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We report the development of a multiplex stimulated Raman microscope for spectral imaging through
multi-channel lock-in detection with a single light source. A white pump beam is prepared with a
piece of photonic crystal fiber (PCF). The system does not require the synchronization of plural light
sources or the scanning of their wavelengths, and thus a jitter-free pair of pump and Stokes beams
is obtained, and a high degree of temporal synchronization is attained in the spectra. The multi-
channel lock-in detection (extended to 128 channels) enables the observation of pseudo-continuous
stimulated Raman spectra, demonstrating the strong ability of qualitative analysis to identify var-
ious types of C—H stretching modes such as the symmetric and asymmetric modes of the methy-
lene/methyl and aromatic groups. Images of a mixed film of polystyrene and polymethylmethacrylate
are presented to demonstrate the system’s spectral imaging ability. The spatial distribution of these
materials is successfully captured through one-time imaging, although the noise of the white light
pump beam generated with the PCF limits the system’s imaging speed. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4818670]

I. INTRODUCTION

Various chemical imaging methods have been developed
to study the spatial dependency of the characteristics and
functionalities of materials such as living cells from the dis-
tribution of their chemical structures. Raman imaging,'~* in
which an image is constructed using molecular vibrations, has
several advantages. It enables contactless, non-destructive,
non-labeled, and minimally invasive analysis, and is favorable
for biological samples because of its insusceptibility to water
compared with infrared (IR) microscopy. Spatial resolution is
in the sub-micrometer order when visible probe light is used
in Raman microscopy, whereas that of IR microscopy is in the
10-pum order.

The signal intensity of spontaneous Raman scattering,
however, is significantly low, which results in a long acqui-
sition time for the image. Imaging by coherent anti-Stokes
Raman scattering (CARS) has been used to overcome this
problem.* This method produces signal intensity about three
orders of magnitude higher than the spontaneous Raman mi-
croscopy, and has even achieved video-rate imaging.>® The
CARS spectra, however, are distorted by non-resonant back-
grounds (NRB) that complicate the assignment of signals and
cause image artifacts. Optical and mathematical methods have
been devised to overcome this problem.*>

Recently, stimulated Raman microscopy has been exten-
sively used in high-speed chemical imaging, circumventing
the NRB problem.’! Stimulated Raman spectra conserve
high fidelity to spontaneous Raman spectra as they are NRB-
free and the signal intensity is proportional to the Raman scat-
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tering cross-section, which ensures the facile assignment of
observed signals. The signal intensities are also proportional
to the chemical concentration, which enables straightforward
quantitative analysis.'® In the experimental setup of the stimu-
lated Raman observation, precisely synchronized pulse lasers
of at least two wavelengths are spatially overlapped on the
sample. The higher energy laser in Fig. 1 is labeled the pump
beam, and its counterpart is labeled the Stokes beam. When
the difference between the photon energies is set at the vibra-
tional energy of the molecule, one photon of the pump beam
is annihilated and one photon of the Stokes beam is generated.
This annihilation and generation is known as Raman loss and
gain, and the stimulated Raman signals are observed as either
loss or gain processes.

Stimulated Raman spectra can be observed with white
light and monochromatic beams using a spectrograph?
(upper right panel of Fig. 1). This method is applied for the
stimulated Raman microscopy for spectral imaging with a
charge-coupled device (CCD).” A stimulated Raman spec-
trum is obtained by the quotient between the white light spec-
tra with or without the monochromatic beam. The dynamic
range of the CCD, however, is not very wide (~60-70 dB)
and it is prone to saturation, which limits the signal to noise
ratio (SNR) even when the pump laser is at an elevated inten-
sity. To achieve a wider dynamic range, the lock-in detection
of the pump or Stokes beam is used with the intensity mod-
ulation of the counterpart beam.'>?!~23 The lock-in detection
is essentially advantageous for weak signals as in stimulated
Raman microscopy to reduce the light-source noise over other
method like just signal accumulation with the CCD. The CCD

