeared/5 
Although a variety of  optical arrangements have been 
reported, 16,17 they share the common  approach of  gener- 
ating an interferogram across the face of  an array detec- 
tor. An example  is the " c o m m o n - p a t h "  or "Sagnac"  in- 
terferometer  shown in Fig. 1. There is no moving mirror, 
but a pathlength difference between the two beams leav- 
ing the beamsplit ter  generates the interferogram. As not- 
ed by Okamoto  et al., ~6 the entrance aperture size does 
n o t  affect resolution, leading to potentially high through- 
put. Fourier transformation of  the interferogram leads to 
an intensity vs. wavenumber  plot, which is easily pre- 
sented as a Raman spectrum. Takahashi et al. ~5 dubbed 
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FIG. 1. Optical diagram of  the common-pa th  mult ichannel  Fourier 
transform interferometer. BS is a cube beamsplitter, L4 is a 470-ram- 
focal-length Fourier lens. L1 (FL-50 mm)  and L2  (FL = 320 mm)  
improve the collection of  the interferometer (about f/lO to about f/l.3). 

the combination of  an interferometer and CCD "mult i -  
channel Fourier transform spect roscopy" or MCFT. 

The current report explores the suitability of  the com- 
mon-path interferometer for Raman spectroscopy, with 
particular attention to wavelength precision, SNR, reso- 
lution, and practical advantages. 

T H E O R Y  

The common-pa th  interferometer has been analyzed by 
several groups, '3 17 and the results are summarized here. 
The resolution increases as the path difference (2e0 in- 
creases, up to a limit imposed by the Nyquist  criterion. 
For an interferogram collected by an N channel linear 
array, the Nyquist  frequency ~m,x (in cm -1) is given by 
Eq. 1, and the resolution is given by Eq. 2.13,16 

F 
(1) °'max 2da 

A o " -  2~r .... (2) 
N 

where A~ is the best resolution achievable; F is the focal 
length of  L4 (see Fig. 1); d is the pixel width; c~ is the 
spatial separation of the two virtual images of  the sam- 
ple;? and N is the number  of  illuminated CCD channels. 

For Raman spectroscopy with an 830-nm laser, O'ma x 
can be set to the laser frequency or less, and Act will be 
24 cm -~. Fourier transformation of the interferogram will 
yield a spectrum from 0 cm -1 to the Nyquist  limit of  
12,048 cm -~, although the CCD is sensitive only to en- 
ergies above 9090 cm ' (1100 nm). Aliasing of wave- 
lengths below 830 nm is possible, but these are of  interest 
only for anti-Stokes Raman experiments.  To avoid the 
possibility of  aliasing, a CdTe absorption filter eliminated 
wavelengths below 850 nm, including the elastically scat- 
tered laser l ight) 8 

The sensitivity of  the spectrometer depends on the 

4i Equation 2 was derived from equations 2 and 3 o f  Ref. 13. However, 
should be defined as the spatial separation of  the two virtual images 

of  the sample, which is related, but not equal, to the displacement  
defined in Ref. 13. 

etendue (All product) of  the interferometer/CCD com- 
bination. 5,7,~ The f lnumber  of  the system is determined 
by the focal length of  lens L4, the interferometer optics, 
and the size of  the beamsplit ter  and CCD (total area, not 
pixel size). Although the system shown in Fig. 1 has a 
relatively high f / number  ( - f /10 ) ,  the collection aperture 
is very large ( - 1 1  mm)  in comparison to a slit or CCD 
pixel. Even after we take beamspli t ter  losses into account, 
the AlL product of  the instrument depicted in Fig. 1 is 
much larger than a conventional dispersive system with 
a CCD. Since the 11-mm aperture is impractically large 
to fill directly with Raman scattered light, lens L2  and 
L3 in Fig. 1 were used to reduce the aperture to 1.5 mm 
and the collection angle to f/1.3. 

