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Abstract: We present a Raman spectroscopy setup containing a conical beam shaper in
combination with a freeform segmented reflector for surface enhanced Raman scattering (SERS)
analysis. The freeform segmented reflector and the conical beam shaper are designed by numerical
approaches and fabricated by means of ultra-precision diamond tooling. The segmented reflector
has a numerical aperture of 0.984 and a working distance of 1mm for SERS measurements. We
perform systematic simulations using non-sequential ray tracing to assess the detecting abilities
of the designed SERS-based system. We implement a proof-of-concept setup and demonstrate
the confocal behavior by measuring the SERS signal of 10µM rhodamine B solution. The
experimental results agree well with the simulations concerning the misalignment tolerances
of the beam shaper with respect to the segmented reflector and the misalignment tolerances of
the collecting fiber. In addition, we conduct benchmark SERS measurements by using a 60×
objective lens with a numerical aperture of 0.85. We find that the main Raman intensity of
rhodamine B at 1502 cm−1 obtained by our segmented reflector working together with the conical
beam shaper is approximately 30% higher compared to the commercial objective lens.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Raman spectroscopy is a powerful non-linear optical detection techniquewhichwas first discovered
in 1928 by Sir C.V. Raman [1]. When an incident laser photon bounces off a molecule, it will be
absorbed and reemitted inelastically, which means the reemitting frequency υ will be shifted in
comparison with the original frequency υo due to the vibrational and rotational modes of the
molecule. The intensity of the scattered photon is inherently very weak and is proportional to υ4o .
Applying a shorter wavelength laser as excitation gives stronger Raman scattering, but meanwhile
may also results in a higher fluorescence and probably a sample degradation [2]. Therefore,
surface enhanced Raman scattering (SERS) has been utilized more and more in research to
amplify the intensity of the Raman signal due to the localized surface plasmon resonance (LSPR)
by employing nanotextured surfaces (NTS) with metallic coating [3–5]. The Raman scattering of
the molecules adsorbed on nanotextured surfaces can be increased with enhancement factors as
high as 1011−12 owing to the localized surface plasmon resonance according to the literature [6,7].
Raman spectroscopy and SERS have a wide variety of applications in biological research and life
sciences such as cancer diagnostics [8–10], DNA/RNA identification [11–13], toxin and drug
detection [14–17]. Typically, SERS measurements are performed by focusing the excitation laser
beam onto the nanotextured surfaces with a high NA objective lens [8–17], as shown in Fig. 1(a).
The objective lens also plays the role to collect the Raman signal scattered from the molecules
adsorbed on the surfaces. However, the objective lenses are always designed with refractive
structures and therefore are sensitive to the wavelengths especially in the infrared or UV region
[18]. The achromatic and apochromatic objectives might help to minimize chromatic aberrations
[19–21]. Some of the reflective objective lenses can eliminate the chromatic aberrations but
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the obstructions in the beam path reduces the performance of the objective inevitably [22,23].
Besides, the working distances of the high NA objectives are typically very short. Applying a
freeform reflector with high NA can substantially reduce the size of the optical system, together
with the confocal Raman spectroscopy, background can be suppressed [24].

Fig. 1. (a) Illustration of conventional SERS measurements with an objective lens; (b)
Principle of our freeform segmented reflector and the conical beam shaper; and (c) the
profile of the segmented reflector calculated by a numerical approach. The red and blue rays
refer to different sections of the Raman scattered light interacting with different segments.
(S1: center segment; S2: middle segment; S3; outer segment.)

We have presented a freeform segmented reflector applied in a microfluidic system for
conventional and surface-enhanced Raman spectroscopy [25]. Although a high collection
efficiency has been achieved by using this segmented reflector for SERS measurement, part of the
excitation laser beam will still be blocked by the Au coated SERS substrate. In addition, the sag
of the marginal segments of this reflector is relatively large. To this end, we developed a freeform
segmented reflector design to reduce the dimensions and used in combination with a conical
beam shaper for SERS measurements. Our freeform segmented reflector has a high NA and a
long working distance in comparison with commercial achromatic and apochromatic objective
lenses. In combination with a conical beam shaper, all excitation light hits the sample under test.
Also the obstruction of our segmented reflector is 0% which implies that the Raman signal can
bypass the metallic surfaces of the SERS substrate to achieve a high collecting efficiency. In
addition, a larger working distance makes the sample preparation and handling easier for SERS
measurements. We calculated the surface profile of our segmented reflector and conical beam
shaper by numerical approaches. The freeform segmented reflector and conical beam shaper
were fabricated by means of ultra-precision diamond tooling and turned into a proof-of-concept
demonstration setup for SERS measurements. The performance of our conical beam shaper
and freeform segmented reflector were assessed by non-sequential ray tracing simulations and
compared to the experimental results obtained.

