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A new type of imaging Raman microscope is described. First the ad- 

vantages and disadvantages of the two possible approaches to Raman 

microscopy based on signal detection by means of a charge-coupled- 
device camera (i.e., direct imaging and image reconstruction) are dis- 

cussed. Arguments are given to show that in most cases direct imaging 

is to be preferred over image reconstruction, because it provides the 
desired information in less time. In the direct imaging Raman microscope 
presented in this communication, detection of scattered light occurs in 

a narrow interval around a fixed wavelength. Selection of the Raman 

wavenumber shift at which an image is recorded is established by tuning 

the wavelength of the exciting laser light in such a way that the wave- 
length of the Raman scattered light with the desired Raman shift co- 
incides with the detected wavelength. The microscope has been incor- 

porated in a Raman microspectrometer in a way that enables easy 

switching between the imaging and the multichannel spectroscopy modes 

of operation. Bright field, fluorescence, and Raman microscopic images 

can be obtained. 

Index Headings: Raman microscopy; Imaging; Charge-coupled device; 
Dye laser; Dielectric filters; Fluorescence microscopy. 

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

Raman spectroscopy is a versatile vibrational spec- 
troscopy, applied in research fields ranging from mate- 
rials sciences to molecular and cell biology. Raman mi- 
crospectrometers can probe samples with submicron 
spatial resolution, yielding information about chemical 
composition and molecular structure. 

In inhomogeneous samples it is often important to 
assess the spatial distribution of molecular species or 
structure. Examples are the molecular composition of 
bands and interbands of polytene chromosomes, 1 the dis- 
tribution of water and proteins in eye lenses, 2 and the 
precise subcellular location of carotenoids in cells? One 
way to address such questions is by means of Raman 
microscopy, i.e., imaging of an object in Raman scattered 
light. In a Raman microscope only a small part of the 
spectrum of the scattered light is used to form the im- 
age -namely ,  the part corresponding to a Raman shift 
characteristic for the type of molecule of which the spa- 
tial distribution in the sample is investigated. 

Such instruments are the Raman equivalent of the 
well-known fluorescence microscopes. The basic differ- 
ence from the instrumentational point of view is that 
Raman microscopy poses much higher demands with re- 
spect to the spectral bandwidth of the exciting light 
source, the spectral resolution of the emission detection, 
and the signal detection efficiency of the whole setup. 
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The more fundamental difference is of course that Ra- 
man imaging, in contrast with fluorescence imaging, pro- 
vides information about the chemical composition of a 
sample without the need for probes or labels. 

In 1975 Delhaye and Dhamelincourt were the first to 
construct a Raman microscope and to discuss a number 
of different approaches to Raman microscopy. 4 Their 
instrument was based on a grating monochromator for 
the selection of the desired Raman shift and an inten- 
sified video camera for image recording. 

The field of Raman imaging has seen a lot of activity 
lately, thanks to several technological developments. Not 
the least of these was the development of cryogenically 
cooled slow-scan charge-coupled device (CCD) cameras, 
which combine high quantum efficiency with virtually 
noiseless operation. A number of methods to achieve 
image formation on the basis of Raman scattered light, 
employing CCD-cameras for signal detection, have re- 
cently been reported)  -12 Basically two different ap- 
proaches can be distinguished: direct imaging and image 
reconstruction. The distinction between the two lies in 
the choice that is made of how to deal with the problem 
that the Raman signal is 3-dimensional (1 spectral and 
2 spatial  dimensions)  whereas the de tec tor  is a 
2-dimensional array. 

ANALYSIS OF RAMAN 
IMAGING A P P R O A C H E S  

Direct Imaging. In direct imaging methods a sample 
is globally illuminated. An image of the sample is formed 
on the CCD chip, based on light scattered by the sample, 
after the desired spectral component of the scattered 
light is filtered out. Examples of direct imaging Raman 
microscopes are the instrument developed by Batchelder 
e t  a l . )  employing a dielectric narrow-band transmission 
filter for Raman shift selection, and the instrument of 
Treado e t  al. ,  G which utilizes an acousto-optical tunable 
filter. Our own design, presented in this communication, 
is also based on filtering the Raman scattered light by 
means of a dielectric narrow-band transmission filter. 

In many (e.g., biological) applications, samples are vul- 
nerable to laser-light-induced damage. This problem 
limits the allowable laser light intensity on the sample. 
The advantage of the direct imaging method is that  the 
total available laser power is distributed over the entire 
sample, so that  in principle each spatially resolved po- 
sition of the sample can be illuminated and analyzed 
simultaneously with maximum allowable laser light in- 
tensity. In the following discussion, this will be referred 
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to as the power distribution advantage of the direct im- 
aging method. 

The disadvantage of direct imaging is of course that  
spectral information is lost. In order to obtain a Raman 
image at a different wavenumber shift (e.g., in order to 
obtain information about the spatial distribution of a 
second chemical component of the sample), a new mea- 
surement is necessary. 

Image Reconstruction. In the image reconstruction 
methods, full spectral information for each point of the 
sample is maintained, sacrificing one dimension of spa- 
tial information. Therefore multiple measurements (as 
many as the desired number of pixels in this spatial 
dimension) have to be carried out before an image is 
obtained. The advantage is that, after all measurements 
have been made, an image of the sample can be recon- 
structed at any desired wavenumber shift. 

L i n e  I l l u m i n a t i o n .  The simplest of these methods is 
line illumination of a sample and scanning the sample 
through this line. This approach has been used by Bow- 
den et  al. 7 and by Barbillat et al. 8 For each scan position 
of the sample a Raman measurement is made. One di- 
mension of the CCD chip is used for spatial information 
(along the line of illumination); the other dimension is 
used to record spectral information. After the whole sam- 
ple is scanned through the illumination line, complete 
spectral information from every point of the object is 
obtained, and images of the sample can be generated at 
any desired wavenumber shift. 