E X P E R I M E N T A L  

The optical apparatus is shown schematically in Fig. 
1. The 830-nm light coming from a Ti:sapphire laser was 
focused onto the sample by lens L1 [focal length (FL) = 
50 mm]. The scattered light was collimated by lens L2 
(FL = 50 mm),  and then focused by lens L3  (FL = 320 
mm)  to form a magnified image of  the sample at the 
entrance aperture. The aperture was 11 m m  in diameter. 
A 3-mm-thick CdTe absorption filter was placed before 
the aperture to eliminate wavelengths below 850 nm. ~8 
The common-pa th  interferometer was composed of  a 
beamspli t ter  (BS) and two mirrors (M1 and M2).  The 
common-pa th  interferometer has been discussed else- 
where, 13-~v but the BS, M1,  and M2 form a pair of  iden- 
tical virtual images at two points behind M2,  which then 
interfere while illuminating the CCD. A CCD detector 
(EEV 15-11, deep depletion, 1024 channels) was placed 
at the focal plane of  a Fourier lens L4  (FL = 470 mm, 
f /8)  to generate sharp fringes. The fringe spacing was 
controlled by adjusting the position and angle of  M2. 

The dispersive spectrometer  used for comparison was 
an ISA 640 spectrograph and EEV CCD 05-10 (1152 
channel) detector with f/5.5 collection. The laser illumi- 
nated the sample at 90 ° relative to the collection axis, 
with the beam parallel to the slit image. The beam di- 
ameter  was varied as described below, by defocussing the 
laser with a translation stage. 

R E S U L T S  

Figure 2, trace a,  is the raw interferogram for naph- 
thalene illuminated by 135 m W  of 832-nm laser light. 
The CCD was positioned to monitor the centerburst and 
half  of  the symmetr ic  interferogram. The amplitude and 
dc level decrease away from the centerburst is apparently 
due to the uneven angular distribution of scattered inten- 
sity. Fourier transformation with no preprocessing yields 
the upper trace of  Fig. 3. The spectrum covers the entire 
Raman shift range f rom about - 1 0 0  c m - '  on the anti- 
Stokes side (determined by the Nyquist  limit) to the dc 
frequency component  at - 1 3 , 0 0 0  cm - '  on the Stokes 
side. In this case, the laser, anti-Stokes Raman,  and 
Stokes Raman up to about 350 cm ~ are absorbed by the 
CdTe filter, and Raman shifts above about 2400 cm -~ are 
beyond the red cutoff  of  the CCD quantum efficiency 
curve. Spectrum 3a is an expansion of  the upper trace in 
Fig. 3 over  the useful range of 300 to 1800 cm J, still 
without any preprocessing. Interferogram 2b was ob- 
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FIG. 2. Interferogram of  a naphthalene pellet. (a) Raw interferogram from a 1024-channel detector, 135 m W  laser power at sample,  integrated for 
5 s. (b) The interferogram from a after removal  of  low-frequency components  and zero-filling to yield 2000 points. (c) After removal  of  the points 
left of  the centerburst  and reflection of  the right half of  the interferogram from b. 
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FIG. 3. Upper trace: raw FT of interferogram in Fig. 2a, plotted over 
entire Raman  shift range. (a) Expansion of  upper trace over 300-1800-  
cm ~ range. (b) FT of  Fig. 2b; (c) FT of Fig. 2c; and (d) Raman spec- 
t rum of  naphthalene taken with dispersive system, with the same laser 
power and integration t ime as for the M C F T  system (135 mW, 5). 

tained f rom 2a by removal  of  low-fl 'equency components  
and zero-filling to a total of  2000 points. Figure 3b is the 
FT of  2b, showing increased data density but no improve-  
ment  in resolution. Figure 2c shows an interferogram ob- 
tained from 2b by the "data  reflection a lgor i thm",  which 
doubles the number  of  points by reflection about the zero- 
phase shift point at the centerburstJ  9 Its FT (Fig. 3c) 
shows a full width at ha l f -maximum (FWHM) for the 
764-cm ~ band of  naphthalene of 27 cm ~. A dispersive 
Raman spectrum of  naphthalene with the same laser pow- 
er and integration time is shown in Fig. 3d; the F W H M  
for the same band is 6.4 cm -~. 