© 2013 AIP Publishing LLC
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FIG. 1. Schematics of interaction between the pump beam and Stokes beam
through a molecule with a vibrational energy level (a) and intensity modu-
lation of the beams induced by Raman loss and gain (b). The left panel of
(a) illustrates the detection of a single vibration of the molecule with the
monochromatic pump and Stokes beams in conjunction with the molecular
vibrational levels. The right panel of (a) illustrates our multiplex detection
of the molecular vibrations with the broad-band pump beam and monochro-
matic Stokes beam.

accumulates all frequency components of the noise, whereas
the lock-in detection rejects noise different from the lock-in
frequency. Therefore, wider dynamic range and higher SNR
are readily achieved with the lock-in detection. Single lock-
in detection, however, is limited to a single detector. When
the wavelengths of the two beams are fixed, only a single fre-
quency Raman image is obtained on a single Raman band.

Several methods have been developed to obtain multi-
color stimulated Raman images with the lock-in detection.
One method involves scanning the difference in the wave-
length, and is achieved by filtering the broad-band fem-
tosecond pulse laser'® or controlling the temporal difference
of the chirped femtosecond pulses (also known as spectral
focusing).!”> However, this method creates system complex-
ities because it requires optical length maintenance during
scanning or precise chirp control. Furthermore, the tempo-
ral synchronization among wavelengths is limited by the scan
speed and the time-constant nature of the lock-in detection,
which can cause spectral distortion and in turn render diffi-
cult the assignment of spectra and the quantitative analysis
of chemical species. Another method involves the use of a
few pump beams at various wavelengths that are modulated at
different low frequencies and the lock-detection of the pump
beams at a high modulation frequency of the Stokes beam,
followed by Fourier transformation to distinguish the signals
of the respective wavelengths.'® This method, however, lim-
its the spectra to a few discreet wavelengths, thus limiting the
spectral information, although the signals are observed with a
high degree of temporal synchronization.

A single light source is desirable when preparing the
pump and Stokes beams.!> Plural light sources may cause

inter-source jitter, and precise synchronization'>?* is required
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to achieve a high SNR, thus resulting in a highly complex and
costly system.

We have developed a multiplex stimulated Raman mi-
croscope for spectral imaging that uses parallel lock-in
detection at respective wavelengths with a 128-channel lock-
in amplifier” and a white pump beam. Parallel lock-in de-
tection is the most straightforward method of observing a
spectral image using lock-in detection, and ensures a high
degree of temporal synchronization among the respective
Raman shifts. Furthermore, the light sources of the pump
and Stokes beams come from a single mode-locked pico-
second titanium-sapphire oscillator, which guarantees a jitter-
free pump and Stokes beam pair. The white light pump
beam is generated from a piece of photonic crystal fiber
(PCF).* 152628 The cross-sectional structure of the PCF re-
veals a core surrounded by regularly arranged air voids. These
voids significantly reduce the effective refractive index of the
core’s surrounding area, which functions as the clad. The light
in the PCF is tightly confined in the core owing to the large
degree of difference in the refractive indices between the core
and clad area. This tight confinement produces a large effec-
tive nonlinear coefficient that enables white light (supercon-
tinuum) generation at just one order of kilo-watt peak power
of the pulse laser from the oscillator.

Il. SETUP
A. Optical setup

The experimental setup is shown in Fig. 2. The light
source is a mode-locked titanium-sapphire oscillator (Mira
900P, COHERENT) pumped by a 532-nm diode-pumped
solid-state laser (Verdi V5, COHERENT). The duration time,
reputation rate, and average power are 2.5 ps, 76.3 MHz, and
450 mW, respectively. The back-reflected light from the optics
is rejected by a Faraday isolator (I-7090C-2H, ISOWAVE) to
protect the laser from instability induced by the interference
of the reflected beam in the oscillator. The pulse laser beam is
split into two by a beam splitter (BS1) with 60% transmissiv-
ity (T) and 40% reflectivity (R), corresponding to the pump
line and Stokes line, respectively.