However, unless many images at different Raman shifts 
are needed, this approach is much slower than the direct 
imaging approach. Operating with the maximum allow- 
able laser light intensity on the sample implies that  the 
total laser power on the sample with the use of line il- 
lumination is lower than in the direct imaging methods 
by a factor equal to the ratio of the illuminated areas in 
both cases. Taking, for example, the situation in which 
100 pixels of spatial information are needed in the sample 
scan direction implies that  the total laser power on the 
sample with the use of line illumination is two orders of 
magnitude lower than in a direct imaging method. This, 
in turn, means that  in order to image a sample at a 
particular wavenumber, signal collection times must be 
two orders of magnitude larger for the line illumination 
method than for direct imaging methods in order to ar- 
rive at the same signal-to-noise ratio. 

H a d a m a r d  T r a n s f o r m  R a m a n  Microscopy .  In a recent 
series of papers Treado et  al. 9-H and Liu et  al. 12 described 
a Hadamard transform Raman microscope. This instru- 
ment also provides Raman images by means of image 
reconstruction. The sample is globally illuminated with 
laser light. One spatial dimension of the (2-dimensional) 
image of the sample is encoded with a mask (1D-mul- 
tiplexing) after which the image is compressed to one 
dimension (a line). This line is focused onto the entrance 
slit of a stigmatic Raman spectrometer, as in the case of 
line illumination described above. Performing Raman 
measurements with linearly independent encodings en- 
ables one to retrieve the compressed spatial information 
by suitably adding and subtracting the results of the 
different measurements. The number of Hadamard mask 
elements used to encode the compressed spatial dimen- 
sion determines the number of pixels that  are obtained 

after reconstruction of this spatial dimension and de- 
termines the number of measurements needed to retrieve 
this information. Therefore, the same number of mea- 
surements is needed in Hadamard transform Raman mi- 
croscopy as in the line illumination method in order to 
reconstruct an image with the same number of pixels. In 
both cases full spectral information is obtained for each 
image pixel. 

It has been claimed, however, that  due to the spatial 
multiplexing in Hadamard transform Raman microsco- 
py, the amount of time needed for the measurements 
can be significantly reduced2 -12 As in the direct imaging 
methods, the sample is globally illuminated, so that  the 
total laser power on the sample can be much higher than 
in the line illumination method, leading to higher signal 
intensity levels. 

However, there exists no physical ground for the claim 
that  this method would lead to better signal-to-noise 
ratios and, consequently, reduce signal collection times. 
It is well known that  when the signal-to-noise ratio in a 
measurement is photon-noise (shot-noise) limited, Fou- 
rier or Hadamard transform techniques do not lead to a 
multiplex advantage. 13,14 In other words, under condi- 
tions of photon-noise-limited signal detection, consecu- 
tive scanning of channels yields the same signal-to-noise 
ratio in the same amount of time as would be obtained 
by multiplexing the channels. This point applies of course 
to spatial as well as to spectral multiplexing. 

In the Hadamard  t ransform Raman microscope, 
1-dimensional spatial multiplexing is applied and a cryo- 
genically cooled CCD camera is used for signal detec- 
tion2 -~2 Signal detection by such a camera is essentially 
photon-noise limited because the amount of detector noise 
added to the signal is negligible in virtually any situation 
(dark current is of the order of 1 electron per pixel per 
hour; read-out noise in the models commercially avail- 
able at this moment can be as low as 3 to 4 electrons or 
less, 1 electron equalling 1 detected photon). Therefore 
the spatial multiplexing would not be expected to lead 
to an improvement in signal-to-noise ratio (or reduction 
of signal collection times). This observation is illustrated 
below. 

Comparison of Signal-to-Noise Performance of Raman 
Imaging Approaches. Due to the very low signal levels 
usually encountered in Raman experiments, the single 
most important criterion for the choice of a particular 
method is the total signal collection time needed to ob- 
tain an image of sufficient signal-to-noise ratio. 

Below we derive expressions for the signal-to-noise 
ratio obtained for direct imaging Raman microscopy, line- 
scanning Raman microscopy, and Hadamard transform 
Raman microscopy. These derivations will be based on 
a simple model and will serve to make a quantitative 
comparison of the performance of the different methods 
under different experimental conditions. 

Model .  Assume that  one wants to measure the inten- 
sity of the Raman signal at M different wavenumber 
shifts for the N pixels of a 1-dimensional object by means 
of a 1-dimensional detector array. (This situation of 1-D 
Raman imaging by means of a 1D detector is of course 
identical to the case of 2D Raman imaging by means of 
a 2D detector. In both cases one spatial dimension or the 
spectral dimension has to be either scanned or encoded. 
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Fro. 1. Direct imaging and image reconstruction approaches to Raman 
microscopy: (A) Direct imaging. The object is globally illuminated with 
laser light. One wavenumber interval in the spectrum of the scattered 
light is selected, and an image of the object is formed on the basis of 
the intensity of the light scattered in this interval. (B) Image recon- 
struction after scanning the object pixel by pixel. In each measurement 
one pixel is illuminated with laser light. For every pixel a complete 
Raman spectrum is recorded. (C) Hadamard transform microscopy. 
The object is globally illuminated with laser light. A mask blocks the 
light scattered by about one half of the pixels. The spatial direction, 
encoded in this way, is compressed to a single point, of which the 
complete Raman spectrum is recorded. In order to reconstruct an image 
of the object consisting of N pixels, N measurements with linearly 
independent encodings are necessary. 

The results will therefore directly apply to the case of 
2D imaging.) There are three possible methods (see Fig. 
1): (1) global illumination + signal detection at one wave- 
number shift (Fig. 1A), repeated M times; (2) point- 
illumination + complete Raman spectrum recording for 
all N pixels separately (Fig. 1B); or (3) global illumina- 
tion + complete Raman spectrum recording after (Hada- 
mard) encoding of the spatial information at N different 
settings of the encoding mask (Fig. 1C). 