The M C F T  spectra exhibit significantly poorer reso- 
lution than the dispersive spectrum, because of the limi- 
tations imposed by Eq. 2. ¢rmax for the conditions of  Figs. 
2 and 3 was 14,500 cm -~, yielding a minimum ,~o" of  28 
cm ~ for the 1024-channel detector employed.  Increasing 
N is analogous to increasing the mirror travel in a Mi- 
chelson interferometer, but N is obviously limited by 
available CCDs. In addition, mathematical  manipulation 
may yield some improvement  in resolution, 2°,2t as well as 
geometric  modifications which exploit the two-dimen- 
sional nature of  CCDs. 14,15 However,  it is unlikely that 
M C F T  Raman techniques will outperform most  disper- 
sive or Michelson systems with respect to resolution. 

Nevertheless,  the MCFT design improves the trade-off  
of  resolution against spectral coverage or sensitivity in- 
herent in dispersive systems. Resolution improvement  
with a dispersive/CCD system requires either a narrower 
slit (and lower throughput) or higher dispersion (and low- 
er spectral coverage).  For the MCFT system, sensitivity 
and throughput are not dependent on resolution, since 
there is no slit. Like a dispersive system, resolution in 
M C F T  spectroscopy does depend on the number  of  CCD 
pixels (Eq. 2), but the entire spectral range is acquired 
regardless of  the number  of  pixels. 

A related advantage is the independence of M C F T  re- 
sponse on laser power  density. A slit-based instrument 
can collect only f rom a region whose image is as wide 
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FIG. 4. Laser spot size dependence of the benzene 992-cm ~ band. (O) 
The MCFT system; (+) the dispersive system with a 50-1xm-wide slit. 
Arrow indicates beam diameter where the MCFT aperture was exceed- 
ed. 

as the slit, often 25-50  Ixm for CCD systems. The MCFT 
has a much larger aperture (>10  mm), which is limited 
by the size of  the beamspli t ter  and mirror and does not 
vary with resolution. Figure 4 shows the effect of  laser 
beam focus at the sample for a dispersive system with a 
50-txm slit image. In comparison to the signal strength 
with a tight beam focus ( - 6 0  ~m), the signal decreases 
by 90% when the beam diameter is increased to 1.3 ram. 
For the MCFT spectrometer of  Fig. 1, the 11-mm aper- 
ture can accept light from a 1.5-mm beam diameter at 
the sample, because of the collection optics L2  and L3. 
When the beam diameter is increased from 60 ixm to 
about 1.3 mm,  the signal decreases by only about 10%. 
A 1.3-mm-diameter  beam is essentially unfocused and 
has a power  density at the sample only 0.2% as large as 
the focused, 60-1xm beam. The advantage to thermolabile 
or photochemical ly  unstable materials is obvious, and re- 
suits f rom the much larger M C F T  aperture (at the sample) 
of  1.3 mm, compared  to 50 txm for a typical slit image. 

Since the band positions in the MCFT experiment are 
determined by rigid optical components  and the CCD 
pixel spacing, frequency precision would be expected to 
be excellent. Furthermore, the absence of  moving parts 
and the absence of  a requirement for precise al ignment 
of  laser and slit should yield good intensity precision. 
Figure 5 is an overlay of  20 MCFT spectra of  benzene 
obtained over  an 8-h period. Zero frequency jitter was 
observed for these spectra, but it should be noted that the 
resolution of  the M C F T  system would detect only rela- 
tively large frequency shifts of  > 10 cm i. Subtraction of 
spectra obtained 5 h apart yielded no observable  residuals 
(Fig. 5b), indicating the absence of  observable  frequency 
shifts. The standard deviation of the 992-cm -1 peak in- 
tensity for benzene was 1.4% for the 20 spectra, but most  
of  this deviation resulted f rom a nitrogen fill after the 
15th spectrum. The standard deviation of  992-cm -1 peak 
intensity for the first 15 spectra (covering 4 h) was 0.7%. 
A background spectrum obtained under the same condi- 
tions, but in the absence of benzene, is shown in Fig. 5c. 
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FIG. 5. Stability test of the MCFT system. (a) An overlay of 20 MCFT 
spectra of benzene obtained over an 8-h period, with 135-roW laser 
power at the sample and 10-s integration for each spectrum. (b) Sub- 
traction of two benezene spectra obtained 5 h apart. (c) A background 
spectrum taken from an empty curvette. (d) A dispersive spectrum with 
same laser power and integration time. 