The 60% transmitted beam is introduced into a 2x tele-
scope to fill the entrance pupil of the microscope objective
(40x magnification, numerical aperture (NA) = 0.65) and
coupled with a 30-cm-long piece of PCF. The PCF (PM-NL-
750, NKT) is of the polarization-maintaining type. Hence,
the effective nonlinear coefficient is twice as large as that of
the non-polarization-maintaining type when polarized light is
coupled. The angle of the polarizing plane of the input light is
adjusted by a half-wave plate to maximize the efficiency of the
conversion into white light. The output light is collimated by
another microscope objective lens (40x, NA = 0.65). Com-
ponents of more than 780 nm in the white light with uncon-
verted 800 nm light are rejected by an inclined 800-nm cut-off
interference dichroic mirror (FES0800, THOLABS).

The 40% reflected Stokes beam is chopped at a frequency
of 1130 Hz with a mechanical chopper (Model 3501, New
Focus). The beam is guided to an inverse telescope with a

f = 170-mm convex lens and f = —150-mm concave lens.
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FIG. 2. Schematics of optical setup (a) and measurement system for spec-
tral imaging by the multi-channel lock-in amplifier (b). (a) The red line in-
dicates the Stokes beam at 800 nm, and the yellow line is the white pump
beam. ISO: isolator that rejects backing scattered or reflected light; BS1:
beam splitter for the Stokes and pump line; VND: variable neutral density
filter to adjust power; HWP: half-wave plate that optimizes the polarizing
plane; PCF: photonic crystal fiber; DM: dichroic mirror; OL: objective lens;
CL: collector lens; PZS: piezo scanning stage; SPF: short-pass filter to re-
ject the Stokes beam; BS2: beam splitter used to observe a sample and beam
spots; BS3: beam splitter for epi-Kohler illumination; LED: light-emitting
diode for epi-Kohler illumination; and CCD: charge-coupled device used to
confirm the overlap of the beams and take photos of the samples. (b) SP:
spectrograph; FB: fiber bundle; APDs: 128 avalanche photo diodes biased at
140 V; PAs: 128 107 gain transimpedance pre-amplifiers; MLA: 128-channel
multi-channel lock-in amplifier; and PC: personal computer.

The functions of the inverse telescope are to adjust the beam
diameter to fill the entrance pupil of the microscope objec-
tive to focus on the sample and to compensate for the ax-
ial chromatic aberration of the objective between the pump
and Stokes beams. The collimated white pump beam and
800-nm Stokes beam are not focused at the same point be-
cause of the objective’s chromatic aberration. Therefore, it is
necessary to offset the focal point using the defocused inverse
telescope, which allows the two beams to overlap at the same
point. Compensation is performed by adjusting the inverse
telescope’s focus. The Stokes beam is sent to a delay stage
to adjust the timing of its arrival in the sample to ensure that it
overlaps temporally with the pump beam. The beam’s power
is adjusted with a variable neutral density filter (VND). The
pump and Stokes beams are overlapped on the dichroic mirror
(DM) and are aligned collinearly.

Rev. Sci. Instrum. 84, 083705 (2013)

The beam diameters are expanded using a 1.5x Galilean
telescope with a f = —100-mm concave lens and f = 150-mm
convex lens to fill the entrance pupil of the objective. When
measuring a solution sample, a 10x, NA = 0.25 objective
is used, whereas a 40x, NA = 0.85 objective is used in
the measurement of solid plates or films. The beams are
tightly focused on the sample by the objective, and the sam-
ple is placed on a computer-controlled piezo-scanning stage
(MAX311D/M, THOLABS). The light reflected from the
sample is collected with the objective and reflected by a pel-
licle beam splitter (BS2) with 92% T and 8% R to a CCD
camera to confirm the spatial overlap of the beams. A sam-
ple image is also observed by the CCD camera using epi-
Koéhler illumination with a white light-emitting diode (LED).
The beams transmitted through the sample are collimated by
an objective (20x, NA = 0.4). The collimated pump beam is
sent to a 3x Galilean telescope with a f = —50-mm concave
lens and f = 150-mm convex lens through a 750-nm cut-off
interference short-pass filter (FES0750, THOLABS) to reject
the Stokes beam. The 3 x telescope optimizes the coupling ef-
ficiency to a subsequent optical fiber and reduces the beam’s
swing effect.