In each of the three methods, let every pixel be illu- 
minated with the maximum allowable laser intensity (i.e., 
in method 2 the total laser power on the sample will be 
N times lower than in the other two methods). In order 
to keep the derivation of the signal-to-noise ratio for the 
three methods simple and transparent it is assumed that  
a pixel contributes either a Raman signal S or no Raman 
signal at all (see Fig. 2A). The fraction a of pixels con- 
taining Raman signal is included in the calculations. Also 
included are a readout-noise R and the fact that  a back- 
ground signal B--assumed to be the same for all pixels 
(e.g., due to buffer and substrate signal contributions in 
biological cell measurements)--to the Raman signal may 
be present, which has to be subtracted (Fig. 2B). It is 
furthermore assumed that  when images are to be re- 
corded at different wavenumber shifts (i.e., M > 1), the 
Raman signal S and the fraction of pixels containing 
Raman signal are the same for the different wavenumber 
shifts. 

(1) Pixel Scanning. Suppose that  a total period of time 
of To seconds is available for the measurements (i.e., 
To/N seconds for each pixel). We will define the Raman 
signal S and background signal B as the signals obtained 
from a pixel in To/N seconds. In order to obtain a Raman 
image at a certain wavenumber shift k, the background 
signal, e.g., determined at a wavenumber shift k + Ak, 
has to be subtracted. The following expressions for signal 
and rms noise are then obtained for the image pixels: 

For a pixel containing Raman signal: 

signal: (S + B) - B = S (1) 

rms noise: x/(S + B) + B + 2R 2 (2) 

signal-to-noise ratio S/~/S + 2B + 2R 2. (3) 

The noise for a pixel not containing Raman signal be- 
comes: 

rms noise: ~/2B + 2R 2. (4) 

(2) Hadamard Transform. The available time To is 
again divided over N measurements (one at each setting 
of the Hadamard encoding mask. S and B are defined as 
under point 1. It is assumed that  on average the mask 
blocks the signal of half of the object pixels. 

The following estimation of the signal-to-noise ratio 
for a pixel i containing Raman signal can then be made: 
Of the total of N measurements there will be N/2 mea- 
surements with a signal contribution of pixel i. On av- 
erage the total signal of a measurement containing a 
contribution from pixel i will furthermore consist of sig- 
nal (Raman and/or background) contributions of (N/2 
- 1) other pixels. 

If a fraction a of all pixels contains Raman signal, then, 
again on average, a fraction (aN - 1)/(N - 1) of these 
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(N/2  - 1) other pixels will contribute Raman signal. 
Therefore the total Raman + background signal in each 
of the N / 2  measurements that include a signal contri- 
bution of pixel i amounts to: 

( a N - l ) ]  
S ×  1 + ( N / 2 - 1 )  × ~ - _ - ~ - j  

contribution contribution 

pixel i (N/2  - 1) 
other pixels 

+ B x [1 + (N/2 - 1)] (5) 

contribu- contribution 
tion (N/2  - 1) 

pixel i other pixels 

and the signal of all these N / 2  measurements added to- 
gether gives: 

{ [ N / 2  x S x 1 + ( N / 2 -  1) x ~ - 

+ B x [1 + (N/2  - 1)]/. (5a) 
] 

Now, it is clear that the result of the Hadamard back- 
transformation needed to reconstruct the signal of pixel 
i is the subtraction of all signal of Eq. 5a that is not 
contributed by pixel i. Raman + background signal from 
pixel i (at wavenumber shift k): 

N / 2  x S x 1 + ( N / 2 -  1) x ~ _ -  

+ B  x [ 1 +  ( N / 2 -  1)] / 
) 

(term A) 

( a N -  1) 
- N / 2  x S x ( N / 2 - 1 )  x (N-I) 

(term B) 

= N / 2  x (S + B) 

Since the A-term and B-term in Eq. 6 are the results of 
independent measurements (namely, measurements with 
a contribution from pixel i and measurements without a 
contribution of pixel i, respectively), the expression for 
the rms noise of pixel i becomes: 

rms noise: 

~/(term A) + (term B) + N x R 2 

B x ( N / 2 -  1)} 

(6) 

+B x (N- I) +N x R 2 . (7) 

The determination of the background signal contribution 

to pixel i (at wavenumber shift k + Ak) proceeds along 
the same lines: 

background signal pixel i: 

B x N / 2  x [1 + ( N / 2 -  1)] 

- B x N / 2  x ( N / 2  - 1) = B  x N / 2  (8) 

1 2 
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FIG. 2. Illustration of the model used to compare the performance in 

terms of signal-to-noise for different Raman imaging methods. (A) A 
1D object is assumed, consisting of N pixels. Each pixel has a back- 
ground signal B and a fraction a of the pixels contains a Raman signal 
S. (B) The background signal contribution to the total signal is deter- 
mined as shown in this carotenoid spectrum. S + B is determined in 
the wavenumber interval covering the Raman line used for obtaining 
a Raman image; B is determined in a wavenumber interval close to 
this Raman line. S is found by simple pixel-by-pixel subtraction of the 
two images thus obtained. 

rms noise: 

x / N / 2  x ( N -  1) x B + N x  R 2. (9) 

From Eqs. 6, 7, 8, and 9 then follow the expressions for 
the Raman signal obtained from pixel i and the noise on 
this signal: 

Raman signal pixel i: 

(6) - (8 )=  S x N / 2  (10) 

rms noise: ( {E (a -1)1 t ~,/(7) 2 + (9) 2= N / 2  x S x a N  ~ - _ -  ~ . ]  + 2B x ( N -  1) + 2N x R 2) . (11) 
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For N >> 1, Eq. 11 becomes: 

rms noise: k/(N2/2) x (aS + 2B) + 2N x R 2. (12) 