The small features observed are presumably due to pe- 
riodic variations in pixel sensitivity or dark signal and to 
background shot noise. Notice that the baseline in the 
benzene spectra is very reproducible and definitely non- 
random. It might be due to the choice of  apodization 
function or to periodic gain variation in the CCD. 

The possibility of  CCD gain nonuniformity introduc- 
ing artifacts in the spectrum is a potentially important 
source of  noise or interferences (as pointed out by one 
of  the reviewers). Fixed pattern noise in the CCD, or 
" c o s m i c "  spikes in the interferogram, will t ransform to 
artifactual peaks and baseline noise in the fi 'equency 
spectrum. The severity of  this issue will depend on signal 
and background conditions and can be reduced by pre- 
processing of  the interferogram to calibrate pixel gain and 
remove  " c o s m i c "  spikes. To provide an initial assess- 
ment  of  the effect of  cosmics on MCFT, we artificially 
added two single pixel spikes to the interferogram of Fig. 
7a. This approach caused an increase in the standard de- 
viation of  the baseline (in the 1800- to 2000-cm -1 region) 
of  38% with no change in peak heights. Although this is 
a noticeable effect which will worsen with a larger num- 
ber of  cosmics, it is not a major problem for weak scat- 
tering from glassy carbon and is at least partly correcta- 
ble. Until the effects of  CCD uniformity and cosmic con- 
tamination can be more thoroughly assessed, suffice it to 
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F[G. 6. Raman  spectrum of  a 0.2 M K2SO 4 solution taken with the 
MCFT system (a) and the dispersive sys tem (b). Experimental  condi- 
tions are the same for both systems: 90 ° collection geometry,  135-mW 
laser power at sample,  and 60-s integration time. 

say that they will affect the noise level of  the entire spec- 
trum after Fourier transformation. 

Sensitivity comparisons (in terms of e - m W  ~ s ~) be- 
tween dispersive and M C F T  instruments cannot be made 
directly, since the MCFT produces a modulated intensity 
over  all the CCD pixels, while a dispersive instrument 
places all the intensity of  a particular band on a few pix- 
els only. It is appropriate, however, to compare  the SNR 
for the two methods for comparable  measurement  con- 
ditions. Figure 6 shows spectra of  a weakly scattering 
solution (0.2 M K 2 S O  4 in water) obtained with MCFT 
and dispersive instruments operating with the same laser 
power  at 832 nm, and the same integration time. This 
case is an example  where the SNR is determined by both 
analyte and background shot noise. For the dispersive 
system (Fig. 6b) the SNR determined as the ratio of 
SO4 2 peak height to the standard deviation of  the base- 
line is 37. The SNR based on the ratio of  peak height to 
the standard deviation of  the peak height is 34. For the 
M C F T  system (Fig. 6a), the SNRs determined by the 
same two relationships are 51 and 39, respectively. Fig- 
ure 7 shows spectra of  glassy carbon 22 obtained with dis- 
persive and M C F T  instruments. The SNR based on the 
ratio of  the 1315-cm-~ peak height to the standard devi- 
ation of the baseline is 118 for the dispersive system, and 
103 for MCFT. These examples  establish that the MCFT 
technique has comparable  SNR for weak scattering f rom 
a clear solution and an opaque solid. 