2. Design and fabrication of the freeform segmented reflector and beam shaper

The two main components of our Raman spectroscopic system are the beam shaper and the
freeform segmented reflector, as shown in Fig. 1(b). The beam shaper consists of two reflective
conical surfaces with certain displacement along the z-axis. The outside of the conical surface is
cut laterally to make an open aperture for the light rays. In the excitation path, a circular light
beam that is parallel to the optical axis coming through the beam shaper will be expanded into a
ring-beam. The ring-beam is then focused on the SERS substrate by the freeform reflector which
consists of three segments. The central and outer segments work together to focus the outer part
of the ring-beam onto the surface of SERS substrate. The middle segment works independently
to focus the inner part of the beam-ring to the same focal point of the two other segments. The
diameter of the central segment is consistent with that of the inner conical surface, making sure
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that all the excitation rays are reflected to the focal point. In the collection path, the scattered
Raman rays also interact with different segments of the freeform reflector. The rays close to
the optical axis are reflected by the central segment and the outer segment successively [red
rays in Fig. 1(b)]. The rays with higher angles of emission can be collimated directly by the
middle segment. Therefore, the Raman scattered light are collimated into a ring-beam. The beam
shaper then reduces the diameter of the collimated ring-beam of Raman scattering to a circular
beam with a smaller diameter. In this case, most of the Raman scattered light can bypass the
opaque SERS substrate and be delivered to the external optics. The obstruction of the segmented
reflector in combination with the conical beam shaper is 0%.
The profile of the segmented reflector is shown in Fig. 1(c). We calculated the shape by a

numerical approach. The central, middle and outer segments are denoted by S1, S2 and S3
respectively. Si stands for the Raman source of each ray, and in our calculation all rays come from
a common source S0. In the first step, we can simply obtain the profile of the middle segment S2,
which is parabolic according to the position of the focus S0 and the radius of curvature R:

z(x) =
x2

R
(
1 +

√
1 − (1 + k) x2

R2

) (1)

Where, the conic constant k equals to -1.
In a next step, the center part of the parabolic segment S2 [blue dashed curve in Fig. 1(c)]

is replaced by a new center segment S1. Assume Pi : (xi, zi) is a point on segment S1, and
Ei : (ai, bi) is an arbitrary point belonging to segment S3, we have:

Pi : (xi, zi) ∈ z = f (x)

Ei : (ai, bi) ∈ z = g(x)
P0 : (x0, z0) is situated at the intersection of S1 and S2. Segment S3 intersects with S2 at E0.
The focus of all segments is S0 : (xs, zs).

Then the gradient of the ray SiPi can be given by:

tanαi = (xi − xs)/(zi − zs) (2)

Where, αi is the emission angle of the Raman scattered light.
The slope of S1 at Pi is the derivative of f (x):

mi = tan θi = f ′(xi) = (zi+1 − zi)/(xi+1 − xi) (3)

Here θi is the inclination of S1 at Pi.
If we denote the angle between the optical axis and the reflected ray from Pi by βi, according

to the law of reflection, we can get the following equation:

θi = (βi − αi)/2 (4)

Since all the reflected rays pass through a vertex Ci : (xc, zc), the tangent of βi can be expressed
as:

tan βi = (xi − xc)/(zc − zi) (5)
The inclination of the normal line of S3 at Ei equals to half of angle βi in agreement with the law
of reflection:

γi = βi/2 (6)
Then the slope of segment S3 at Ei can be given by:

ki = −1/tan(γi) = (bi − z)/(ai − x) (7)

To calculate the surface profile of S1 by the numerical approach, we start from P0 : (x0, z0),
and calculate the value of α0 according to Eq. (2), and then get the value of β0 by Eq. (5). The
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inclination angle of S1 at P0 can be then calculated by Eq. (4). The next point P1 on S1 with a
tiny step away from P0 can be retrieved by Eq. (3). By repeating the above process, we are able
to obtain the surface profile of segment S1.