Finally from Eqs. 10 and 12 follows the expression for 
the signal-to-noise ratio: 

S/~/2aS + 4B + 8R2/N (13) 

(3) Direct Imaging. The Raman signal S and back- 
ground signal B are defined as under points I and 2 above. 
In order to obtain a Raman image at a wavenumber shift 
i, two measurements ml and m2 are necessary: ml at 
wavenumber shift i and m2 at i + Ai in order to determine 
the background signal level. Subtraction of the second 
measurement from the first yields the desired Raman 
image. When M images have to be made, for each image 
To/M seconds are available. This leads to the following 
signal-to-noise ratio for each of the M images: 
For pixels containing Raman signal: 

signal: 

m l  - m 2 =  (S + B) x N / 2 M  - (B) x N / 2 M  

= S x N / 2 M  (14) 

rms noise: 

X/ml + m2 + 2R 2 = ~,/(S + 2B) x N / 2 M  + 2R 2 (15) 

signal-to-noise ratio: 

S x k /N/2M/N/S  + 2B + 2R 2 x 2M/N. (16) 

For pixels not containing Raman signal, only noise re- 
mains: 

rms noise ~/(B x N ) / M  + 2R 2. (17) 

Comparison of Eqs. 3, 13, and 16 for the signal-to-noise 
ratios of the different Raman imaging methods already 
gives a good insight into the performance characteristics 
of the different methods. 

Under the condition that R << S ÷ 2B, which is usually 
met when one is utilizing a cryogenically cooled CCD 
camera, the points discussed below become clear. 

(1) Comparison of Direct Imaging and Pixel Scan- 
ning. The direct imaging method yields a signal-to-noise 
ratio higher than that for the pixel-scanning method by 
a factor V / N - ~ .  This means that, until the number of 
different images M that need to be recorded is bigger 
than the number of pixels in the scanned spatial dimen- 
sion divided by two, the direct imaging method is to be 
preferred. In order to have a reasonably large field of 
view and good spatial resolution, N will in general be on 
the order of 100 or larger. On the other hand, it is not 
easy to imagine many useful applications for which M 
> 50 (thus far there is no mention of such applications 
in the literature). Therefore in (most) practical situa- 
tions, direct imaging will perform better than pixel-scan- 
ning. 

(2) Comparison of Direct Imaging with Hadamard 

Transform Microscopy. This comparison is a little more 
complex. In the Hadamard transform method, the Ra- 
man signal shot-noise contribution to the total noise de- 
pends on a, the fraction of pixels containing Raman sig- 
nal (see Eqs. 12 and 13). This is caused by the fact that 
the signal shot noise is equally distributed over all pixels 
(in fact expression 12 is valid for all pixels, whether or 

not they contain Raman signal). Therefore, in those cases 
where the background signal B does not dominate the 
Raman signal S, this effect leads to an improvement in 
the signal-to-noise ratio, for pixels containing Raman 
signal. 

In order to compare the performance of the direct 
imaging method (signal-to-noise ratio depends on S, B, 
R, N, and M) and the Hadamard transform method (sig- 
nal-to-noise ratio depends on S, B, R, N, and a), calcu- 
lations were made. The signal-to-noise ratio was calcu- 
lated for both methods taking N = 100 and R = 4 (4 
electrons, equaling 4 detected photons) and for signal 
levels S of 1, 10, 100, and 1000 detected photons. The 
signal-to-background ratio S/B was varied between 0.2 
and 10 (stepsize 0.2). The number of images M was varied 
between 1 and 40 (stepsize 1). The fraction of Raman 
signal containing pixels a was varied between 0.02 and 
1 (stepsize 0.02). 

The results of these calculations are shown in Figs. 3 
and 4. Figures 3A-3H show how the signal-to-noise ratio 
depends on S/B and M for direct imaging and S/B and 
a for the Hadamard method. 

In Figs. 4A-4D is shown in which part of the (S/B, a, 

M)-space the signal-to-noise ratio of the direct imaging 
method is higher than that obtained by the Hadamard 
transform method. It illustrates convincingly that only 
in a limited number of cases (small a, large S/B, and 
large M) does the Hadamard transform method outper- 
form direct imaging. From the trend that, with decreas- 
ing Raman signal level S, the part of the (S/B, a, M)- 

space occupied by the Hadamard transform method 
grows, because the influence of the detector readout- 
noise grows, it might appear that for very low signal levels 
this method will ultimately be the best choice. However, 
from Fig. 3E it follows that, at these very low signal levels, 
signal-to-noise ratios < 1 are obtained, which are not of 
much practical use. 

(3) Comparison of the Hadamard Transform and the 
Pixel-scanning Method. Comparison of Eqs. 3 and 13 
shows that the classical multiplexing advantage of the 
Hadamard transform method exists only if the readout- 
noise R is the dominating noise term. As was illustrated 
above, this situation occurs only under conditions that  
are not of much practical use, when a liquid nitrogen- 
cooled CCD camera is used for signal detection. The 
second "advantage" of the Hadamard transform method 
is that the Raman signal shot noise is equally divided 
over all pixels. This advantage will be present especially 
then when a is small and S/B large. In that case, the 
Raman signal shot noise term will dominate in Eq. 3, 
while in Eq. 13 it may still be small. However, the noise 
level for the pixels that  do not contain Raman signal is 
in the Hadamard transform method partly determined 
by the signal S of the pixels that do contain Raman signal. 
This factor negatively influences the dynamic range of 
the method, because this will make it harder to detect 
the signal of pixels with a small Raman signal in the 
presence of pixels with a strong Raman signal. It there- 
fore depends on the precise application whether or not 
this second "advantage" is really an advantage. 

