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In this Letter, we present a low-cost, high-resolution spectrometer design for ultra-high resolution optical coherence
tomography (UHR-OCT), in which multiple standard achromatic lenses are combined to replace the expensive F-theta lens
to achieve a comparable performance. For UHR-OCT, the spectrometer plays an important role in high-quality 3D image
reconstruction. Typically, an F-theta lens is used in spectrometers as the Fourier lens to focus the dispersed light on
the sensor array, and this F-theta lens is one of the most expensive components in spectrometers. The advantage of
F-theta lens over the most widely used achromatic lens is that the aberrations (mainly spherical aberration, SA) are cor-
rected, so the foci of the dispersed optical beams (at different wavelengths) with different incident angles could be placed
on the sensor array simultaneously. For the achromatic lens, the foci of the center part of the spectrum are farther than
those on the side in the longitudinal direction, causing degradations of the spectral resolution. Furthermore, in comparison
with the achromatic lens with the same focal length, those with smaller diameters have stronger SA, but small lenses are
what we need for making spectrometers compact and stable. In this work, we propose a simple method of using multiple
long-focal-length achromatic lenses together to replace the F-theta lens, which is >8-fold cheaper based on the price of
optical components from Thorlabs, US. Both simulations and in vivo experiments were implemented to demonstrate the
performance of the proposed method.

Keywords: low-cost spectrometer; optical coherence tomography; spherical aberration suppression; ultrahigh-resolution
non-invasive imaging.
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relatively lower sensitivity compared to optoelectronic diode-
based systems due to its less stable power spectral density!'"!.
Another method commonly used to achieve a large spectral
bandwidth is to combine multiple SLDs!"?!, which costs less
when compared to SC-based UHR-OCT and could maintain

1. Introduction

Optical coherence tomography (OCT) is an imaging modality
proposed in 1990s'"), and it is now broadly applied in various
fields, such as ophthalmology'>*), dermatology'**), and gastro-

enterology!®”). One advantage of this technique is its high-
resolution imaging, which is achieved with the interference of
the broadband spectrum. In Fourier domain OCT systems,
the typically used light sources for spectral domain OCT
(SDOCT) (81 and swept source OCT (SSOCT) O are, respectively,
a superluminescent diode (SLD) and a swept source, where an
optoelectronic diode is used for the stimulated emission in both
situations. Due to the limited bandwidth of the optoelectronic
diodes, a typically achieved axial resolution is ~10 pm. To fur-
ther improve the resolution, a supercontinuum (SC) light source
was first used to achieve ultra-high resolution imaging at the
micron order, termed as ultra-high resolution optical coher-
ence tomography (UHR-OCT)!"?. SC-based UHR-OCT has a
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the imaging sensitivity.

For SDOCT, one of the key components for high-quality im-
aging is the high-resolution spectrometer, in which a collimated
beam could be dispersed and focused on a line-array sensor for
interference fringes capture. The performance of the spectrom-
eter is determined by the spot size of the different wavelength
components on the line-array sensor. The less overlap there is
between the wavelength ranges of the two adjacent sensor pixels,
the higher fringes contrast. Therefore, many spectrometer
designs have recently been proposed to improve the perfor-
mance. For example, Lee et al. designed and fabricated an
F-theta lens and used it in the spectrometer as the Fourier lens
(the lens just before the line-array sensor) to correct the field
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curvature aberration, achieving improved sensitivity fall-off as  reports, a complicated optical design, an optical manufacturing,
imaging depth increases!"*. Wu et al. performed a prism and  or a system structure is needed, making the system more expen-
amulti-element scan lens to achieve a high-resolution and wave-  sive or optical components alignment more challenging.