P0 : (x0, z0) → α0, β0→ tan θ0→ P1 : (x1, z1)
P1 : (x1, z1) → α1, β1→ tan θ1→ P2 : (x2, z2)
. . .
Pi : (xi, zi) → αi, βi→ tan θi→ Pi+1 : (xi+1, zi+1)
To calculate the surface profile of outer segment S3, we start from E0 : (a0, b0), and obtain

the inclination of the normal line γi based on Eq. (6). Then the next point E1 on S3 besides E0
can be calculated by Eq. (7). By repeating the above calculation, we obtain the overall shape of
segment S3.

E0 : (a0, b0), β0→ k1→ E1 : (a1, b1)
E1 : (a1, b1), β1→ k2→ E2 : (a2, b2)
. . .
Ei : (ai, bi), βi→ ki+1→ Ei+1 : (ai+1, bi+1)
Once the surface profiles of different segments are calculated, we obtain the 3D surface of

the reflector by rotating a generatrix, consisting out of the three segments, around the z-axis as
shown in Fig. 1(c).

Take into account the size of the SERS substrate (Silmeco ApS, København, Denmark) which
is 4mm × 4mm × 0.7mm, we determined the freeform segmented reflector with the specifications
listed in Table 1.
The segmented reflector has an outer radius of 10.55mm to match with the mount of the

Thorlabs’ 1-inch cage system used for the proof-of-concept demonstration. The center segment
has a radius of 7mm to cover the surface area of the SERS substrate. Our segmented reflector has
an overall NA of 0.984. The NA of the central segment is 0.87, which implies that the central
and outer segments capture 61.9% of the total collection efficiency. The working distance of our
segmented reflector - the vertical distance between the focal point and the front edge of segment
S3 - is 1mm, which is also much longer than commercial dry objective lenses with high values of
NA.

Table 1. Dimensions of the freeform segmented reflector.

S1 (mm) S2 (mm) S3 (mm) Total (mm)

∆x 7.00 3.00 0.55 10.55

Sag 2.01 2.12 0.83 2.97

The beam shaper has an inner radius of 7mm, in line with the geometric boundaries of the
center segment, and an outer radius of 12mm to match with the segmented reflector as well as
to the mount of the Thorlabs cage system used for the proof-of-concept demonstration with a
1.45mm alignment tolerance along the z-axis.

We fabricated the beam shaper and segmented reflector by ultra-precision diamond tooling
(350FG Freeform Generator, Moore Nanotech, Swanzey, NH, USA). The two parts of the beam
shaper are made from Poly(methyl methacrylate) (PMMA) material. The reflective surfaces of
the two conical components are coated with a 200nm thick gold layer using sputtering such that
a reflectivity up to 99% for the excitation and Raman scattered light is obtained, as shown in
Figs. 2(a), 2(b). We bond the two parts together by UV curing to make the conical beam shaper,
as shown in Fig. 2(c). The inner component of the beam shaper has a corner radius of 50µm
due to the diamond tool used for the fabrication. However, the energy loss caused by this radius
value is 1.44% according to our simulation, which can be neglected. The segmented reflector is
made from brass and also coated with a 200nm thick gold layer to increase the reflectivity, as
shown in Fig. 2(d). The RMS roughness of the conical surfaces and the segmented reflector are
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around 7nm measured by an optical non-contact profilometer (Contour GT-I, Bruker, Billerica,
MA, USA).

Fig. 2. Two components (a, b) of the conical beam shaper made from PMMA material
with localized gold coating. (c) Integration of (a) and (b) into a beam shaper. And (d) the
freeform segmented reflector made from brass. All reflective surfaces are fabricated by
ultra-precision diamond tooling and coated with gold layers by sputtering.

3. Optical system design and proof-of-concept demonstration implementation

In order to assess the performance of our freeform segmented reflector and the beam shaper, we
performed non-sequential ray tracing simulations in ZEMAX OpticStudio. Figure 3(a) shows a
scheme of the entire Raman spectroscopy system. In addition to the reflector and beam shaper,
our system also contains a Raman probe and a mirror as external optics. In the excitation path,
the 785nm wavelength laser emitted from the single-mode fiber passes through the excitation
lens to form a collimated Gaussian beam, after which the bandpass filter blocks the side bands
around 785nm. The Gaussian beam is then reflected by the long-pass dichroic mirror and a
mirror successively and turns into a ring-beam by the conical beam shaper. The ring-beam is
focused on the SERS substrate by our freeform segmented reflector to generate Raman scattering.
For the collection path, we define a 4mm×4mm scattering surface to mimic the surface of the
SERS substrate. When each 785nm wavelength excitation ray interact with the scattering surface,
it will shift the wavelength to 890nm which is associated to a 1502 cm−1 Raman shift and
reemit in an arbitrary direction from the surface. The scattered Raman rays are collimated by
our segmented reflector and beam shaper and pass through the long-pass dichroic mirror. A
collecting lens is used to focus the Raman beam into the multi-mode fiber (MMF). To further
minimize the influences of the excitation source and anti-Stokes scattering to the detection, we
placed a long-pass filter in front of the collecting lens. The details of our freeform segmented
reflector and the beam shaper in the non-sequential ray tracing simulation are shown in Fig. 3(b).