B. Multi-channel lock-in detection

The pump beam is coupled with a multi-mode opti-
cal fiber (core diameter: 600 pum; clad diameter: 660 pum;
NA = 0.22) by a convex lens (f = 100 mm) and sent to
a 300-mm focal-length spectrograph (SpectraPro-300i, AC-
TON) equipped with a 1200 g/mm grating. The specified
resolution power is 0.1 nm, and the dispersion 2.7 nm/mm.

The spectrum is imaged onto the facet of a 16 x 128
quartz fiber bundle array in the spectrograph (Fig. 2(b)). The
core and clad diameters are 100 and 110 pm, respectively,
and the entrance size is 1.8 mm x 16.5 mm. The spectrum
is divided into 128 wavelengths, and each of the 16 fibers
of the same wavelength component is bundled. These 128
fibers are then coupled to 140-V biased avalanche photodi-
odes (APDs) (S5343, HAMAMATSU). The current signals
from the APDs are converted to voltage signals by 107 gain
transimpedance amplifiers (Model 7210/90, SIGNAL RE-
COVERY) and sent to four synchronized 32-channel digital
signal-processing lock-in amplifiers (Model 7210, SIGNAL
RECOVERY). The reference signal is generated by the chop-
per controller. Because the Raman loss signal is observed as
the amplitude modulation depth (described later in the pa-
per), it is preferable that the power of the white pump beam
be kept as weak as possible to avoid sample degradation.
Furthermore, the respective power levels of the channels are
significantly weak, which requires the APDs and high gain
preamplifiers.

lll. EXPERIMENT

A. Wavelength calibration, wavelength range,
spectrum of white light, and noise

The wavelengths are calibrated with the bright line spec-
tra of a neon tube, and the sensitivities of the channels are
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calibrated with a standard light source (color temperature
= 2995 K £ 5%) for a fluorescence spectrometer (F-4500,
HITACH). The center channels at the peak wavelengths of
the bright lines are estimated by the peak position of the
Gauss function fitted to these lines and measured with the
250-pum entrance-slit width of the spectrograph. The calibra-
tion curve is prepared as a linear function of the channel, and
the detection range is calculated by extrapolating this curve.
The difference in wavenumber between neighboring chan-
nels (wavenumber step) is evaluated by dividing the detec-
tion range by the number of channels (128). The spectrum
of the white pump beam generated by the PCF is measured
with a spectrometer (USB2000+, Ocean Optics) through the
DM. The noise spectrum of the white pump beam is observed
with a photodiode (DET36A/M, THOLABS) and an oscillo-
scope (TDS2022B, TEKTRONIX). The spectrum is obtained
through fast Fourier transformation of the signal.

The root mean square (RMS) electrical noise (EN) of the
entire output is evaluated by the lock-in detected noises on the
128 channels at 1130 Hz of various time constants:

1)

where e(i) is the electrical noise observed on the ith chan-
nel. The electrical noise normalized to the white light sig-
nal (EN/Ip) is calculated as the RMS of the noise signals of
the 128 channels divided by the lock-in detected signals of
the chopped white light at a time constant of 10 s, with the
100-pm slit width of the spectrograph:

128

EN |1 PORE
Iy FSZ{IPOJ}’ @

i=1

where Ip(i) is the signal of the chopped white light on the
ith channel. The noise of the white pump beam (IlpN/Ip) is
evaluated as the RMS of the lock-in detected signals of the
128 channels divided by the lock-in detected signals of the
chopped white light at a time constant of 10 s:

128

IpN |1 IpN(G))?
I @;{ Ip(i)}’ ®

where IpN(i) is the noise signal of the white light observed on
the ith channel.

