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Detection of low-concentration molecules in liquids has been a challenge in sensing technologies. Raman spectroscopy is an
eﬀective approach for trace detection, which is in fact a “volume-excitation” and “volume-collection” technique in the analysis of
liquid samples. However, for the commonly employed one-pass excitation and back-scattering detection scheme, a large portion
of both the excitation laser energy and the Raman-scattering light energy is wasted without eﬃcient reuse or collection. In this
consideration, we demonstrate a broadband optical feedback scheme by a curved high-reﬂection mirror for both the excitation
and the Raman-scattering light, so that the excitation and the forward-propagating Raman signal can be back-reﬂected and
collected with a high eﬃciency. Using the “F+2f” design, where F and f are the focal lengths of the focusing lens and curved
reﬂection mirror, respectively, we were able to not only produce two focuses of the excitation laser beam but also extend the
Raman interaction by a doubled distance. For the detection of pure ethanol molecules and the R6G molecules in water with a
concentration of 10−3 M, the Raman signal was enhanced by a factor of about 5.6. The optical feedback scheme and discovered
optical mechanisms supply eﬀective improvements to the Raman spectroscopic measurements on liquid samples.

1. Introduction
Raman spectroscopy is one of the most powerful techniques
for the identiﬁcation of molecules by their “ﬁngerprint”
scattering spectrum [1, 2]. It is a fast, simple, highly reproducible, and nondestructive detection tool, which can be
utilized either quantitatively or qualitatively in the determination of low-concentration matters mixed with other
molecules or dissolved in liquids [3–7]. This technique has
been employed widely in the research ﬁelds of biochemistry
and physics and in the various practical applications in the
detection of specially interested substance [6, 8–10]. However, Raman-scattering signal is very weak, which has an
intensity lower than (10−6) that of the excitation. Therefore,
approaches for enhancing the Raman-scattering signals are
always important for improving and realizing the related
detection techniques [11–13].
For liquid samples, due to the lower molecular concentration and the mobile form of the molecular substances, the
signal intensity is even lower, introducing more challenges for

the sensitive and reliable detections [14–17]. One of the most
typical examples is the detection of pollutant molecules in
environmental or drinking water. In particular, the interaction between the focused laser beam and the liquid samples
has a volume extending nearly symmetrically about the focus
in opposite directions, implying that forward and backward
propagation Raman-scattering signals should be collected for
the whole excitation volume. However, in most cases, the
Raman-scattering light is collected in the forward or backward direction with respect to the direction of the excitation
light beam that is focused into the target sample. Thus, only a
portion of the back- or forward-scattering light is collected in
most of the Raman spectroscopic measurements, reducing
largely the intensity of the Raman-scattering light and leading
to largely reduced signal-to-noise (SNR) ratio and the detection sensitivity. Many designs have been reported for
improving the Raman detection technique [18–20]. These
approaches may include single-channel multiplex optrode
[21, 22], liquid core waveguides [23, 24], and ﬁber probes [25].
Parabolic reﬂection mirror and multipass schemes have been
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reported for the Raman spectroscopic systems, which enabled
large enhancement of the detection sensitivity [12, 13, 18, 19].
In this work, we ﬁrst verify the volume-excitation and
volume-collection nature of the Raman-scattering spectroscopy experimentally and then present designs of optical
feedback schemes for collecting the forward-propagating
Raman-scattering light using ﬂat and curved reﬂection
mirrors. Using a retro-reﬂection design by curved mirrors
with an “F+2f” scheme, we achieved not only the doubled
focusing of the excitation laser beam but also the doubled
collection of the Raman signal by the optical feedback. Thus,
we realized an enhancement factor of 5.6 in the Raman
spectroscopic measurement on ethanol. Compared with the
reported methods [12, 13, 18, 19], our “F+2f” scheme has a
simplest design and low-cost conﬁguration, which produces
even higher enhancement. Although we employed pure
ethanol and R6G in water as the analytes in this experimental
work, the most important motivation is to ﬁnd eﬀective and
practical approaches for improving the sensitivity of Raman
spectroscopy, which can be potentially utilized in the direct
detection of pollutant molecules in environmental water.