Our Raman spectroscopy system can be regarded as a confocal system, because the out-of-focus
flare which interferes the Raman signal can be blocked by the core of the multi-mode fiber. We
evaluate the confocality by placing a point source with 890nm wavelength to mimic the Raman
source of an excited molecule and moving it away from the focus along different axes. In total
1×106 rays are used in the non-sequential ray tracing simulations. A circular virtual detector with
200nm diameter is placed in front of the multi-mode fiber to investigate the flux changes with
respect to the displacement of the point source. The simulation results are shown in Fig. 4(a).
When the point source is moved away from the focus, the Raman intensity detected decreases.
We use full-width half-maximum (FWHM) of the curves in the figure to evaluate the confocality.
The FWHMs for x/y and z displacement are 45µm and 68µm respectively. We find that the Raman
intensity changes are symmetric with the displacement of the point source along x/y axis, but the
symmetry is poorer along the optical axis. This can be explained by the dissimilar collimating
abilities of the different segments. When the point source is below the focal plane, as is shown in
Fig. 4(b), the middle segment will reflect the rays to a convergent beam, but the central and outer
segments will convert the rays to a divergent ring-beam respectively. The performance of the
segments is opposite compared with the situation when the point source is above the focus, as is
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Fig. 3. Scheme of the Raman spectroscopy system in non-sequential ray tracing simulation
(a), and the details of the segmented reflector, beam shaper and the SERS substrate (b). The
blue and green lines refer to the excitation and Raman rays respectively; Our system also
contains a Raman probe (the red dashed box) and a mirror as external optics.

shown in Fig. 4(c). This results in a non-symmetrical Raman intensity change in our simulations.
Ideally, the spot size of the excitation light in the focal plane could reach the diffraction limit as
our segmented reflector is designed via a numerical approach such that all excitation rays hit a
common point. However, in practice this goal is difficult to achieve because of the aberrations of
the external optics used. According to our non-sequential ray tracing simulations, 75% of the
tracing rays out of 106 rays fall within a 2µm diameter circle on the focal plane.

Fig. 4. Normalized Raman intensity change (a) with respect to the displacement of the
point source from focal plane along the z-axis (b, c). The red and blue rays refer to different
sections of the Raman scattered light interacting with different segments that change to
different directions when the Raman source is moved along the z-axis.

We designed the structural frame with CAD software and implemented a proof-of-concept
demonstration setup with a Thorlabs’ cage system, as shown in Figs. 5(a), 5(b). The segmented
reflector is mounted on a cage translation stage with 1/2” z-axis travel. Both the beam shaper
and the multi-mode fiber are fixed on Thorlabs’ Ø1” actuated translators such that they can be
aligned actively. A single-mode fiber with 5µm core size is connected to a 785nm wavelength
diode laser (TEC-500-0785-300, Sacher Lasertechnik, Marburg, Germany), which is the same
wavelength as has been used in our non-sequential ray tracing simulations. The SERS substrate
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textured with nanopillars employed for our detection is fabricated through a combination of
maskless reactive ion etching and electron beam evaporation, and has an enhancement factor up
to 106 [26]. We collect the Raman signal with a 200µm core size multi-mode fiber and deliver
the Raman scattering to a spectrometer (AvaSpec-HERO, Apeldoorn, Netherlands) for analysis.

Fig. 5. Structural frame CAD of our Raman spectroscopy (a), and the proof-of-concept
demonstration setup of our Raman spectroscopy system (b). (BPF: Band-pass filter; LPF:
Long-pass filter.)