From these considerations it follows that, in terms of 
signal-to-noise ratio (or measuring time needed to obtain 
the desired images with a certain signal-to-noise ratio), 
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aging R a m a n  microscopy (depending  on S/B and  M)  and  H a d a m a r d  
t r an s fo rm  R a m a n  microscopy (depending  on S/B and  a), for four dif- 
fe rent  values  of  the  R a m a n  signal  s t r eng th  S. T h e  n u m b e r s  in the  
figures are the  s ignal- to-noise  values  of  the  iso-signal- to-noise curves 
drawn• (A-D)  Direct  imaging R a m a n  microscopy: (A) S = 1 pho ton  
per pixel per To/N s; (B) S = 10 pho tons  per pixel per To/N s; (C) S 
= 100 pho tons  per pixel per To/N s; (D) S = 1000 pho tons  per  pixel 
per To/N s. ( E - H )  H a d a m a r d  t r ans fo rm R a m a n  microscopy: (E) S = 
1 pho ton  per  pixel per To/N s; (F) S = 10 pho tons  per pixel per  To/N 
s; (G) S = 100 pho tons  per pixel per  To/N s; (H) S = 1000 pho tons  
per pixel per To/N s. 
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FIG. 4. Graphical presentation of a calculated comparison of the signal-to-noise ratios obtained by direct imaging Raman microscopy and 
Hadamard transform Raman microscopy for four different values of the Raman signal strength S. The enclosed part of the (S/B, a, M)-cube 
denotes the (S/B, a, M)-space in which the direct imaging method performs better than the Hadamard transform method. It can be seen that, 
with increasing signal strength S, the part of the (S/B, a, M)-space where the Hadamard transform method performs better (i.e., the excluded 
part of the cube) becomes smaller. (A) S = 1 photon per pixel per To/N s; (B) S = 10 photons per pixel per To/N s; (C) S = 100 photons per 
pixel per To/N s; (D) S = 1000 photons per pixel per To/N s. 

direct imaging methods will in almost all practical cases 
outperform image reconstruction methods. Comparing 
the two image reconstruction methods, it is furthermore 
evident that, when one is using a slow-scan CCD camera 
for signal detection, the Hadamard transform method 
does not offer a general advantage over the line-scanning 
method. One exception may be the experiment in Ref. 
11 where a carbon electrode sample needed 15 min of 
thermal equilibration in the laser light prior to the mea- 
surements. With the use of line-scanning for each new 
line, this thermal equilibration would take 15 min. This 
observation, however, points out another advantage of 
global illumination rather than a specific advantage of 
Hadamard transform imaging. 

Changing the parameters of the model used for the 
calculations (e.g., B not equal for all pixels, but  only 
present for Raman signal containing pixels, larger R or 
smaller N), which may be more appropriate for modeling 
some practical situations, changes the details of the re- 

1 2 6 2  V o l u m e  47 ,  N u m b e r  8, 1 9 9 3  

sults. But  the general picture-- that  in most cases direct 
imaging is to be preferred--will remain the same. 

An advantage of the image reconstruction methods 
that has not yet been mentioned is that the decision of 
precisely how to integrate the intensity of a Raman line 
and how to determine the amount of background signal 
that  has to be subtracted can be made after the mea- 
surements have been collected, because for every pixel 
a complete Raman spectrum is recorded. This approach 
is not possible in the direct imaging methods. 

On the other hand, the direct imaging methods have 
the advantage that the signal integration time can be 
adjusted for each individual Raman image, depending 
on how intense the Raman signal is at a certain wave- 
number shift. In the image reconstruction methods the 
total measuring time has to be adjusted in such a way 
that, even at the wavenumber shift at which the Raman 
signal is lowest, a good image is obtained. 

Additional disadvantages of the Hadamard transform 
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me thod  are t ha t  mask  defects  and mask  posit ioning er- 
rors can arise, which degrade image quality.  1°,~5 

Of course, the  power d is t r ibut ion advantage  of direct  
imaging microscopes is uti l ized only if samples  are vul- 
nerable  to laser- l ight- induced damage,  when one is line- 
focusing all available laser power onto the sample.  How- 
ever, in biological appl ica t ions  (e.g., the imaging of cells 
and  chromosomes)  which are the focus of our a t tent ion,  
this will usually be the  case. 

Because of the considerat ions given above we have 
ini t ia ted the deve lopmen t  of sensit ive direct  imaging Ra- 
m a n  microscopes.  

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

A direct  imaging R a m a n  microscope was built,  with 
high spat ia l  and spectra l  resolution and  efficient signal 
detect ion (Fig. 5). The  key e lements  of the design are a 
na r row-band  dielectric t ransmiss ion  filter (Omega 0 p -  
tical, Inc., Bra t t leboro ,  VT; F W H M  of t ransmiss ion  band  
= 0.5 nm)  and an argon-ion laser p u m p e d  tunable  dye 

laser (Spectra-Physics ,  Model  375 B). The  filter is used 
to select one wavelength  interval  f rom the spec t rum of 
the  light t ha t  is sca t te red  by the object  (Fig. 6). A R a m a n  
image can be recorded a t  the  desired R a m a n  shif t  by  
tuning the  wavelength  of the dye laser in such a way tha t  
the wavelength  of the R a m a n  sca t te red  light of the  de- 
sired wavenumber  coincides with the  wavelength  of the  
t ransmiss ion  band  of the  na r row-band  dielectric filter. 

T h e  dye laser is opera ted  with D C M  (4-dicyanometh-  
y l e n e - 2 - m e t h y l - 6 -  [ ( p - d i m e t h y l a m i n o ) s t y r y l ] - 4 H - p y -  
ran).  The  laser wavelength  is t uned  between 630 and  690 
nm by  means  of a compu te r  (PC-XT)-con t ro l l ed  s t epper  
moto r  (Maerzhauser  EK-32) ,  a t t ached  to the birefrin- 
gent  filter of the dye laser. Two dielectric na r row-band  
t ransmiss ion  filters (711 n m  and 735 nm) have been used 
in this work, bo th  with a peak  t r ansmi t t ance  of 60%. 
T r a n s m i t t a n c e  outside the pass band  is < 10 -3 (from UV 
to > 1000 nm).  The i r  t ransmiss ion  bandwid th  of 0.5 nm 
( F W H M )  provides a spect ra l  resolut ion of 10 cm -1. 