number-linear spectrometer, which could skip fringe resam- In the standard structure of spectrometers, the challenging
pling during data processing process''). Wang et al. used a  part is to make the dispersed beam foci after the Fourier lens
concave mirror instead of a lens in the spectrometer to improve  reach the line-array sensor simultaneously, and one of the com-
the transmission efficiency!’”), achieving improved signal-to-  monly used methods is to apply an F-theta lens (which has a flat
noise ratio and sensitivity. However, in the above mentioned  imaging field) as the Fourier lens, such as Lee et al.’s work!">),
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Fig. 1. The simulations with Zemax ray tracing software. (a) The spectrometer with one achromatic lens (EFL = 50 mm) used to replace the F-theta lens. (b) The
spectrometer with a typical F-theta lens (EFL = 50 mm, SL50-2P2, Thorlabs, NJ, USA). (c) The spectrometer with the combined 4 achromatic lenses (EFL = 50 mm)
used to replace the F-theta lens. The spot diagrams at the five representative wavelengths (0.75 pm, 0.8 um, 0.85 pm, 0.9 um, and 0.95 um) on the line-array
sensor plane are shown for comparison in (a)-(c). The RMS radii of the spot diagrams are shown in Table 1.
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However, an F-theta lens typically costs ~10-fold more than an Fourier lenses: the single achromatic lens, the F-theta lens,
achromatic lens of the same size based on the price from  and the combined four achromatic lenses. The effective focal
Thorlabs, US. For the achromatic lens, the off-center light arrays ~ length (EFL) for all three Fourier lenses is 50 mm. In the design,
are always refracted more than those close to the center (called  the collimating lens is an achromatic lens with a focal length of
spherical aberration, SA), causing the foci of the dispersed 30 mm. The grating has a resolution of 1500 lp/mm with a thick-
beams not to be in the same plane, which limits the performance ~ ness of 1 mm. All the parameters of the optical lenses are
of spectrometers. Because SA relieves as the curvature of the  obtained from Thorlabs, US. From the left panel of Fig. 1(a),
refractive surface drops, we could combine multiple lenses with ~ we can see that the distributions of the foci of the five represen-
longer focal lengths to achieve an SA-suppressed short focal — tative wavelengths (750 nm, 800 nm, 850 nm, 900 nm, and

length lens. 950 nm) are not flat and could not reach the line-array sensor

In this Letter, we present a low-cost, high-resolution spec-  simultaneously, causing spectral resolution degradation on both
trometer design for UHR-OCT, in which multiple standard ach-  sides of the line-array sensor, which agrees with the above-men-
romatic lenses with longer focal lengths are combined to  tioned fundamentals. For the other two settings, the foci of the
suppress SA and to replace the F-theta lens without image-  mentioned five wavelengths reach the line-array sensor almost

quality degradation, achieving a > 8-fold less cost compared to at the same time, and the performances are comparable to each
a typical F-theta lens. Both simulations and experiments were  other. The right panels of Figs. 1(a)-1(c) are the magnified spot
performed to verify and validate the proposed method. diagrams of the five wavelengths on the sensor array plane, and
the root-mean-square (RMS) radii of the five diagrams are
shown in Table 1. Comparing these values, we can see that
2. Method the performances of the F-theta lens and the combined four ach-

romatic lenses are close to each other and are much better than
Figure 1 shows the comparison of simulations with Zemax ray =~ },0 single achromatic lens.

tracing software for the spectrometers with three kinds of As illustrated in Fig. 2, we built an SDOCT system in our lab

to verify and validate the results of the simulations, in which the
Tablg 1 The Comparison of the Root-Mean-Square (RMS) Radius at the Five light source is an SLD (cBLMD-T-850-HP-I, SUPERLUM,
Specific Wavelengths. Ireland) centered at 850 nm with a 3 dB bandwidth of
165 nm, achieving an axial resolution of ~1.93 pm in air and
~1.5 pm in tissue with a typical refractive index of 1.3. The struc-
Wavelength Single Achromatic F-theta Combination of Four ture of the system is a Michelson interferometer, and a 50:50

RMS Radius (um)

(nm) Lens Lens Achromatic Lenses fiber coupler splits the optical beam into a reference beam
and a sample beam. The photons reflected from the reference

750 156.5 15.1 267 arm and backscattered from the sample interfere at the coupler
800 i34 137 166 and are forwarded to a customized high-resolution spectrometer
for signal detection, where 4 standard achromatic lenses are

850 10.0 16.4 128 combined to be used as the Fourier lens. The collimating lenses
900 360 207 134 L1 and L2 in the reference and sample arms, respectively, have a
focal length of 19 mm. The objective lens L3 also has a focal lens

950 149.6 24 19.5 of 19 mm, achieving a lateral resolution of ~3.9 um"®!, The col-

limating lens L4 has a focal length of 30 mm, and the combined
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Fig. 2. The schematic of the home-built SDOCT system. PC1, PC2: polarization controllers; DP: dispersion compensation pair; L1-L4: achromatic lenses; CL: combi-
nation of four achromatic lenses. The CL is obtained by putting the four lenses together in one single-lens mounting tube.