First, we evaluated the performance of our conical beam shaper using non-sequential ray
tracing simulations with 5×106 rays. Ideally, the 785nm wavelength laser coming out of the
single-mode fiber will be collimated into a Gaussian beam with a diameter of 3.9mm, as shown
in Figs. 6(a), 6(b). After the conical beam shaper, the Gaussian beam will be reshaped into a
ring-beam, partially shown in Figs. 6(c), 6(d). We used a CMOS sensor (Basler Aca 1920-155)
to measure the beam profile before and after the conical beam shaper in the laboratory. The
sensor size is 11.3mm × 7.1mm, and it has a pixel size of 5.86µm × 5.86µm. The shapes of the
beam before and after the conical beam shaper using the CMOS sensor are shown in Figs. 7(a),
7(b). and Figs. 7(c), 7(d) respectively. According to the experimental results, we find that the size
of the Gaussian beam is 3.6mm instead of 3.9mm due to small NA matching errors. However, the
shape of the ring-beam after the beam shaper is in good agreement with the simulation results.
The FWHM widths of the ring-beam in simulations and experiments are 1.512mm and 1.629mm
respectively.

Fig. 6. Beam shape before (a, b) and after (c, d) the conical beam shaper in the simulations.
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Fig. 7. Beam shape before (a, b) and after (c, d) the conical beam shaper experimentally
obtained by the CMOS sensor.

4. SERS measurements

Rhodamine B is a commonly used dye for Raman and fluorescence measurements [27]. Therefore,
we purchased HPLC rhodamine B and ethanol (Sigma Aldrich) as analytes for the experiments.
We weighted out 1.437g RhB powder and dissolved it with ethanol into a 100mL stock solution
of 30mM concentration. Then it was diluted in ethanol into 10µM solutions. Next, 5µL of this
10µM rhodamine B solution was deposited on the SERS substrate with a micropipette and dried.
We placed the SERS substrate with the deposited rhodamine B in front of the freeform segmented
reflector in our setup and conducted experiments to obtain the Raman scattering. To obtain the
Raman spectrum of rhodamine B we measured with 5 seconds integration time under 5mW
excitation power. The spectrum is shown in Fig. 8. We also measured the identical rhodamine
B sample under the same excitation power and integration time but with a 60× commercial
microscope objective lens (Newport M-60X) instead of our beam shaper and segmented reflector.
This objective lens has a numerical aperture of 0.85, and its working distance is 0.3mm.

Fig. 8. SERS spectra of 10µM Rhodamine B measured with our conical beam shaper in
combination with the freeform segmented reflector, and with a 60× commercial microscope
objective lens. The same scale for both subfigures is used.

The main Raman peaks of rhodamine B and their intensities are listed in Table 2. We also
analyzed the molecular vibrational modes associated with these Raman peaks accordingly.
rhodamine B has strong Raman peaks at 615.9 cm−1, 1187 cm−1, 1271 cm−1, 1351 cm−1, 1502
cm−1, and 1643 cm−1. The positions of some Raman peaks (615.9 cm−1 and 1187 cm−1) obtained
with the segmented reflector are slightly different than the ones obtained with the objective lens
due to system noise such as the photon shot-noise, dark current and read noise of the detector.
The Raman intensity measured with our segmented reflector system at 1502 cm−1, which is
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the highest among all peaks, is approximately 30% higher than the one measured with the 60×
objective lens, as expected from simulations.

Table 2. Intensities and peak assignments of main Raman bands of rhodamine Ba

Literature (cm−1)
[27,28]

SERS & Reflector
(cm−1)

SERS & Objective
(cm−1) Assignment

619 s 615.9 s 612.3 w Aromatic bending

1193 s 1187 s 1190 s

C-C bridge-bands
stretching & Aromatic
C-H bending

1275 s 1271 s 1271 s C-C bridge-bands stretching

1354 s 1351 s 1351 s Aromatic C-C stretching

1504 s 1502 s 1502 s Aromatic C-C stretching

1523 s 1523 s 1523 s Aromatic C-H bending

1595 w 1595 m 1595 m C=C stretching

1642 s 1643 s 1643 m
Aromatic C-C stretching
& C=C stretching

a(s: strong; m: medium; w: weak)