The  sample  is globally i l luminated.  In order to obta in  
an homogeneous  i l luminat ion,  the  object  is rapidly  
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FIG. 6. Illustration of the principle of selecting a wavenumber interval 
for Raman imaging. The wavelength of the laser light is tuned to make 
the wavelength of the desired Raman band coincide with the trans- 
mission band of the dielectric narrow-bandpass filter (NBF). DM = 
dichroic mirror. X in nm. 

scanned with a focused laser beam. To this end, two 
scanning mirrors (Philips, Type 4822 380 20118) are 
placed near the conjugate plane of the entrance pupil of 
the objective, so that during the scan the objective ap- 
erture is completely filled without loss of laser power on 
the sample (method described in Ref. 16). Both mirrors 
are driven with triangular waveforms, one at a frequency 
of 30 Hz, the other at 0.5 Hz. Since there is no phase 
relation between the movements of the two mirrors, be- 
cause independent drivers are used, an effectively ho- 
mogeneous illumination is obtained after a few complete 
scans of the object, i.e., in a period of time that is short 
compared with the duration of the measurements. Unless 
nonlinear effects play a role, the same laser power can 
be used that is used when the sample is globally illu- 
minated with a defocused laser beam (which, however, 
gives rise to a Gaussian instead of a homogeneous inten- 
sity distribution in the object plane). 

A dielectric dichroic mirror (produced in the thin-film 
laboratory of our department) is used to optically couple 
the microscope with the detection arm of the setup. Its 
filter characteristics (Fig. 7) are such that, in the wave- 
length interval covered by the dye laser, it has a high 
transmittance (i.e. ~95 % in the wavelength interval 620 
to 690 nm; the laser light is p-polarized). Above 690 nm, 
reflection (for p-polarization) steeply rises to > 98 %. 

Laser light suppression in the detection arm is accom- 
plished by a set of Raman holographic edge filters (center 
wavelengths: 660, 670, 680, and 690 nm, obtained from 
Physical Optics Corp., Torrance, CA, and Kaiser Optical 
Systems, Inc., Ann Arbor, MI) held in a filter wheel, so 
that, for each laser wavelength, the right filter can be 
quickly installed. For laser wavelengths <660 nm, an 
anti-reflection-coated color-glass cutoff filter (RG 695, 
Schott, Tiel, The Netherlands) is used. Total laser light 
suppression by dichroic mirror, holographic edge filter, 
and dielectric narrow-band transmission filter is > 109 at 
any laser wavelength, between 630 and 690 nm. 

The signal detection efficiency of the setup is such that, 
of all the photons scattered within the solid angle of 
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Fro. 7. Transmission spectrum of the dichroic mirror used to optically 
couple the microscope and the spectrometer: ( ) p-polarization; 
( . . . . .  ) s-polarization. Indicated in the figure are the positions of the 
transmission band of the dielectric narrow-bandpass filters used in this 
work (711 and 735 nm), the tuning range of the dye laser (laser light 
p-polarized), and the fluorescence excitation and emission bands. 

collection of the microscope objective and at the trans- 
mission wavelength of the dielectric narrow-bandpass 
filter, ~15% will be detected by the slow-scan liquid 
nitrogen CCD camera (Model AT1 equipped with an 
English Electric Valve P8603 CCD chip, Wright Instru- 
ments Ltd., Enfield, U.K.). This figure includes all re- 
flection and transmission losses in the setup as well as 
the ~40% quantum efficiency of the (front illuminated) 
CCD chip. 

In most applications a × 63 microscope objective (Zeiss 
Plan Neofluar, numerical aperture 1.2, water immersion) 
is used. At the signal detection wavelengths (711 or 735 
nm) the diffraction limit of the spatial resolution is, 
therefore, according to Abbe's rule ~0.35 #m. The total 
magnification of the image of the CCD camera is × 190. 
The pixel size of the CCD chip is 22 × 22 ttm< Therefore, 
the object is sampled with 8-9 pixels/t~m, preventing 
deterioration of spatial resolution. 

The in-base illumination system of the microscope 
frame is used for obtaining bright field microscopic im- 
ages. 

The reflection peaks in the dichroic mirror transmis- 
sion spectrum at lower wavelengths (Fig. 5) enable in- 
corporation of an epi-illumination fluorescence micros- 
copy option (Fig. 5). When the setup is used in 
fluorescence mode, mirror M3 is inserted in the path of 
the laser beam directing light from the Hg-lamp towards 
the sample. A cutoff color-glass filter (OG 515, Schott, 
Tiel, The Netherlands) in filter wheel 1 is used to sup- 
press fluorescence excitation light from the Hg-lamp. 
Filter wheel 2, containing the dielectric narrow-bandpass 
filters, is turned to an empty position. In this work the 
epi-illuminescence arm and Hg-lamp of a Nikon Opti- 
phot fluorescence microscope were used together with a 
420-490 nm excitation filter and a dichroic mirror (DM 
510) for blue fluorescence excitation. 