2. Optical Design for the Enhancement of the
Volume Raman Spectroscopy
Figure 1 shows the geometry for the optical design of the
Raman spectroscopic measurements on liquid samples of
pure ethanol. We used a ﬁber-coupled 785 nm laser as the
excitation, which was recollimated after being coupled out of
the ﬁber. After passing through a band-pass ﬁlter for 785 nm,
the laser beam was reﬂected by a high-reﬂection (HR) mirror
and a dichroic mirror for 785 nm high-reﬂection and longerwavelength transmission. Then, the narrow-band 785 nm
laser beam was focused into the liquid sample. The Ramanscattering light was collected by the focusing lens to pass
through the dichroic mirror and the long-pass ﬁlter, so that
the excitation laser at 785 nm was “blocked” through high
reﬂection by the dichroic mirror and the long-path ﬁlter.
Thus, only the Raman-scattering light reached the focusing
lens for coupling into the detection optical ﬁber of the
Raman spectrometer. The Raman spectrum can be then
detected and displayed. What is particular for our design is
that a gold mirror is located at varied depth inside the liquid
sample along the axis of the detection path to supply optical
feedback for both the excitation and scattering light, as
shown in Figure 1. Flat and curved gold-coated mirrors have
been employed in the experiments, so that diﬀerent optical
feedback mechanisms can be investigated and compared.
The continuous-wave excitation laser at 785 nm was purchased from Shanghai Oceanhood Optoelectronics Tech
Co., LTD, which supplies a maximum power of 300 mW;
however, we used only 125 mW in all of the experiments. A
Raman spectrometer QE-PO1609 from Ocean Optics was
equipped with the system, where the software is provided by
the supplier and a collection integration time of 3 s was used
in all of our measurements.
The principles for the feedback-enhanced Raman
spectroscopy can be understood by analyzing the geometry
in the dashed circles in Figure 1. Flat and curved mirrors
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with gold coatings are employed, since gold ﬁlms have high
reﬂection for both the excitation and Raman-scattering light
in the range from 785 to about 850 nm. It needs to be
stressed here that the gold coatings simply supply broadband
high reﬂections, and no surface-enhanced Raman-scattering
(SERS) eﬀect is involved here. It is apparent that although a
ﬂat feedback mirror can also reﬂect a large portion of the
forward-propagating Raman signals back to the detection
path, only a limited fraction can be coupled back into the
detector. This is due to the large divergence of both the
excitation and Raman-scattering light, where the feedback
ﬂat mirror has to be placed below the focus of the excitation
laser beam to ensure reasonable focusing position and
suﬃciently long interaction distance. Thus, the reﬂection
path is diﬀerent from the back-reﬂection of the excitation
and there is a limited coupling eﬃciency for the feedback.
Furthermore, a ﬂat mirror cannot supply additional focuses
to intensify or extend the length of the Raman interactions.
In contrast, using a curved mirror with a focal length of f
to replace the ﬂat mirror, we can improve the conﬁguration
largely in two aspects: (1) If the curved mirror is placed
below the focus at a distance of 2f, precise retro-reﬂection
can be achieved for the excitation laser beam. Thus, the
excitation laser beam is focused twice at the same location;
meanwhile, the intensive interaction length is doubled. (2)
The Raman-scattering light propagating in the forward direction can be back-reﬂected and collected suﬃciently by the
detection optical systems. Thus, the detected Raman signal
can be enhanced at least by a factor of 8. However, due to the
diﬃculties in the management and adjustment of the curved
mirror below liquids, the alignment of the optical axis of the
curved mirror with that of the excitation and detection light
path, and the precise location of its position with respect to
the laser focus, the enhancement factor cannot be utilized to
its full value. In our experiments in this work, we used pure
ethanol as the liquid sample, and an enhancement factor of
about 5.6 has been achieved.