B. Measurement of Raman loss spectra

To confirm the proposed system’s ability to measure the
Raman loss spectra, we measured cyclohexane, polystyrene
(PS), and polymethylmethacrylate (PMMA). Cyclohexane
was prepared in a 5-mm cell-length quartz cell, and PS and
PMMA into 1.7-mm- and 1-mm-thick plates, respectively.
The observed signals were normalized by the white light spec-
trum which was observed with the system to be corrected into
Raman loss signals (modulation depths). The spontaneous
Raman spectra of the substances were observed on NRS-3100
(JASCO) with 532-nm excitation and a resolution power of
1 cm™!. The linearity of the Raman loss signals obtained by
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our system was evaluated by the power dependence of the
Stokes beam with cyclohexane in the quartz cell. The quanti-
tative capability of the chemical concentration was evaluated
by measuring cyclohexane and carbon tetrachloride mixtures
at various molar ratios in the quartz cell.

C. Raman loss imaging

The piezo stage and lock-in amplifiers are computer-
controlled (Lab View 8.5 software), and the spectra are ob-
served point-by-point with the scanning of the sample. In this
study, the samples were prepared as follows. A dispersion of
4-um PS beads (Invitrogen) was dropped onto a glass slide
and left to dry. A mixed PS and PMMA film was prepared by
drop-casting a 1:1 (by weight) mixed toluene solution of PS
and PMMA on a glass slide.

IV. RESULTS AND DISCUSSION

A. Wavelength calibration, wavelength range,
spectrum of white light, and noise

The bright line spectrum of the neon tube with the
250-pm slit-width is shown in Fig. 3(a). The peak channels
of the bright lines, which were estimated by fitting the Gauss
function, are listed in Table I. The calibration curve was esti-
mated as a linear function (Fig. 3(b)):

A = 0.28666 x ch. + 629.37 (nm), )

where A is the wavelength and ch. is the channel. The de-
termination coefficient (R?) is 0.99999, and the relationship
between the wavelength and channel is sufficiently linear.
The 1st and 128th channels are extrapolated to 629.65 and
666.06 nm, and these wavelengths correspond to 3382 and
2514 cm~! Raman shifts, respectively. The detection range
is 868 cm™!, and the wavenumber step between neighboring
channels is 6.78 cm~!. The dispersion of the spectrograph
is 2.7 nm/mm, and the resolution power with the 100-pum
entrance-slit width is 6.8 cm~! at 630 nm. Thus, the Raman
loss spectra shown hereafter were observed with the 100 um
slit width. The spectrum of the white pump beam through
the DM is shown in Fig. 4(a). The wavelength range is
780-575 nm, corresponding to 320—4890 cm~! of the Raman
shift range. The spectral range is sufficient to cover the fre-
quency range of the molecular vibration.

TABLE I. Wavelengths of bright lines from the neon tube and estimated
channels at the lines’ peak.

A% (nm) chP
630.47 3.7703
633.44 14.213
638.29 31.287
640.22 37.884
650.65 74.071
653.28 83.481
659.89 106.50

4): Peak wavelength of the bright lines from the neon tube.
bch.: Estimated channel at the peak of the bright line by fitting the Gauss function to the
bright line observed with a 250-pum entrance-slit width.
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FIG. 3. The bright line spectrum from the neon tube with the 250-m entrance-slit width on the spectrograph (a) and the correction curve (b). (a) The peak
wavelengths of the neon bright lines are labeled on the corresponding bands, and (b) the dots represent the relationship between the peak channels estimated by
fitting the Gauss function and the peak wavelengths. The red line is the calibration curve.