The Raman/fluorescence/bright field imaging setup is 
incorporated in a Raman microspectrometer, described 
previously (Refs. 1 and 17), enabling easy switching be- 
tween imaging mode and multichannel microspectros- 
copy mode (Fig. 5). 
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FIG. 8. (A) Bright field image of boric acid (left) and calcite (right) 
crystals. Bar denotes 20 #m. The part  of the sample tha t  was illumi- 
nated with laser light is indicated. (B) Raman image showing only boric 
acid crystal (image recorded at 879 cm -1 minus background image 

The wavenumber calibration of the Raman microscope 
is carried out with the setup in spectrometer mode. The 
in-base illumination system of the microscope is switched 
on to produce a white light spectrum. With the dielectric 
narrow-bandpass filter in place, the spectrum recorded 
by the CCD camera is a single narrow line (FWHM 10 
cm-1), indicating the position on the camera of the wave- 
length transmitted by the filter. The number Nmax of the 
detector channel with highest signal intensity is noted. 
Then the dielectric narrow-band filter is removed, and 
a Raman spectrum of a sample of indene recorded. The 
position of the stepper motor, driving the birefringent 
filter of the dye laser, is adjusted until one of the indene 
Raman lines coincides with channel Nmax. The stepper 
motor position with the corresponding Raman wavenum- 
bet shift is then stored in the computer memory. This 
procedure is repeated for at least five lines in the spectral 
interval of interest. After that, a third-order polynomial 
is fitted through these points, with a least-squares meth- 
od applied. 

After the calibration procedure, the setup is returned 
to the imaging mode. The desired wavenumber shift of 
the Raman image can be fed into the computer, after 
which the stepper motor tunes the birefringent filter of 
the dye laser to the correct position. The dye laser wave- 
length can be tuned in steps of 0.6 cm -1 and with a 
reproducibility of ~2 cm-L 

With the use of DCM, the dye laser can be tuned over 
a relatively wide wavelength interval. The maximum of 
the DCM efficiency curve lies at about 655 nm, while 
still 30 % of the maximum efficiency is obtained at 630 
and 690 nm. Tuning the laser between 630 and 690 nm 
implies tuning of the Raman microscope over a wave- 
number range of about 1350 cm-L This range can be 
extended by enabling signal detection at more than one 
wavelength, with the use of a number of dielectric nar- 
row-bandpass filters with different transmission bands 
(e.g., one filter with a center wavelength of 711 nm and 
one of 785 nm would make it possible to obtain Raman 
images at any wavenumber between 450 and 3100 cm-1). 

RESULTS AND DISCUSSION 

Batchelder et al2 were the first to employ dielectric 
narrow-band filters in a Raman microscope. Their design 
is based on angle tuning of the dielectric filter in order 
to select a particular wavenumber shift for imaging. Our 
design has several advantages, however, because it avoids 
a number of anomalous effects encountered when a di- 
electric bandpass filter is used under conditions of non- 
normal light incidence. 

The filter transmission wavelength X(0) depends on 
the angle 0 the incident light makes with the normal of 
the filter surface according to: ~ 

r e c o r d e d  a t  8 5 0  c m  1). C o n d i t i o n s  fo r  i m a g e  m e a s u r e m e n t s :  l a s e r  p o w e r  
o n  s a m p l e :  12 m W  ( l a s e r  i n t e n s i t y :  ~ 3 0 0  W / c m 2 ) ;  s i g n a l  i n t e g r a t i o n  
time: 600 s; × 10 Spindler and Hoyer microscope objective (numerical 
aperture: 0.25). (C) Raman image showing only calcite crystal (1084 
cm -l image minus 1060 cm -1 background image). Measuring condi- 
tions: see B. (D) Raman spectrum of boric acid. (E) Raman spectrum 
of calcite. 
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FIG. 9. (A) Bright field image of human lymphocyte (isolated from peripheral blood by standard density centrifugation methods). Bar denotes 
5 ttm. Arrows indicate location of carotenoids (Fig. 7B). (B) Raman image obtained with microscope tuned to 1525 cm -1 carotenoid -C=C- 
stretching line (1500 cm -1 background image subtracted). Cell in phosphate buffered saline on fused-silica substrate. Total laser power on sample: 
25 mW (intensity: - 2  x 104 W/cm2); signal integration time: 150 s; x 63 Zeiss Plan Neofluar water immersion objective (numerical aperture: 1.2). 

~v/(n2 -- sin20) 
X(O) = X x (18) 

n 

(n: effective index of refraction). 

First, light coming from different parts of the object 
passes the dielectric narrow-bandpass filter under slight- 
ly different angles 0 (vignetting). Therefore different parts 
of the object are imaged at different wavenumber shifts, 
leading to a spectrally inhomogeneous image. This effect 
is much stronger when the filter is used with non-normal 
light incidence, than under conditions of normal light 
incidence. In our setup, with the use of a x 63 microscope 
objective, spectral inhomogeneity for a 50-~m field of 
view is < 1 cm -I, which in principle enables one to obtain 
images with a spectral resolution of a few wavenumbers. 
With the use of, instead, a filter tuned 10 ° away from 
normal incidence, spectral inhomogeneity would be > 20 
am -1. This observation implies that, in the angle tuning 
method, either the field of view has to be kept very small 
or spectral resolution (determined by FWHM of the filter 
transmission band) has to be sacrificed. 

Second, for 0 > 0, the transmission bands for p- and 
s-polarized light diverge? s This means that  different 
wavenumber intervals are transmitted for p- and s-po- 
larized Raman scattered light. With a polarizer one of 
the two needs to be blocked, thereby reducing signal 
detection efficiency. This loss of signal is avoided in our 
setup. 

Signal detection efficiency and spectral resolution in 
the filter angle tuning method are furthermore degraded 
by the fact that, for dielectric narrow-band transmission 
filters, peak transmission usually decreases and trans- 
mission bandwidth increases with increasing 0. 

The Raman microscope, described by Treado e t  al . ,  6 

which is based on filtering Raman scattered light by an 
acousto-optical tunable filter, also has the disadvantage 
that  only one polarization component of the scattered 
light can be used and that  spectral resolution is low (~ 50 
a m  1). 

