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Effective suppression of fluorescence light in Raman measurements
using ultrafast time gated charge coupled device camera
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A high level of fluorescence background signal rejection was achieved for solid and powder samples
by using a combination of simple low-resolution spectrograph and ultrafast gated charge coupled
device~CCD! camera. The unique timing characteristics of the CCD camera match exceptionally
well to characteristics of a Ti:sapphire oscillator allowing fast gated light detection at a repetition
rate of up to 110 MHz, making this approach superior in terms of the duty cycle in comparison with
other time-resolved Raman techniques. The achieved temporal resolution was about 150 ps under
785 nm Ti: sapphire laser excitation. At an average excitation power up to 300 mW there was no
noticeable sample damage observed. Hence, the demonstrated approach extends the capabilities of
Raman spectroscopy regarding the investigation of samples with a short fluorescence lifetime. The
combination of a spectrometer and a gated CCD camera allows simultaneous study of spectral and
temporal characteristics of emitted light. This capability opens an exciting possibility to build a
universal instrument for solving multitask problems in applied laser spectroscopy. ©2004
American Institute of Physics.@DOI: 10.1063/1.1646743#
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I. INTRODUCTION

Raman spectroscopy is a powerful method for the ch
acterization of molecules. It has been used for decades a
analytical tool as well as for the study of physical and che
cal properties of various materials. Recent development
laser and detector technologies allow the overcoming
some limitations of this method and are attracting a lot
attention to this spectroscopy in research and industrial la
ratories worldwide. It is proven that Raman spectrosco
could be the number one choice for many scientists and
gineers due to the high information content in comparis
with many other methods.

As with any spectroscopic technique, Raman spect
copy has certain drawbacks and limitations. The major d
advantage is a low (;10230 cm2) cross section of Rama
scattering. Thus, the Raman signal is weak compared to
fluorescence background and is hard to detect. There are
eral common methods dealing with the discrimination of R
man scattering from fluorescence, thermal radiation,
stray light.

The discrimination of the out-of-focus background as
ciated with the fluorescence of fluorophores distributed o
the sample volume and stray light is successfully realized
confocal Raman microscopy.1 However, highly fluorescence
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samples are still beyond the scope of this method.
Another approach is use of ultraviolet~UV! light for

sample excitation.2,3 For the UV excitation, the Raman shift
are usually smaller than the fluorescence Stokes shift of
excited molecules, permitting effective spectral discrimin
tion of the fluorescence. In addition, the majority of the m
ecules have electronic transitions in the UV region provid
conditions for resonance Raman scattering and enhancing
intensity of the Raman bands up to several orders
magnitude.2,3 However, the problems associated with t
samples degradation and the resonance excitation of the
rescence makes this method suitable for a relatively nar
class of molecules.

Finally, one could avoid fluorescence excitation by tu
ing the laser wavelength far away from the electronic tran
tions to the near-infrared~NIR! region, as it is done in Fou
rier transformed Raman spectroscopy~FTRS!. Since the
Raman signal decreases as the wavelength in the fo
power, and some organic samples have a strong fluoresc
even in the NIR region, FTRS also provides a relatively po
signal to noise ratio.

Not every project requires the use of a confocal mic
scope. The utilization of simple spectroscopic systems imm
diately brings about the problem of rejection of stray lig
associated with the elastic scattering of laser radiation, a
fluorescence of cements and coatings in optical eleme
multiple reflections in optical elements and spectrometer,
Raleigh scattering in samples. This problem is especially
© 2004 American Institute of Physics
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tal for the systems equipped with low-resolution spectro
eters. The usual approach to reject a stray light is usin
notch filter. However, the elastic scattered light can be eff
tively suppressed by a notch filter only if it is practical
collinear to the optical axis. Otherwise, scattered light c
propagate though a notch filter substantially increasing
background. Nevertheless, those photons have a longer
cal path than Raman photons and therefore are delayed