3. Results and Discussions
3.1. Veriﬁcation of Volume-Excitation Volume-Collection
Performance. To demonstrate the volume-excitation volume-collection feature of the Raman spectroscopic measurements on liquids, we carried out a veriﬁcation
experiment, as illustrated in the inset of Figure 2(b). A goldcoated ﬂat mirror was placed in the liquid sample with a
tilting angle of 45°, which functions as a blocker of the
excitation laser beam. Due to this large tilting angle, no
reﬂection by the mirror of the Raman signal can be collected
by the detection system. Thus, moving this tilted mirror up
and down along the optical axis accomplishes the adjustment of the interaction distance. It needs to be noted that
ethanol has a refractive index of about 1.362, which leads to
the extension of the focal length below the liquid surface.
Additionally, in all of our experiments below, the depth z has
been measured outside the glass container (a 100 ml beaker),
which is an absolute distance and can be used without
modiﬁcation by the refractive index of ethanol.
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Figure 1: Experimental setup for optical feedback-enhanced Raman spectroscopic measurements on liquid samples.
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Figure 2: (a) Intensity of the Raman-scattering spectrum as a function of Raman shift and depth of the “blocking” mirror below the liquid
surface, where 6 Raman peaks can be observed. (b) The Raman signal peak intensity (I(z)) at about 895 cm−1 varying with the depth (z) of the
“blocking” mirror (black curve). Red curve: dI(z)/d(z), showing an inﬂection point roughly at the focus of the laser beam with z � 28 mm.
Inset: schematic illustration of the experimental setup.
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Figure 2(a) shows a three-dimensional (3D) plot of the
Raman signal intensity as a function of Raman shift and the
depth of the location of the tilted mirror with respect to the
liquid/air interface, which was recorded by the position of
the excitation laser spot on the surface of the tilted mirror.
Clearly, six Raman peaks can be observed at about 448, 895,
1063, 1107, 1288, and 1463 cm−1, which are typical of ethanol solution. Among them, we can observe a strongest
signal at about 895 cm−1 and pick up this peak for our
analysis on the enhancement eﬀect. We have used a focusing
lens with a focal length of 25.4 mm (F � 25.4 mm) and tuned
the depth of the tilted mirror from 4 to 44 mm under the top
surface of the ethanol solution in a beaker with a volume of
100 mL. As the excitation laser beam is focused into the
liquid, the focal length may be largely extended due to the
refraction by the liquid with larger refractive index than air.
This explains why the focus is observed at about 28 mm by
depth inside the liquid, as shown in Figure 2(b), which does
not include the distance above the liquid surface. The black
curve in Figure 2(b) shows the variation of the Raman signal
intensity with depth inside the liquid. Clearly, the intensity
increases dramatically before reaching the focus; then, the
increasing rate is slowed down, and a saturation eﬀect can be
observed with z > 32 mm. A turning point is observed at
z � 28 mm, which is exactly around the focus of the excitation laser beam and can be veriﬁed by the calculation of
dI(z)/dz, as shown by the red curve in Figure 2(b). This
increasing speed curve is almost symmetrical about the focus
of the laser beam. According to Figure 2(b), for z > 44 mm,
the Raman signal stays nearly constant (black curve) and the
diﬀerential curve (red curve) reaches almost 0 again, implying that the interaction beyond 44 mm does not make any
contribution to the Raman signal any more. Therefore, the
interaction length that is required for achieving eﬃcient
Raman signal is even larger than 44 mm, which is nearly
double the focal length of the focusing lens. Thus, the experimental results in Figure 2 verify the volume-excitation
and volume-collection nature of the Raman spectroscopic
measurement on liquids. This implies not only a required
suﬃciently long interaction distance for the excitation laser
with the sample but also the importance of optical feedback
in the collection scheme of the Raman signal.
3.2. Optical Feedback Using a Planar Reﬂector. A straightforward solution for the optical feedback is using a ﬂat
reﬂection mirror, which reﬂects the forward-propagating
