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A 250-mm imaging spectrograph was combined with a CCD detector, 
fiber-optic sampler, and diode laser (783 nm) to yield an efficient Raman 
spectrometer. A variety of sampling modes for liquids and solids were 
demonstrated, none of which required careful optical alignment. Of prac- 
tical interest are spectra obtained from liquids inside glass containers, 
rapid (30 seconds each) spectral acquisition from successive solid and 
liquid samples, and spectra of normally fluorescent materials such as 
rhodamine 6G and common plastics. 
Index Headings: Instrumentation, Raman; Raman spectroscopy; Fiber- 
optic sampling; CCD Raman detection; Diode laser Raman spectroscopy. 

INTRODUCTION 

In several reports from a variety of laboratories, the 
advantages of Raman spectrometers based on charge- 
coupled-device (CCD) detectors, single-stage spectro- 
graphs, and in some cases diode lasers have been dis- 
cussed. 1-s The high quantum efficiency and low noise of 
Si-based CCDs combined with high-throughput spectro- 
graphs greatly decrease detection limits and partially 
compensate for typically small Raman scattering cross 
sections. Furthermore, the extended red response of CCDs 
permits operation with NIR lasers, which results in re- 
duced interference from fluorescence. Finally, the de- 
velopment of fiber-optic sampling for Raman spectros- 
copy greatly simplifies spectral acquisition, and raises 
the prospect of routine application of Raman spectros- 
copy in addition to improved performance in the research 
lab2 -~7 Although integrated spectrometers based on these 
technological innovations are not yet available commer- 
cially, the combination of CCD detectors, compact spec- 
trographs, and NIR lasers is beginning to emerge as a 
viable alternative to conventional spectrometers or FT- 
Raman systems. 19-22 

The purpose of this communication is to report two 
developments which enhance the utility of diode laser/ 
CCD Raman spectroscopy. The first is a flat field imaging 
spectrograph specifically designed for CCD Raman spec- 
troscopy. The second is a demonstration of a fiber-optic 
interface for the spectrograph, which permits rapid spec- 
tral acquisition from a variety of liquid and solid samples 
without any optical alignment between samples. 

EXPERIMENTAL 

The spectrograph was a bench-top prototype con- 
structed at Chromex from a modified 250IS imaging 
spectrograph. In addition to the toroidal mirrors, the 
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system differs from a conventional Czerny-Turner con- 
figuration by the addition of integral laser rejection fil- 
ter(s) preceding an internal entrance slit. Figure 1 shows 
a schematic drawing of the Raman spectrometer system. 
The toroidal mirrors correct for astigmatism, providing 
stigmatic imaging in a useful focal field of approximately 
25 mm x 8 mm. The definition of "useful field" used 
here is that  image deterioration either horizontally (af- 
fecting resolution) or vertically (affecting usable slit 
height) is smaller than 50 % of the central spot size. The 
Raman spectrograph is an f/4 system with a 250-mm 
focal length, and the 600 grooves/mm grating results in 
a reciprocal linear dispersion of 50/~/mm. Stated as Ra- 
man shift relative to a 783-nm laser, the dispersion is 69 
cm-1/mm at 850 nm or 1000 cm -1 Raman shift. Thus a 
CCD with 1152 pixels of 22.5 ~m width yields a dispersion 
of about 1.6 cm-1/pixel and a spectral coverage of about 
1800 cm -1 for a spectrum centered on 1000 cm -1. Obvi- 
ously the resolution and spectral coverage will depend 
on grating choice and/or slit width. 

The light source used for the experiments was a Li- 
conix Diolite diode laser with a wavelength of 783 nm 
operated at 15°C with an output of 30 mW. The diode 
laser was a turnkey system with an integral temperature 
controller, and was described previously. 2,14 An interfer- 
ence bandpass filter, BP, was placed after the laser fo- 
cusing lens with a peak transmission of 65 % at 783 nm 
and FWHM of 9 nm. The laser was coupled to a fiber- 
optic probe (C-Technologies) based on a previous design 11 
of a 200-um-diameter excitation fiber surrounded by two 
concentric circles of collection fibers; the inner most ring 
contained 6 fibers and the second ring contained 13 fi- 
bers. The collection fibers were all 200 ~m in diameter 
as well. 