There are two major alternative approaches in minim
ing the effects of the background signal. One such supp
sion approach relating to phase resolution was suggeste
Ref. 4, where high frequency~150 MHz! sinusoidally modu-
lated light was used to excite rhodamine B in water. It w
demonstrated that phase-resolved Raman spectroscop
ploits the phase difference between the fluorescence and
man emission sinusoids and is capable of resolving the w
Raman scatter from the intense fluorescence. Another b
ground suppression approach is time resolved detection.
based on the utilization of pulsed excitation and gated sig
detection for Raman scattering discrimination fro
fluorescence,5 thermal radiation,6 and stray light in a time
domain. The Raman scattering occurs almost instantaneo
with a laser pulse while fluorescence lifetimes are in na
second or a longer temporal range for the majority of
molecules. The combination of a picosecond excitation pu
with a subnanosecond signal gating provides an affective
jection of the major part of the broad time domain fluore
cence signal. On the other hand, the number of Raman
tons collected in one acquisition with a picosecond g
would be extremely small. Therefore, the detection sys
should have a high duty cycle in order to obtain a reasona
signal to the noise ratio. Time-resolved detection has b
attracting a considerable amount of attention for a few
cades, however, due to technological limitations it was un
alistic for the rejection of fast fluorescence until recently.
brief review can be found in Ref. 7.

Two different approaches of time-resolved detect
have been shown to be effective for obtaining Raman spe
from fluorescent samples. The first method used a Kerr g
with a ;3 ps resolution at 650 Hz repetition rate and allo
one to detect light with a spectrometer-charge coupled de
~CCD! detector combination.7,8 The system achieved thre
orders of magnitude suppression of the background fr
fluorophore with a lifetime of about 2 ns. This method m
have an average power of laser radiation of only a few m
liwatts, due to a high peak power~MW!, which can induce
sample damage and nonlinear processes. The second m
used a streak camera and provided a resolution of abou
ps at up to 2 kHz repetition rate for a fluorophore with
fluorescence lifetime of 4 ns.9

Due to recent advances in laser and detector techn
gies, the duty cycle of the detection system could be
proved by several orders of magnitude. The approach
used for the time-resolved detection of Raman scatterin
based on a combination of the state-of-the-art intensifi
gated CCD camera~LaVision ‘‘PicoStar HR’’!, ultrafast
Ti:sapphire oscillator, and a simple short-focal-length sp
trograph. This combination allows achieving 150 ps tempo
resolution at 76 MHz repetition rate with the average pow
Downloaded 02 Mar 2004 to 138.26.68.11. Redistribution subject to AIP
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of laser radiation increased up to 300 mW without noticea
sample damage. Utilization of this approach provided
effective rejection of the fluorescence and stray light ba
ground for clear crystalline samples as well as for hetero
neous~powder-like! samples.

II. EXPERIMENT

A. Instrumentation

The optical setup of the Raman system is shown in F
1. The excitation radiation was focused on samples wit
long focal length lens to a spot of approximately 400mm
through a 45° mirror. The scattered radiation was collecte
180° with respect to the excitation beam. The super-no
filter ~at 785 nm, Kaiser Corp.! was placed inside a two-len
collimator to suppress elastically scattered light. A Ti:sa
phire laser~Coherent, Mira model 900-P laser! 785 nm ra-
diation with 2 ps pulse duration at 76 MHz repetition ra
was used for excitation. The average power used for
sample excitation was about 300 mW.

The spectrograph-detector combination consists of
ton Research ‘‘SpectroPro-150’’ single grating mon
chromator/spectrograph with a focal length of 150 mm, 12
g/mm grating,f /4 aperture ratio, 16 cm21 resolution, and one
of two CCD cameras described later.

The PicoStar HR~LaVision! is a state-of-the-art intensi
fied gated/modulated CCD camera system. The image in
sifier is designed for fast gating at a repetition rate up to 1
MHz and a gate width less than 200 ps, jitter less then 20
with photocathode sensitivity in 400–900 nm range. The s
tem equipped with a CCD chip~Interline! 137631040 pixels
with an ultrafast readout 16 MHz pixel rate at 12 bit~or 10
frames/s! and 65% quantum efficiency.