101101-3



Vol. 21, No. 10 | October 2023 Chinese Optics Letters

lens (CL) is composed of 4 achromatic lenses (with a focal  adding the phase signal, and the phase offset ¢’ =¢ + do.
length of 200 mm), and the EFL of the CL is 50 mm. The gra-  Finally, the wavelength at each pixel of the camera can be
ting (FSTG-NIR1500-908, Ibsen, UK) has a resolution of  obtained by
1500 Ip/mm. The line-array sensor is a line-scan camera
(2048 pixels, OCTOPLUS, E2V, UK) with an A-line rate of A=4n-d-n/g, (2)
130 kHz at a pixel depth of 12 bits. In our system setup, the
optical power outputted from the sample arm and exposed on where 4 is the x;\lavelength. Furthermore, numerical dispersion
the sample is ~2.5mW. The measured axial resolution calcu- compensation"*! is performed in this work to compensate the
lated by fitting the PSF with a Gaussian function is ~2.6 pm dispersion mismatch between the sample and reference arms.
in air, which agrees with the theoretical value, and the achieved
full imaging depth range in air is ~1.9 mm.

In this work, the spectrum measured by the home-built spec-
trometer is calibrated with a method similar to Wang ef al’s  Figure 3 shows the results obtained with our home-built SDOCT
work!"”). A piece of cover slip with a thickness of d = 180 pm system. Figure 3(a) shows the normalized power spectral density

3. Results and Discussions

is placed in the sample arm to acquire the interference fringes,  obtained by our customized high-resolution spectrometer.
and then the Hilbert transform is performed on the fringes to Figure 3(b) shows the reference plot of the normalized power
calculate the complex analytic signals. After that, the phase sig-  spectral density from the user manual of the light source. In

nal ¢ of the interference fringes can be obtained. A laser beamat  comparing Figs. 3(a) and 3(b), it can be seen that the spectrum
0.85 pm from a laser diode is forwarded to the spectrometer to  measured by the customized spectrometer generally matches
get the pixel index jat 0.85 pm. The phase offset for the obtained  with the reference data, but the intensity of the spectrum on both

phase signal ¢ can then be obtained by edges is slightly weaker compared to the reference data. This is
caused by the accumulated spectral filtering of the optical com-
_ 2d-n »(j) ponents, such as fiber coupler and lenses. Figure 3(c) shows the
dp=27- -==1) (1) . . ) .
0.85 2z point spread functions (PSFs) at different depths, and an optical

neutral density filter with an OD of 2 was inserted into the sam-
where 7 is the refractive index of the coverslip, and the operator ~ ple arm. The different optical path length difference (OPD) was
L] represents the floor function. The phase signal of the in-  achieved by varying the OPD of the reference arm. The system
terference fringes of the cover slip can then be obtained by  achieves a sensitivity of ~100dB around zero OPD and a
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Fig. 3. The results of the home-built SDOCT system. (a) The normalized power spectral density obtained by the customized spectrometer. (b) The reference data
of the normalized power spectral density from the user manual of light source. (c) The point spread functions (PSFs) at different depths with an optical neutral
density filter (OD = 2) inserted in the sample arm. (d) A healthy volunteer’s finger, and the marked position was scanned. (e] A 10 B-scans averaged structural
image obtained by the proposed low-cost high-resolution spectrometer. The marked positions are blood vessels.
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For spherical lens, SA is unavoidable because off-center light
rays are refracted more than those close to the center. To shorten

the focal length of spherical lens, the curvatures of the surfaces 5.]. Olsen, J. Holmes, and G. B. E. Jemec, “Advances in optical coherence
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