The system’s electrical noise and the intensity noise of
the white light are reported in Table II. The RMS electrical
noise of the system is less than a few microvolts when the
time constant is 1 s. The RMS electrical noise, normalized by
the signal intensity of the white light with the 100-um spec-
trograph slit width, is less than 10~> when the time constant
is 1 s. The electrical noise level is acceptable because the sig-
nal intensity of the white light is typically around 0.3 V at a
spectrograph entrance-slit width of 100 «m, and the modula-
tion depths of the Raman loss signals are typically 1073-1073,
The white light generated from the PCF, however, is signifi-
cantly noisy, which requires a long time constant for lock-in
detection, although the system is simple. The RMS intensity
noise is around 2 x 10~* for a time constant of 1 s, which
limits the SNR of the Raman loss signal.

The noise spectra in kilo-hertz region and mega-hertz re-
gion are shown in Figs. 4(b)—4(d). The noise is white from
the kilo-hertz to 10 mega-hertz. Although mega-hertz order
high frequency lock-in detection is often used to reduce ob-
served noise,!0-12.13.16-19.29 4y the present case, it cannot be
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FIG. 4. Spectrum of the white pump beam through the dichroic mirror
(a); light noise spectra in 0-12.5 MHz (b); in 0-1.25 MHz (c); and in
0-12.5 kHz (d).

reduced with mega-hertz lock-in detection. This frequency in-
dependent nature of the white light noise is also mentioned by
another research group.

Thus, noise cancellation by some form of balanced
detection®'>? is required for high-speed imaging. Because the
noise varies widely by wavelength, and transmission through
a sample varies during imaging, the application of balanced
detection to our Raman-loss detection system requires the sig-
nal and reference beams to have exactly the same optical path
from the microscope through the spectrograph to the APDs.
Collinear balanced detection (CBD)3? is a balanced-detection
method in which the two have the same optical path, but it re-
quires megahertz-order high frequency lock-in detection for
realistic optics, and its performance depends on the equal
splitting of the pump beam. In our system, the equal splitting
of the pump beam is required in a broad wavelength range,
which is not realistic with practical optics. We plan to develop
a new balanced-detection method in a future study.

B. Measurement of Raman loss spectra

Figs. 5(a) and 5(b) show the observed spectra of cyclo-
hexane, PS, and PMMA on the proposed system and their

TABLE II. RMS electrical noise and RMS intensity noise of white pump
beam.

TC* (ms) ENP (uV) EN/Ip¢ (10~%) IpN/IpY (10~%)
3 19 1.4 28

10 11 0.81 25

30 5.9 0.43 12

100 3.1 0.23 5.9

300 2.1 0.16 3.7

1000 1.4 0.099 2.1

3000 0.77 0.060 1.2
10000 0.47 0.033 0.71

4TC: Time constant of the lock-in detection.

YEN: RMS electrical noise of the system output.

CEN/Ip: RMS electrical noise relative to the white pump beam signal at the 100 xm
entrance-slit width on the spectrograph.

dIpN/Ip: RMS intensity noise of the white pump beam.
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FIG. 5. Stimulated Raman loss spectra of polystyrene (PS), polymethyl-
methacrylate (PMMA), and cyclohexane observed with the system con-
structed in this study (a) and spontaneous Raman spectra of the same
samples (b).

spontaneous Raman spectra, respectively. The average power
of the white pump beam and 800-nm Stokes beam are 3.0
and 53.4 mW, respectively, and the time constant of the lock-
in detection is 10 s. The spectra on our system conform to
the spontaneous Raman spectra. They disappear when the
white pump beam and/or 800-nm Stokes beam are blocked,
or the focal spots overlap and/or the time delay is displaced.
The Raman loss signal is proportional to the Raman scattering
cross-section given in the following equation:*

Alp

— x N X O Raman X IS’ (5)