The central fiber of the fiber optic probe was on a 
mount allowing fine adjustments for X, Y and Z to op- 
timize coupling of the laser. The 19 collection fibers were 
arranged in a linear array at the entrance slit image of 
the collection optics. The light from the sample passed 
through the collection optics, where it was collimated, 
and the Rayleigh light was rejected with the use of a 
band-rejection filter, BR (either a dielectric filter from 
Pomfret Research, Orange, VA, or a holographic filter 
from Kaiser Optical Systems, Ann Arbor, MI). The band- 
rejection filter has an optical density of at least 3.0 at 
the laser line, with ~75% transmission greater than 20 
nm away from the rejection wavelength. 

The CCD detector was a Photometrics (Tucson, AZ) 
EEVP88131 CCD array with an active area of 6 mm × 
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Fro. 1. Imaging Raman Spectrometer diagram. L1 is a focusing lens 
built into the diode laser, L2 and L3 are 25.4 mm [/4.0 plano convex 
lenses, liP is an interference bandpass filter; BR is a band rejection 
filter. The fiber-optic probe design is described in the text. 

25 mm.  T h e  q u a n t u m  efficiency for this device is 27 % 
to 5 % for the 0-3000 cm -1 R a m a n  shif t  range relat ive to 
a 783-nm laser. T h e  298 x 1152 a r ray  was electronically 
" b i n n e d "  so t ha t  the 298 vertical  pixels were s u m m e d  
before readout .  The  CCD was thermoelect r ica l ly  cooled 
to -40°C,  and  dark  counts  were rout inely  sub t rac ted  
f rom exper imenta l  spectra .  Unless no ted  otherwise,  no 
fur ther  smooth ing  or da ta  analysis was performed.  

R E S U L T S  A N D  D I S C U S S I O N  

An inherent  considerat ion for CCD R a m a n  spec t rom-  
eter  design is the  t rade-of f  of  wavelength  resolut ion and  
spectra l  coverage. Since the  n u m b e r  of CCD pixels along 
the  wavelength  axis is fixed, any  decrease in spectral  
resolut ion f rom a wider en t rance  slit or optical  aberra-  
t ions in the  spec t rograph  will also decrease the  effective 
n u m b e r  of  resolut ion elements .  Thus  it is essential  to 
minimize  optical  aber ra t ions  in the spec t rograph  while 
still providing adequa te  useful  focal field and  variable  
spect ra l  coverage. As the  aper tu re  rat io and  focal length 
of the  spec t rograph  are decreased to improve  sensi t ivi ty 
and  decrease physical  size, the task  of minimizing ab- 
er ra t ions  becomes more  difficult. T h e  p ro to type  Chro- 
mex  spec t rograph  employs  toroidal  coll imating and  fo- 
cusing mirrors  with a flat grating to minimize aberrations.  
Th is  approach  retains  access to the  wide range of grat ings 
avai lable commercia l ly  and  therefore  retains  flexibility 
in dispersion and  spectra l  region. For  the  case of  the  600 
g rooves /mm grating, the  spectra l  resolut ion is l inear with 
slit width  above a width  of 50 ~m, with the  expected  
slope of 69 cm-1 /mm at  850 nm. For  slits of less than  50 
~m, the  resolut ion is de te rmined  by  optical  aberrat ions,  
so t ha t  the  slit image is a m i n i m u m  of 40-~m wide over 
its entire 4 .5-mm height. Th is  corresponds to 2 pixels or 
3.2 cm -1 for the  600 g rooves /mm grating, bu t  can be 
var ied a t  will by using different  grat ing groove densities. 
Of  course, a larger slit width  also implies higher sensi- 
t ivity,  so one m u s t  be cognizant  of the  resolut ion/sen-  
si t ivi ty trade-off .  As a semiquant i t a t ive  resolut ion test,  
the  992-cm -~ band  of benzene was observed with a 600 
g rooves /mm grat ing and  very narrow ( <  20 ~m) ent rance  
slit, with the  CCD acting as a two-dimensional  detector .  
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FIG. 2. Spectra of neat benzene obtained with the device of Fig. 1 and 
about 10 mW of laser light at the sample. Spectrum A: probe immersed 
in benzene, 100 ms exposure time; B, same as A, but 10-s exposure: C, 
same as B, but the fiber probe was positioned against the outside of 
the cuvette containing benzene, and normal to its surface; D, same as 
B, but the fiber probe end was positioned 1 cm above benzene liquid 
level. B, C, and D are on same Y-axis scale; A was multiplied by 100. 

T h e  R a m a n  line covered 2-3 CCD pixels a t  F W H M  along 
the  wavelength  axis over  the entire slit height  of 4.5 mm.  
Since the  992-cm -1 band  has an inherent  l inewidth of 3 
cm -1, the  spec t rograph  is exhibit ing very close to the  
expected  optical  per formance ,  with predic table  t rade-  
offs of  resolution, sensit ivity,  and  spectra l  coverage. 