Raman signals back to the detection optical path and enhances the detected signal intensity, as shown in Figure 3.
The inset of Figure 3(b) illustrates schematically the experimental setup, where a gold-coated ﬂat mirror was placed
inside the liquid sample and moved up and down to optimize the Raman signal. An excitation laser power of 125 mW
and an integration time of 3 s have been employed in the
measurements.
In Figure 3(a), the Raman spectrum is recorded as a
function of the depth of the ﬂat reﬂector. Again, multiple
Raman peaks can be observed and the most intensive one is
located at about 895 cm−1. However, the strongest Raman
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signal is observed at a depth of the optical feedback mirror of
about z = 34 mm. Figure 3(b) shows the measured intensity
of the Raman signal at 895 cm−1 which varies with value of z.
The red line in Figure 3(b) marked the highest intensity of
the Raman signal measured without optical feedback by the
ﬂat reﬂector, which is about 11.8 × 103. With the optical
feedback by the ﬂat reﬂector, the peak intensity of the Raman
signal is measured to be 34 × 103 at z = 34 mm, implying an
enhancement factor of about 2.88, as highlighted in
Figure 3(b).
It needs to be noted that if the ﬂat reﬂector is above the
focus of the laser beam, the practical focus inside the liquid
sample might be reﬂected out of the liquid, so that the
Raman signal is very small at the beginning and the increase
of it is slow, as shown by the downward arrow for z < 12 mm.
As the focus enters the liquids, the increase of the Raman
signal intensity becomes much faster, as can be seen on the
black curve with z > 12 mm. A turning point can be observed
when the focus of the excitation laser beam reaches the
surface of the liquid, which corresponds to the ﬁrst peak of
the blue curve plotted for dI(z)/dz, as shown in Figure 3(b)
and highlighted by the upward solid blue arrow. With
lowering the ﬂat reﬂector further, the Raman signal increases
quickly and reaches a second turning point at about
z � 28 mm, as highlighted by the dashed upward blue arrow
in Figure 3(b) for the blue curve. This turning point agrees
with that in Figure 2(b). With lowering the ﬂat reﬂector
further, we will observe the peak intensity of the Raman
signal at about z � 34 mm with dI(z)/dz � 0.
If we examine the enhancement eﬀect by a ﬂat reﬂection
mirror as the optical feedback, we may ﬁnd that the
conﬁguration can be improved in two aspects by replacing
the ﬂat reﬂection mirror with a curved one. (1) A second
focus of the excitation laser with nearly the same size, the
same location, and the same intensity may be produced in
the back-reﬂected beam; thus, the enhancement factor may
be doubled (2.88 × 2 � 5.76). (2) Since the ﬂat mirror reﬂected a divergent beam back to the detection light path,
the feedback beam size is larger than the eﬀective aperture
of the focusing/collection optics, producing a collection
eﬃciency of roughly (25/34)2 ≈ 54%. If such a loss is
compensated by a curved reﬂection mirror and enhancement factor can be estimated as 2.88×2/54% ≈ 10.6, which is
nevertheless a theoretical estimation, we should also take
into account the light intensity distribution over the
transverse mode of the Raman-scattering light beam and
the size of the curve mirror with respect to that of the
excitation and scattering light beams. Even with this
consideration, an enhancement factor larger than 8 is a
reasonable estimation.
3.3. Optical Feedback Using a Curved Reﬂector. Based on
above discussions, a more eﬃcient optical feedback is using a
curve mirror with a concave reﬂection surface, as shown in
Figure 1 and in the inset of Figure 4. In this design, we used a
curved mirror with a diameter of 12.7 mm, where the
spherical reﬂection surface has a curvature radius of about
10 mm, corresponding to a focal length of 5 mm. The curved
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Figure 3: (a) The Raman signal intensity as a function of Raman shift and the location depth of the ﬂat feedback mirror underneath the
liquid surface. (b) The Raman signal peak intensity I(z) at 895 cm−1 at diﬀerent depths (z) of the ﬂat optical feedback mirror. Blue curve:
calculation of dI(z)/d(z). Inset: schematic illustration of the measurement setup.
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Figure 4: Raman-scattering spectra measured with (red) and
without (black) a curved optical feedback mirror. Inset: schematic
illustration of the experimental setup.