The second CCD was a conventional thermoelec
cooled TE/CCD camera~Roper Scientific/Princeton Instru
ments! with a mechanical shutter and 10243256 pixels CCD
chip.

B. Samples

Two highly fluorescent samples have been examined
this study. The crystalline CaWO4 with Nd31 impurities was
used as a transparent sample. Hexobenzocoronane~HBC!
powder was used as the heterogeneous sample. HBC po

FIG. 1. Raman system optical setup.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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632 Rev. Sci. Instrum., Vol. 75, No. 3, March 2004 Martyshkin et al.
was placed in a fused quarts spectroscopic cell. Both sam
exhibit a strong fluorescence under 785 nm excitation.

III. RESULTS AND ANALYSIS

A. Rejection of fluorescence

The powder-like samples exhibit a strong elastic scat
ing of the excitation radiation. The scattered light underg
diffuse reflection causing a considerable increase of the
of-focus fluorescence background and a background due
stray light. Raman spectrum of HBC obtained with an u
gated CCD camera is depicted in Fig. 2. The spectrum is
average of 50 acquisitions of 1 s each. HBC is a powd
which has a strong fluorescence even under NIR excitat
As one can see, the background signal overwhelmin
masked a weak Raman scattering signal at 1304 cm21.

Figures 3~I! and 3~II ! demonstrate time resolved ligh
intensity at around 1178 and 1304 cm21 obtained with a
gated CCD camera. The spectrum was obtained with a
ps gate width and with a 25 ps temporal step between
points. Analysis of Fig. 3 shows that a signal around 13
cm21 is associated with a combination of HBC Raman ban
and fluorescence, while a signal at 1178 cm21 corresponds
only to fluorescence. Indeed, Fig. 3~I! shows that two bands
have a similar behavior at gate delays longer than 300
Raman scattering could not be detected at such long
delays and therefore one can see the fluorescence decay
On the contrary, at short delays, as it is seen in Fig. 3~II !, a
signal around 1304 cm21 rises faster than the fluorescen
signal around 1178 cm21, indicating the existing additiona
Raman scattered light in the overall 1304 cm21 signal. The
spike at 1200 ps is an artifact due to a stray light, as will
explained later in this article.

The time resolved Raman and the fluorescence spect
HBC are depicted in Fig. 4. The spectra were obtained w
150 ps gate width at different gate delays. Each spectrum
an average of 50 acquisitions. Raman bands start to appe
50 ps delay accompanied by a broad fluorescence signal.
most distinct Raman spectra were at 100–150 ps delay.
man bands diminish completely at 300 ps delay so that
can see the fluorescence only.

FIG. 2. Raman spectrum of HBC obtained with an ungated CCD cam
The weak band at 1304 cm21 corresponds to HBC Raman scattering. T
other bands and strong background are due to a stray light and fluoresc
Downloaded 02 Mar 2004 to 138.26.68.11. Redistribution subject to AIP
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Figure 5 shows the HBC Raman spectrum taken at
ps gate delay after broad fluorescence background sub
tion. As one can see, we achieved an excellent signal to
background ratio~.100! for a strongly fluorescent powde
sample with relatively short fluorescence lifetime.

a.

ce.

FIG. 3. Time-resolved HBC fluorescence and Raman scattering signal a~a!
1178 and~b! 1304 cm21. The full-scale signal is shown in~I!, while the
zoomed initial part of the same kinetics is shown in~II !. The signal at~a!
1178 cm21 corresponds to the HBC fluorescence only, while signals at~b!
1304 cm21 are a superposition of the fluorescence and Raman scatte
The signal at 1304 cm21 rises faster than the signal at 1178 cm21 due to
additional Raman scattered light. The band at 1200 ps is an artifact du
stray light.