Ip

where Ip, Alp, Is, N, and 0 Rraman are the pump intensity, re-
duction in pump intensity, Stokes intensity, concentration, and
Raman scattering cross-section, respectively. The relation en-
sures the high fidelity of the stimulated Raman loss spec-
tra to the spontaneous Raman spectra. Thus, the results con-
firm that the stimulated Raman loss spectra are observed on
our system. They also demonstrate the strong capability of
qualitative analysis to identify the C—H symmetric stretching
(~2850 cm™!) and asymmetric stretching (~2930 cm™!)
modes of the methylene groups (cyclohexane), CH; sym-
metric stretching (~2870 cm™!), and asymmetric stretching
(~2960 cm~!) modes of the methyl groups (PMMA), and
aromatic C—H stretching mode (~3030 cm~!, PS).
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Fig. 6(a) shows the Raman loss spectra of cyclohexane
with various powers of the Stokes beam in the sample po-
sition. The average power of the white-light pump beam is
1.1 mW. The Raman loss intensity at the 65th channel, which
is the strongest peak in the spectra and corresponds to a white-
light spectrum wavelength of 648.00 nm and 2932 cm™!
Raman shift, is linearly dependent on the power (Fig. 6(b)).
The determination coefficient (R?) is 0.998. The Raman
loss signal is linearly dependent on the Stokes power, as in
Eq. (5), thus confirming the system’s linearity. Fig. 6(c) shows
the Raman loss spectra of cyclohexane diluted with carbon
tetrachloride to various concentrations. The average power of
the white pump beam and the power of the 800-nm Stokes
beam are 1.1 and 83.3 mW, respectively. No signal is observed
in the spectra of carbon tetrachloride (indicated as 0 mol/l) in
the observed range of Raman shifts. The Raman loss inten-
sity at the 65th channel exhibits excellent linear dependence
on the concentration (Fig. 6(d)). The determination coefficient
(R?) of the linearity is 0.999. These results indicate the sys-
tem’s high degree of quantitative capability, as predicted by

Eq. (5).

C. Raman loss imaging

Fig. 7 presents a CCD image of the 4-pum PS beads by
white LED illumination and an image of the 4-um PS beads
in the same area based on the summation of the signals on
the 40-50th channels (31033033 cm™! Raman shifts). The
image and pixel sizes are 10 um x 10 um and 0.25 pum
x 0.25 um, respectively. The average power of the white
pump beam and the power of the 800-nm Stokes beam are
0.42 and 67.6 mW, respectively, and the time constant and
dwelling times are 300 ms and 600 ms, respectively. The spa-
tial distribution of the lock-in signal strengths conforms to
the PS beads observed by the CCD. The averaged spectrum at
the centers of the PS beads (Fig. 7(c)) conforms to the spon-
taneous Raman spectrum of PS (Fig. 5(b)), which confirms
that the image strength is proportional to the Raman loss sig-
nal intensity of PS. Thus, the 4-uum PS beads are successfully
imaged.

The CCD image of the mixed PS and PMMA film
and the Raman loss images of the same area are shown in
Figs. 8(a)-8(c). The black lines in the CCD image are cracks.
The image and pixel sizes are 20 um x 20 um and 0.5 um
x 0.5 um, respectively. The average power of the white pump
beam and the power of the 800 nm Stokes beam are 3.6 and
54.5 mW, respectively, and the time constant and dwelling
times are 1000 ms and 2000 ms, respectively. These images
are obtained through single imaging, and image (b) is con-
structed on the summation of the signals from the 40-50th
channels (3103-3033 cm~! Raman shift), whereas (c) is con-
structed on the signals from the 55th to 65th channels (2998—
2930 cm™!). The averaged Raman loss spectrum of the area in
which intense signals in the range of the 40-50th channels are
observed (surrounded by a green square in Figs. 8(b) and 8(c))
is shown in Fig. 8(d), and that of the 55-65th channels (sur-
rounded by a red square) is shown in Fig. 8(e). The PS Raman
bands are dominant in Fig. 8(d), and the PMMA band (which
appears around 2960 cm™!) is more intense in the counterpart
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FIG. 6. The Raman loss spectra of cyclohexane at various Stokes beam powers (a); the relationship between the Raman loss signal at the 65th channel (the
strongest peak of cyclohexane) and the power (b); the Raman loss spectra of cyclohexane diluted by carbon tetrachloride at various concentrations (c); and the
relationship between the Raman loss signal at the 65th channel and the concentration.