The misalignment of the collection fiber with respect to the Raman probe is very crucial
because the fiber tip plays the role as a pinhole in the confocal system. Therefore, we investigated
the misalignment of the collection fiber both in non-sequential ray tracing simulations and
with SERS measurements. In the non-sequential ray tracing simulations, we detected the total
flux of the 890nm wavelength rays corresponding to a Raman peak at 1502cm−1 from the
scattering surface collected by the multi-mode fiber from different positions along the x-, y- and
z-axis. In the experimental approach, we measured the Raman spectra of rhodamine B on the
SERS substrate by moving the position of the fiber which is coupled with the translation stage.
Afterwards we got the curves of the Raman intensity of rhodamine B at 1502 cm−1 with respect
to the displacements of the collection fiber from its optimal position, as shown in Fig. 9. The
average and standard deviation of the Raman intensity at each position are obtained over 10
measurements. We can conclude that the experimental results are in good agreement with the
simulations.
Table 3 shows the FWHM values of the misalignment tolerance curves correspond to -3dB

energy loss for the collection fiber along the different axes. The FWHM of the tolerance along the
z-axis is approximately 3 times larger than the one along the x- and y-axis both in simulation and
with experimental results obtained. Also the tolerance curves of the z-axis show less symmetry
than the one of x and y. This can be explained by the fact that different segments of the reflector
have different collecting abilities along the z-axis, identical to the confocal performance in the
non-sequential ray tracing simulations mentioned above.

Table 3. FWHM tolerances of the collection fiber.

X (mm) Y (mm) Z (mm)

Simulation 0.119 0.117 0.341

Experiments 0.182 0.144 0.441

We also evaluate the misalignment tolerance of the beam shaper with respect to the segmented
reflector by simulation and experiments respectively, as shown in Fig. 10. The FWHM tolerances
are around 0.225mm both in simulation and experiments.
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Fig. 9. Comparison of misalignment tolerances of the collection fiber in simulation and
experiments. Intensities are normalized. The average and standard deviation of each
displacement are obtained over 10 measurements.

Fig. 10. Misalignment tolerance of the beam shaper with respect to the segmented reflector.
Intensities are normalized. The average and standard deviation of each displacement are
obtained over 10 measurements. The FWHM tolerances are around 0.225mm both in
simulation and experiments.

According to the non-sequential ray tracing simulations, a 1mm horizontal misalignment of the
two parts of the conical beam shaper with respect to each other leads to an energy loss less than
-1dB (<20%). In practice, we designed and fabricated grooves for both parts of the conical beam
shaper such that they can be aligned with a precision better than 5µm in the horizontal direction.
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5. Conclusion

We designed a freeform segmented reflector with a high NA (0.984) and a conical beam shaper
for confocal SERS measurements. The surface profile of the freeform segmented reflector is
based upon a parabolic surface and is calculated by a numerical approach. We fabricated the
freeform segmented reflector and the conical beam shaper by ultra-precision diamond tooling.
The reflective surfaces were coated with gold layers by sputtering and characterized by an optical
non-contact profilometer. We designed the structural scheme by CAD software and implemented
a proof-of-concept demonstration setup in combination with a Raman probe.

We assessed the confocality of the Raman system using non-sequential ray tracing simulation
by shifting an ideal point source along different axes and measured the total flux collected by the
multi-mode fiber. The simulation result show that the Raman intensity changes are symmetric
with the displacement of the point source along the x/y-axis, but the symmetry is less good
along the optical axis due to dissimilar collimating abilities of the different segments. We also
evaluated the performance of the conical beam shaper in non-sequential ray tracing by placing a
virtual detector before and after the beam shaper. The simulation results were compared with the
actual beam shape measured by a CMOS sensor and were in good agreement.
We measured the spectra of 10µM rhodamine B solution in ethanol deposited on the SERS

substrate and analyzed the assignments of different Raman bands with respect to the vibrational
modes of rhodamine B. In addition, we benchmarked our system and performed a reference
measurement using the same SERS sample by replacing our segmented reflector and beam shaper
with a 60× commercial objective lens. According to the experimental results, the collecting
efficiency of our freeform segmented reflector is 30% higher than the efficiency of the commercial
objective lens. Moreover, we assessed the misalignment tolerances of the conical beam shaper
with respect to the freeform segmented reflector and the misalignment tolerance of the collecting
fiber respectively in non-sequential ray tracing simulations and with the experiments by comparing
the Raman intensity measured. The experimental results were in good agreement with the
simulation results.

Our freeform segmented reflector in combination with the conical beam shaper performed well
for confocal SERS measurements. The obstruction of our reflector-based Raman system is 0%
such that all the excitation light can be utilized and 82% of the SERS signal can be collected under
2πsr detection geometry. However, the lack of imaging ability restricts its applications especially
in biological research. Because of its high NA and confocality, the potential applications of our
segmented reflector in combination with opto-fluidic measurements should be further investigated
in the future in the application domains such as optical trapping of bio-cells and microfluidic
SERS analysis.
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