FIG. 4. Time-resolved fluorescence and Raman spectra of the HBC pow
The spectra were taken at~a! 0, ~b! 50, ~c! 75, ~d! 100, ~e! 150, ~f! 200 ps,
~g! 300, and~h! 400 ps gate delay. Each spectrum is an average of
acquisitions.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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The study of light emission simultaneously in spect
and temporal domains of the fluorophores with a fluor
cence lifetime in nanosecond range is another important
pability of the ultrafast time gated detection method. It
particularly important in biomedical spectroscopy, since
majority of endogenous fluorophores have a relatively sh
lifetime of about 1–5 ns. The data shown previously in F
3 could be used for HBC fluorescence lifetime determi
tion. The data before 2500 ps were contaminated with a s
light, see details in the next section, therefore kinetics a
2500 ps were used for lifetime determination. The linear
of natural logarithm of the fluorescence intensity is shown
Fig. 6. The time constant was found to be24.83108 s21

corresponding to 2.1 ns fluorescence lifetime.

B. Rejection of stray light and luminescence

Figure 7 shows the ungated Raman spectrum o
CaWO4 crystal contaminated with Nd31 ions. The stray light
and luminescence background were overwhelming. Only
strongest 912 cm21 Raman band of CaWO4 corresponding to
a totally symmetric stretch of vibrations of tetrahedro

FIG. 5. Stray light and fluorescence rejection from the HBC powder. H
Raman spectrum is obtained at 100 ps gate delay. The spectrum is an
age of 50 acquisitions. The fluorescence background is subtracted.

FIG. 6. Linear fit of natural logarithm of the HBC fluorescence intens
The time constant was found to be24.83108 s21 corresponding to 2.1 ns
fluorescence lifetime.
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2210 has been resolved. The strong band at 1270 cm21

~873 nm! was due to the luminescence of Nd31 (4F3/2

→4I 9/2)
11 ions, which were present as an impurity in

CaWO4 crystal. The other bands were due to a stray lig
inhomogeneously distributed over the CCD surface. T
presence of a strong background and artifact bands stro
distort the Raman spectrum and make it impossible to
solve. With a time resolved signal detection, we were able
substantially improve the signal to background ratio by
jecting the stray light and luminescence. Figure 8 shows
total intensity of light that reaches a detector at a differ
time. The signal was taken by a gated CCD camera in 100
temporal intervals and a gate width of about 200 ps. T
spectrometer grating was positioned in such a way that R
leigh scattered excitation radiation can be detected. The
nals at 200 and 13 000 ps coincide with laser pulses

er-

.

FIG. 7. Raman spectra of the CaWO4 crystal obtained with an ungated
CCD camera. The spectrum~a! is an average of 50 acquisitions of 1 s each.
Spectrum~b! is the same as~a! multiplied by 4. The 912 cm21 band corre-
sponds to the strongest Raman band of the CaWO4 crystal. The strong 1270
cm21 band corresponds to a fluorescence of Nd31 (4F3/2→4I 9/2) ions, which
are present as an impurity introduced during the crystal growth process.
other bands are due to stray light inhomogeneously distributed over
CCD camera surface.

FIG. 8. Time-resolved total light intensity obtained with a gated CCD ca
era. The temporal step between consequent data points was 100 ps. Th
width was 200 ps. The signals at 200 ps and 13 000 ps coincide with
laser pulses and correspond to the Raman scattered light and elastic
tered light propagating collinear to the optical axis, while strong signal
1200 and 1800 ps correspond to the overall stray light that reached the
camera.
 license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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634 Rev. Sci. Instrum., Vol. 75, No. 3, March 2004 Martyshkin et al.
correspond to a combination of Raman and elastically s
tered light signals. An elastically scattered light componen
due to the Rayleigh scattering that propagates collinearl
the optical axis through the notch filter. Strong signals
1200 and 14 000 ps correspond to a stray light, which i
superposition of the elastic scattered light in the sample
optical elements of the system, which propagate non
linearly to the optical axis. It also includes stray light due
multiple reflections on the optical elements and inside
spectrometer. One can see that the stray light is delayed
the Raman signal and could be effectively gated off.