(Fig. 8(e)). Although the polymers appear to be mixed homo-
geneously using the CCD, the differences in contrast of the
images in Figs. 8(b) and 8(c) suggest a different distribution
and some aggregate material structures. The inhomogeneous
distribution of mixed polymer films has also been observed
by another research group.'

Note that the multi-channel detection of the spectra en-
sures a high degree of temporal synchronization among the
Raman bands, which minimizes the spectral distortion caused
by sample degradation during measurement. Such distortion

(@)

Position (um)

can create difficulties in assigning the Raman bands and/or in
quantitative analysis. Temporal synchronization is also impor-
tant in the high-speed multi-color imaging of moving samples
such as living cells and fluids.

The proposed method is highly suited for measurements
which require high precision of Raman shifts such as imag-
ing by Raman shifts and/or bandwidth variations since this
method does not require wavenumber scanning and is robust
in Raman shifts. This imaging is applicable to, for example,
the detection of surface defect and spatial non-uniformity of

Raman Loss (a.u.)

T —
3200 3000 2800 2600
Raman Shift (cm™)

Position (um)

FIG. 7. CCD image of the 4-pum PS beads (10 x 10 um area) (a); image of the same area constructed on the summation of the signals of the 40-50th channels
(b); and the averaged spectrum of the spectra at the centers of the beads (indicated by the orange marks in (b)) (c).
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FIG. 8. CCD image of the mixed polymer film of PS and PMMA (20 um x 20 pm area) (a); image of the same area based on the summation of the signals of
the 40-50th channels (3103-3033 cm™' Raman shift) (b); image based on the summation of the 55-65th channels (2998-2930 em™) (c); averaged spectrum
in the area of the strong signals of the 40-50th channels (surrounded by the green square) (d); and the averaged spectrum in the area of the strong signals of the

55-65th channels (surrounded by the red square) (e).

ceramics, inorganics, and doped-polymer film systems used in
automotive, plastic displays, and others which are important
in industry.

The chromatic aberration of the microscope objective
causes the displacement of the focus points between the pump
and Stokes beams. This problem not only causes a signifi-
cant reduction in the intensity of the Raman loss signals, but
also creates an artifact signal via the thermal-lens effect.?3:34
When the artifact generated by the thermal effect appears, the
baseline of the spectrum shifts, and the contrast between the
Raman signal and background is reduced. This aberration can
be corrected by offsetting the focal point of the Stokes beam
with the lens pair before the objective. However, the correc-
tion is possible only in a narrow wavelength detection range.
Although the reflection objective can be used, the NA and
throughput of this type of objective are limited. Thus, a more
sophisticated achromatic objective correction with a high NA
would be desirable. In our system, the Raman loss signals are
easily distinguishable from this type of artifact, which is not
the case with the conventional single wavelength detection
method.

V. CONCLUSION

We have developed a multiplex stimulated Raman micro-
scope for spectral imaging with multi-channel lock-in detec-
tion and a white pump beam with a single light source. Our
system requires no synchronization of plural light sources

or wavelength scanning. In addition, it suffers no jitter or
optical-length mismatch problems arising from the multiple
sources with different wavelengths used in conventional stim-
ulated Raman microscopy. The ADPs and high-gain pream-
plifiers eliminate the need for optical amplification of the
white pump beam, thereby reducing the possibility of sam-
ple degradation and simplifying the system. The 128-channel
lock-in detection of the white pump beam enables observation
of pseudo-continuous Raman loss spectra and demonstrates
strong qualitative capability in identifying various kinds of
C-H stretching modes. The multi-channel lock-in detection
improves imaging not only by increasing the speed being mul-
tiplied by the channel number, but also by alleviating prob-
lems such as laser fluctuations and sample damage by simul-
taneously measuring the full Raman spectral range of interest.
The noise of the white light generated by the PCF limits high-
speed imaging, but we expect to overcome this problem with
a new balanced detection method in a future study.
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