D I S C U S S I O N  

The M C F T  approach to obtaining Raman spectra dif- 
fers f rom dispersive Raman and FT-Raman (with a Mi- 
chelson interferometer) in both fundamental  and prag- 
matic ways. The fundamental  benefits of  M C F T  Raman 
derive f rom the combination of a low-noise multichannel 

b 
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Raman spectra of  glassy carbon. (a) Raw interferogram; (b) 
FT of the raw interferogram zero-filled to 2000 data points; and (c) a 
spectrum taken with the dispersive sys tem with back-scattering geom- 
etry. Experimental  conditions for both systems: 180 m W  laser power 
at sample and 120-s integration time. 

detector with a spatial interferometer. The high through- 
put, wavelength accuracy, and stability of  an interferom- 
eter are achieved, without sacrificing the low-noise char- 
acteristics of  modern CCDs. This fundamental  difference 
between M C F T  and either dispersive Raman or FT-Ra- 
man leads to several useful advantages. First, the entire 
Stokes Raman shift range is available to the interferom- 
eter, with the upper limit in Raman shift being determined 
by detector sensitivity. Second, the laser line (assuming 
adequate filtering) may appear in the spectrum, providing 
a calibration of  laser wavelength. Third, spectral coverage 
is complete (within the limits of  detector response), and 
does not depend on sensitivity or resolution. Fourth, in- 
terferometry with no moving parts yields the excellent 
wavelength precision required for spectral subtraction. 
Fifth, the large entrance aperture (and corresponding A ~  
product) is usually underfilled, making the intensity much 
less sensitive to laser focus and position. Sixth, response 
is weakly dependent on beam focal size and associated 
power  density. Much lower power densities may be em- 
ployed when sample damage is a concern. 

The muitichannel advantage of  MCFT should not be 
confused with the  multiplex advantage of FT-Raman us- 
ing a Michelson interferometer and single-channel detec- 
tor. In the latter technique, all wavelengths of  interest are 
multiplexed onto a single detector, which boosts the sig- 
nal over  the detector noise. In MCFT, however, N (1024 
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or so) low-no i se  detectors are monitoring all wavelengths  
simultaneously.  A detailed SNR analysis o f  MCFT is cur- 
rently in progress, but we  expect the MCFT to have a 
Fellgett advantage that is similar to that o f  a Miche lson  
system with a single shot-noise-l imited detector. For sam- 
ples with a few sharp Raman features, the S N R  o f  an 
MCFT will  exceed that o f  a dispersive system because 
o f  a higher entendue. For a sample with numerous Raman 
features or a high baseline, the SNR for an MCFT will 
decrease. 

Accompany ing  the benefits o f  MCFT are some draw- 
backs, some  o f  which are c o m m o n  to multiplex tech- 
niques. The Rayleigh line must be adequately filtered to 
avoid contributing shot noise across the interferogram. 
The dynamic range will  generally be reduced in compar- 
ison to that o f  a dispersive system, possibly leading to 
difficulty in observing minor components  or peaks. There 
is no spatial filtering provided by an entrance slit, so care 
must be taken to reduce stray light. As noted earlier, the 
spectral resolution is limited by the number o f  CCD 
channels,  N. Although 2000- × 800-pixel  CCDs are 
available, increasing N above 2000 in a scientific-grade 
C C D  is costly at present. It appears feasible to reduce A~ 
from 27 cm -1 to perhaps < 1 0  cm -1, but a resolution o f  
a few cm-I is unlikely for the foreseeable future. 

Assuming  that high resolution is not a requirement, 
possible applications where MCFT Raman should be use- 
ful include those requiring precision and stability and 
those requiring a low laser power  density. The combi-  
nation of  rigid optics without a slit and the inherent pre- 
c is ion o f  interferometric frequency measurement  leads to 
excel lent reproducibility o f  both Raman shift and inten- 
sity. An example  o f  an application where high sensitivity 
and low power  density are important is the observation 
o f  monolayers  on carbon surfaces, where a focused laser 
beam can easily thermally damage the s a m p l e Y  
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