As po in ted  out  previously,  the  versat i l i ty  and  ease of  
use of  the  f iber-optic  sample r  resul t  f rom the fact  t ha t  
no optical  a l ignment  is required once the interface is 
aligned with the  spec t rometer .  The  user needs only to 
br ing the  distal  end of the  fiber optic probe  near  to or 
into the sample,  with no fu r the r  al ignment .  Thus  rapid  
sample  changes and  a var ie ty  of  sampl ing  geometr ies  are 
possible. T h e  pre l iminary  results  shown in Figs. 2 to 5 
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FIG. 3. Successive spectra of four samples obtained over a total period 
of two minutes. The exposure was 500 ms in all cases, and amplitudes 
were mathematically adjusted to be comparable. The probe was im- 
mersed in benzene and nitrobenzene, and positioned 2-3 mm above 
rhodamine and fluorene solids. 
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FIG. 4. Spectra of four common laboratory plastics, obtained with the 
fiber probe at 45 ° to the solid surfaee, 10-s exposures, -10-mW laser 
power at sample. The spectra were Fourier smoothed, and a sloping 
baseline was subtracted. 
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FIO. 5. Spectra of Dewars Scotch whiskey, obtained through its glass 
bottle. The spectra were Fourier smoothed and a sloping baseline was 
subtracted. See text for sampling details. 

demonstrate these points. Figure 2 shows four spectra 
of neat benzene obtained under various conditions. Spec- 
tra A and B were obtained with the probe immersed in 
the benzene contained in a conventional spectrophotom- 
eter cuvette. The signal-to-rms-background ratio in- 
creased from 107 for a 100-ms exposure time to 1300 for 
10 s. Obviously the high efficiency of the spectrometer/ 
CCD combination yielded high S/N spectra for short 
exposures and low laser power. Spectrum C was obtained 
by placing the fiber-optic probe directly against the out- 
side of the cuvette containing benzene, and D with the 
probe 1 cm above the liquid surface. Although the signal 
intensity is diminished somewhat, high-quality spectra 
were obtained without contact between the probe and 
the sample. 

Figure 3 illustrates rapid spectrum acquisition from 
four different samples. The probe was simply moved from 
one sample to the next, either immersed in liquids or 
placed ~ 3 mm above solids. The exposure time for each 
sample was 500 ms, and the total time for acquisition of 
four spectra was 2 min. Most of this time involved op- 
erator interaction with the computer and software over- 
head, so there is no significant reason why the total mea- 
surement time could not be reduced to less than 10 s per 
sample. An obvious application of this capability is rou- 
tine quality control or repetitive, on-line sampling of a 
production line. 

Figure 4 shows spectra of several transparent solids in 
use in the laboratory. In all cases the fiber probe was 
positioned on the solid surface at 45 °, which minimized 
backscattered laser light into the collection fibers (see 
below). An exposure time of 10 s yielded useful S/N. 
Figure 5 illustrates a simple example of spectral sub- 
traction which enabled acquisition of a spectrum of scotch 
whisky from outside its bottle. The upper spectrum was 
obtained by positioning the probe against and normal to 
the bottle surface where liquid was present, while the 
next spectrum was taken in the same way, except above 
the liquid level. The difference is the spectrum of the 
liquid only, with the spectrum for an immersed probe 

included for comparison. The five largest bands in the 
800-1500 cm -1 range are due to ethanol. 

The problem of background Raman scattering from 
the silica in the optical fibers has been noted, 9,~3,17 and 
was occasionally encountered here. If significant elastic 
scatter occurs at the sample (e.g., for a powder or turbid 
liquid), Raman scattering generated in the fibers can 
interfere with sample scattering. For most liquids the 
problem is negligible and can be avoided with most solids 
by orienting the probe at a non-normal angle. In cases 
where the silica scattering is severe, filters at the distal 
end of the fiber have been used to reduce the effect. ~7 In 
our experience with the current system, silica interfer- 
ence is usually avoidable, and was never a problem with 
clear liquid samples. 

Since the combination of diode lasers, CCD detectors, 
compact spectrographs, and fiber-optic sampling is quite 
new, there will undoubtedly be significant improvement 
in the future. Further development of the approach will 
be driven by the attractions of high-sensitivity, reduced- 
fluorescence interference, and ease of operation. 
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