Hence, time-resolved signal detection allows us an eff
tive discrimination of the Raman bands from stray light a
facts and from a luminescence background. The CaW4

crystal that we used in our study has Nd ions introduced
an impurity during the crystal growth process. The lumin
cence of rare earth metal ions is usually narrow and could
easily confused with a Raman band if one uses a lo
resolution spectrometer. Figure 9 demonstrates time-reso
signals at around 797, 912, and 1280 cm21 ~873 nm!. The
spectrum was taken with 200 ps gate width and with 25
temporal step between data points. The 797 and 912 c21

correspond to the Raman band of the CaWO4 crystal. As one
can see, the signal profile has quite a symmetrical shape
a temporal full width at half maximum~FWHM! of about
200 ps, which match the CCD camera gate width. On
contrary, the signal around 1280 cm21 ~873 nm! was almost
constant. This signal corresponds to the luminescence
Nd31 (4F3/2→4I 9/2) ions, which a lifetime is considerabl
longer ~;250 ms! then the time between the laser pulses~1
ns! and therefore the intensity changes of Nd31 lumines-
cence could not be seen in this temporal interval.

The time-resolved Raman spectrum of the CaWO4 crys-
tal obtained with a gated CCD camera is depicted in Fig.
The spectrograph grating was positioned in such a way
the Nd impurities luminescence is out of the detection sp
tral window range. The Raman spectra were acquired at

FIG. 9. Time-resolved intensity of Raman bands of the CaWO4 crystal at
~a! 797, ~b! 912 cm21, and~c! fluorescence band at 873 nm~1280 cm21! of
Nd impurities in the CaWO4 crystal. The temporal step between consequ
data points was 25 ps. The gate width was 200 ps. The temporal FWH
the Raman band is equal to 200 ps corresponding to the CCD gate w
The fluorescence intensity changes of Nd are not seen, since the flu
cence lifetime is substantially longer than the period of the pump la
oscillations~1 ns!.
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ferent gate delays. It was strongest at the 200 ps delay, w
is in a good agreement with a previous time-resolved int
sity profile. Several CaWO4 Raman bands at 335, 405, 79
and 912 cm21 can be clearly resolved with an excellent si
nal to background ratio. We were able to reconstruct a
CaWO4 Raman spectrum from several spectra obtained
200 ps gate delay and at different spectrometer grating p
tions. It is shown in Fig. 11. As one can see, an excell
rejection of stray light and luminescence has been achie

Hence, demonstrated time-resolved Raman spectrosc
considerably improve the signal to background ratio and
tends the capabilities of Raman measurement regarding
study of samples with short fluorescence lifetime. We ha
shown that the background from the powder material ass
ated with a stray light and fluorescence can be substant
suppressed even for a simple spectroscopic system equi
with a low-resolution spectrograph and gated CCD came

t
of
th.
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r

FIG. 10. Time-resolved Raman spectra of the CaWO4 crystal. The spectra
were taken at~a! 0, ~b! 100, ~c! 200, and~d! 300 ps gate delays.

FIG. 11. Stray light and fluorescence rejection from the CaWO4 crystal by
a time-resolved light detection. The spectrum~a! was combined from sev-
eral spectra at different spectrograph grating positions. Spectrum~b! is ex-
panded spectrum~a! in the 100–600 cm21 spectral region.
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The high duty cycle~repetition rate 76 MHz! makes this
technique superior in comparison to other time-resolved
man methods.

The study of light emission from a variety of materia
simultaneously in spectral and temporal domains opens
exciting opportunity to build a universal instrument. Th
combination of a gated CCD camera with a confocal mic
scope will allow performing Raman, resonance Raman, c
ventional, and time-resolved fluorescence imaging. That k
of robust and easy to operate instrument may have exten
applications in many academic and industrial laboratorie
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