surface was coated with gold for high reﬂection at both the
excitation and Raman-scattering wavelengths. The parameters of the curved mirror have been optimized not only
through obtaining the largest enhancement factor of the
Raman signals but also on the basis of the allowed location
depth underneath the liquid surface, the excitation laser
beam size, the dimensions of other optical and mechanical
elements, and the size/volume of the liquid container. This
not only supplies more eﬃcient collection of the Raman
signal and possibly optimized mode matching between
feedback Raman signal beam and the collection optics but
also enables a new focus of the excitation lasers, which
doubles the whole Raman-scattering process. Thus, the
enhancement factor demonstrated in Figure 3(b) may be
further increased to about 5.6, as shown in Figure 4.

In Figure 4, we plot the Raman spectra that are measured
with (red) and without (black) the feedback mirror. A
concave mirror with its curve surface coated with gold was
employed as the optical feedback reﬂector, which has high
reﬂection for both the excitation (785 nm) and Ramanscattering wavelength (810∼900 nm). If assuming a focal
length of F for the external focusing lens and f for the curved
mirror, the optimized depth of the curve mirror should be
written as z ≈ F-h+2f. Since we have h ≈ 2 mm, F � 25.4 mm,
and f � 5 mm, we may estimate approximately z ≈ 33.4 mm.
However, we need to be aware of the modiﬁcation of F by the
refraction into ethanol, the value of z can be extended, and
we have roughly z ≈ 44 mm. Thus, the ﬁrst focus produced by
the external focusing lens is imaged by the curved mirror on
its original position, forming a second focus for Raman
excitation. Moreover, in such a geometry, the collected
Raman signal by the feedback curved mirror is reﬂected back
to the collection optics with the best mode matching, ensuring the highest coupling eﬃciency. However, there are
more challenges in the optical alignment with such a curved
feedback mirror. Because there are more sensitive parameters in such a geometry, the variation of the Raman signal
with adjusting the depth z is not as smooth as with a ﬂat
mirror, since a slight tilting or horizontal move of the curved
mirror may change largely the Raman signal, where the
optical axis of the curved mirror has to be aligned precisely
with that of the excitation laser beam. On such basis, we have
achieved the best enhancement factor of 5.6 by optimizing
the three-dimensional positions and the tilting angle of the
curve mirror.
In fact, the experimental results in Figure 4 can still be
largely improved in multifold aspects: (1) The alignment of
the axis of the feedback curved mirror with that of the
collection optics is very critical, where even a slight
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3.4. Detection of R6G Molecules in Water. In the above experiments, we used pure ethanol as our detection sample;
however, this does not mean that our design and photophysical mechanisms apply only to pure liquid samples. This
is mainly because pure ethanol provides conveniently a
typical sample for revealing the “volume-excitation and
volume-collection” mechanism and further the importance
of the “optical feedback” mechanisms. Moreover, ethanol is
not a harmful liquid and it has very typical Raman peaks
suitable for most of the excitation lasers and for most of the
Raman spectrometers.
However, one of the most important motivations of this
work is to supply basis for the development of practical
systems potentially for the detection of pollutant molecules
in water. Therefore, Raman spectroscopic measurement on
molecules in aqueous solvent is of critical importance. For
such a purpose, we prepared an aqueous solution of R6G
with a concentration of 10−3 mol/L and carried out measurement using the detection system with and without the
optical feedback design. In the determination of the lower
limit of the concentration of the sample solution, we should
be able to observe clear Raman signals without the optical
feedback, so that the enhancement factor by the optical
feedback scheme can be evaluated precisely. Without the
optical feedback, we were not able to ﬁnd any Raman signals
at an R6G/water concentration of 10−4 mol/L, which is the
reason why we selected a concentration of 10−3 mol/L in the
experiment.
Figure 5 shows the measurement results, where the red
and black curves correspond to the Raman spectra measured
with and without the optical feedback, respectively. A
comparison between the amplitudes of the two Raman
spectra resolves an enhancement factor of about 5.6 at
1379 cm−1, which is the largest Raman signal for R6G. Such
an excellent reproducibility of the enhancement factor
conﬁrms the optical mechanisms and the eﬀectiveness of the
optical feedback scheme. Moreover, this result demonstrates
stability and independence on the liquids of the optical
feedback mechanisms.

400
Intensity (arb. units)

misalignment may lead to dramatic reduction in the detection Raman signal. Even with very careful adjustment, the
signal has not been optimized to its best value. This is mainly
due to the optical design for lowering and adjusting the
curved mirror in the liquid sample, where a long mechanical
arm has to be used to send the curved mirror into a depth
inside the liquid sample. (2) Optimization of the focal lengths
of both the external focusing lens and the curve mirror can
improve the excitation and collection eﬃciency further. (3)
Enlargement of the diameter of the curve mirror may increase
the collection area largely and facilitate the collection to a
much improved extent. (4) Coating with gold is not a best
solution to achieve strong optical feedback, where gold still
has much absorption and there is large variation in the reﬂection rate over the studied spectral band. Using broadband
dielectric coatings with a high-reﬂection rate may improve the
enhancement factor further remarkably.
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and without (black) an “F+2f” optical feedback scheme.

4. Conclusions
We report designs of optical feedback schemes for the signal
enhancement of Raman-scattering spectroscopy. Experiments demonstrate volume-excitation and volume-collection features of the Raman detection of liquids and verify the
strong forward-propagating Raman-scattering signals. We
thus conclude the necessity and importance of incorporating
optical feedback schemes into the detection system. Flat and
curved back-reﬂectors have been employed in investigating
the optical feedback mechanisms, which lead to enhancement factors of 2.88 and 5.6 for the Raman-scattering signals, respectively. Curved mirrors with an “F + 2f” scheme
for precise retro-reﬂective imaging of the forward-propagating light beams are veriﬁed to be the best optical feedback
design, which not only produces an additional focus of the
excitation laser beam but also enables most eﬃcient collection of the Raman-scattering signals with perfect mode
matching in the back-reﬂection coupling. The revealed
optical mechanisms and the presented designs are important
for solving the challenges in the detection of low-concentration molecules in liquids. We summarize some further
remarkable progresses made in this work as follows: (1) We
develop systematic modeling on the variation of the Raman
spectroscopic response with liquid depth, which not only
supplies deep insights into the photophysics involved in
Raman spectroscopy but also provides aided guidance for
the design of Raman detection system, in particular for
direct detection in liquids. (2) Our optical feedback scheme
facilitates a potentially convenient and suitable design for the
in situ detection of pollutant molecules in environmental
water by Raman spectroscopy. (3) The design and the developed system are simple, practical, and eﬃcient, as
compared with the previously reported approaches. (4) Our
design can be easily integrated with the Raman detection
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system, in particular with the ﬁber-based detection head, for
direct in situ Raman detection in environmental water.
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