In Figs. 8-10 a number of examples are given that  

illustrate the possibilities of our Raman microscope. Fig- 
ure 8A is a bright field image of two crystals of boric acid 
(left) and calcite (right). Figures 8D and 8E show the 
Raman spectra obtained from these crystals. After these 
spectra were recorded, the setup was switched to the 
imaging mode. Figure 8B is the result of a measurement 
at 879 cm -1 (boric acid) from which a background image 
recorded at 850 cm -1 was subtracted on a pixel-by-pixel 
basis. Only the boric acid crystal is visible. Figure 8C, 
showing the calcite crystal, was obtained after the mi- 
croscope was tuned to 1084 cm -1 (background image 
recorded at 1060 cm -1 subtracted). 

Figure 9A is a bright field image of a human lympho- 
cyte. Figure 9B is a Raman image, showing the subcel- 
lular distribution of carotenoids in this cell. [It is the 
result of a measurement at 1525 cm -1 (carotenoid -C=C - 
in-phase stretching vibration) from which a background 
image obtained at 1500 cm -1 was subtracted.] It should 
be noted that  the carotenoid signal was not resonantly 
enhanced; the laser wavelength was 660 nm. Details about 
the subcellular distribution of carotenoids in human lym- 
phocyte subpopulations can be found in Ref. 3. 

Figures 10A-10C are images of fluorescently labeled 
polystyrene beads (Polysciences fluoresbryte spheres, 
Warrington, PA). They illustrate the possibility of com- 
bining bright field, Raman, and fluorescence microscopy, 
provided that  laser excitation for the Raman experi- 
ments occurs sufficiently far away from the absorption 
band of the fluorescent label. This will be a valuable 
option in many biological applications. 

CONCLUSIONS 

This paper and a number of recent papers by others 
have shown that  Raman microscopy is a feasible chemical 
imaging technique. Because Raman signal intensity lev- 
els are usually very low, efficient signal detection is of 
utmost importance. Further improvements in the signal 
detection efficiency of our instrument will have to come 
from optimization of the dielectric narrow-bandpass fil- 
ters (width and height of the transmission band) and 
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FIG. 10. (A) Bright field image of polystyrene spheres labelled with 
a fluorescent dye. Bar denotes 5 #m. [The image is perturbed due to 
diffraction and refraction of light by the spheres; the round dark edge 
of the image is due to the field diaphragm (see Fig. 3).] (B) Raman 
image obtained with microscope tuned to the 998-cm-' polystyrene 
line (970-cm 1 background image subtracted). Laser power on sample: 
15 mW; (laser intensity: ~8 KW/cm2); signal integration time: 150 s; 
microscope objective: see legend of Fig. 7. (C) Fluorescence image ob- 
tained with blue excitation (420-490 nm) and emission detection > 515 
nm [two OG 515 color glass cutoff filters (thickness: 3 mm) were used 
to block Hg-lamp excitation light]. 

f r o m  r e p l a c e m e n t  of  t h e  f r o n t - i l l u m i n a t e d  C C D  ch ip  
p r e s e n t l y  u s e d  ( q u a n t u m  eff ic iency a t  700 n m  - 4 0 % )  
b y  a t h i n n e d  b a c k - i l l u m i n a t e d  ch ip  ( q u a n t u m  eff ic iency 

8 0 % ) .  I n  cases  w h e r e  i t  is n o t  a b s o l u t e l y  n e c e s s a r y  to  
work  a t  d i f f r a c t i o n - l i m i t e d  s p a t i a l  r e so lu t i on ,  one  can  b i n  
c a m e r a  p ixe l s  in o r d e r  to  i n c r e a s e  t h e  n u m b e r  of  d e t e c t e d  
p h o t o n s  p e r  i m a g e  p ixe l  ( p r e s e n t l y  9 p i x e l s / # m  are  used) .  

As  in t h e  case  of  R a m a n  m i c r o s p e c t r o s c o p y ,  1,17 s igna l -  
t o - n o i s e  r a t i o s  can  a lso  be  i m p r o v e d  t h r o u g h  t h e  sup -  
p r e s s i o n  of  u n w a n t e d  s igna l  c o n t r i b u t i o n s  (i.e., b a c k -  
g r o u n d  s igna l )  f r om t h e  e n v i r o n m e n t  o f  t h i n  a n d / o r  
w e a k l y  s c a t t e r i n g  o b j e c t s  b y  a d o p t i n g  a confoca l  d e t e c -  
t i o n  scheme .  C o n f o c a l  d e t e c t i o n  has  a l r e a d y  b e e n  im-  
p l e m e n t e d  in t h e  ( image  r e c o n s t r u c t i o n )  i n s t r u m e n t  of  
B a r b i l l a t  et  al. s 

D i s a d v a n t a g e s  of  f i l t e r - b a s e d  R a m a n  m i c r o s c o p e s  ( in-  
c l u d i n g  t h e  one  d e s c r i b e d  here )  a re  t h a t  t h e  b a n d w i d t h  
of  t h e  f i l te r  c a n n o t  be  a d j u s t e d  to  c r e a t e  o p t i m u m  de-  
t e c t i o n  c o n d i t i o n s  for  e ach  a p p l i c a t i o n  a n d  t h a t  access  
to  t h e  l o w - w a v e n u m b e r  r eg ion  is diff icul t .  T h e r e f o r e  a 
d i r e c t  i m a g i n g  confoca l  R a m a n  m i c r o s c o p e ,  w h i c h  em-  
p l o y s  a g r a t i n g  m o n o c h r o m a t o r  for  t h e  s e l ec t ion  of  t h e  
w a v e n u m b e r  s h i f t  a n d  i n t e rva l ,  a p p e a r s  to  be  t h e  u l t i -  
m a t e  s o l u t i o n  for  R a m a n  m i c r o s c o p y .  W e  e x p e c t  t h a t  
w i t h  such  an  i n s t r u m e n t  i t  wil l  be  p o s s i b l e  to  m a k e  im-  
ages  of, e.g., t h e  D N A  a n d  p r o t e i n  d i s t r i b u t i o n  in cel ls  

a n d  c h r o m o s o m e s .  
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