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Abstract Owing to its simple structure and high light output, Brillouin scattering detection technology based on single-
stage virtually imaged phase array (VIPA) spectroscopy has enabled the rapid detection of transparent biological tissue
elasticity. The cornea and lens are typical transparent biological tissues. However, elastic scattering can easily overwhelm
the weak Brillouin signal in a single-stage VIPA spectrometer, thereby limiting the signal-to-noise ratio and resolution
enhancement. This problem has hindered further clinical applications of single-stage VIPA technology. Therefore, this
paper investigated theoretical and experimental methods for improving the performance of single-stage VIPA
spectroscopy. Theoretically, a paraxial approximate dispersion model of the VIPA was constructed to investigate the
variations in the dispersion ratio with the collimated beam radius in front of the cylindrical lens, the focal lengths of the
cylindrical and spherical lenses, and the tilt angle of the VIPA. The dispersion rate was primarily affected by the focal
length of the spherical lens, the VIPA tilt angle, and the detector resolution. Experimentally, a signal-receiving device

combining a zoom lens and high-resolution complementary metal-oxide semiconductor camera was designed and matched
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to the system. This device balances the dispersion rate and scattering signal intensity, optimizes the parameters of the

F61EF1H/2024 £ 1 B/BAEEFZHE

spectrometer system, and improves the system performance. This paper originally reports the two-dimensional frequency-

shift imaging of ex-vivo porcine cornea and lens using a single-stage VIPA spectrometer. The results of this study are

expected to advance the field of clinical diagnosis and treatment using single-stage VIPA spectroscopy.
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Fig. 1 The effect of waist radius and cylindrical lens focal lengths on dispersion rate. (a) VIPA output spectra at W=3 mm, 6 mm,

and 9 mm, respectively; (b) the intensity difference at different waist radii; (c) the intensity difference at different focal lengths of
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Fig. 2 The effect of F on dispersion rate. (a) Envelop of VIPA output spectra at F=1000 mm, 500 mm, and 250 mm, respectively;
(b) VIPA output spectra at F=1000 mm, 500 mm, and 250 mm, respectively; (c) the position of the highest order of VIPA output

spectra varing with F; (d) the dispersion rate and the intensity difference between the highest order and the next order of VIPA output

spectra varing with I
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Fig. 3 The effect of VIPA tilting angle on dispersion rate. (a) The position of the P, order of VIPA output spectra varing with 6;;

(b) the dispersion rate and the intensity of the P, order of VIPA output spectra varing with 0,

B VIPA &4 ff AR R B A . BF R 5 SR %W,
VIPA A} B (0 3 0 6) 5 B 43 A 8 56 5% 48 /N 5
SR TWRRME LR . 5 AR BRI B A HE AN [H]
P 2, BRSO AR £ iR R AT e R WA L T Ak 1 T P 2
WR AWM XM FEOAARMA A E T, TRk P,
AP, i B 22 3R, i E 3(d) i o AW 3(d) AT LA E
L TE0.5°~1. 570, R bR, TW SR P Y
S EE RS o B R R B R3S I, VIPA Hi Ok A2
B, T R P, 1) 5 BE 43 A 56 5 IR (B A 5 2 W R 2
O R HGH A, N 2 A A S
2.5 AEARMBSWRTHEEER

4 3 ASCH: Al 2 B AR 15 A 4 3 A 0 22 18] 7 iR

IS
2

AR ) 3R A 0 i ) WA () ) R RO

AAOG, RIS 4RI 68 0 B R A . 8 1 8 E AL B R

Xof € B A R, R Zemax 0 B T AN 43 HE R T R

Z VIPASEIE AR AR ROCR , 05 A2 Bk 2 s, A
F2 Ot ERAR S

Table 2 Parameters setting of the single-stage VIPA spectrometer

Parameter Value
Source . 532 nm, 10 mW, .
divergence angle is 6. 4
Focal length of collimating lens /mm 50
Focal length of cylindrical lens /mm 100
FSR of VIPA /GHz 20
Focal length of spherical lens /mm 100
Image area of detector /(mm X mm) 14.4X14. 4
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when camera pixel is 10241024 and 6000 X 6000, respectively
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The effect of waist radius, cylindrical lens focal lengths, focal lengths of spherical lens, and VIPA tilting angle on intensity

difference and the dispersion rate. (a) The intensity difference between P, and P, at different waist radii and cylindrical lens focal

length; (b) the intensity difference between P, and P, at different waist radii and cylindrical lens focal length; (c) the intensity

difference between P, and P, at different focal lengths of spherical lens and VIPA tilting angle; (d) the intensity difference

between P, and P, at different focal lengths of spherical lens and VIPA tilting angle; (e) the dispersion rate between P, and P, at

different focal lengths of spherical lens and VIPA tilting angle; (f) the dispersion rate between P, and P, at different focal lengths
of spherical lens and VIPA tilting angle
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M1-M4 are mirrors, L1-14 are spherical lenses, HWP is half-wave plate, PBS is polarized beam splitter,
QWP is quarter-wave plate, OBJ is objective, CL is cylindrical lens, VIPA is virtually imaged phased array,
ZL is zoom objective lens, and CMOS is complementary metal oxide semiconductor
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Fig. 6 Brillouin detection system experimental device
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AS-W and S-W are anti-Stokes signal and Stokes signal of water, respectively; AS-O and S-O are
anti-Stokes signal and Stokes signal of oil, respectively

Pl 7 ATHIL I Ak () 7K FBOAE 3ol f A L DR 3% < (a) VIPA B9 FSR 9 30 GHz I, K 9 £ HLIKAE %5 5 (b) VIPA () FSR 2 30 GHz i, i
AT L IHAE T 5 (¢) VIPARFSR N 20 GHz i, KA HLIKAE 5 5 (d) VIPA Y FSR 2y 20 GHz i, K 1A LA 5

Fig. 7 Brillouin spectra of water and olive oil. (a)(b) Brillouin signals of water and oil when FSR of VIPA is 30 GHz, respectively;
(c) Brillouin signals of water when FSR of VIPA is 20 GHz; (d) Brillouin signals of water when FSR of VIPA is 20 GHz
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Fig. 8 Comparison of EMCCD and CMOS system parameters. (a) Extinction ratio; (b) dispersion rate, spectra resolution, measuring

accuracy of Stokes, and contrast
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Fig. 9 Measurements of Brillouin frequency shift of cornea and lens in an ex-vivo porcine eye. (a) Image based on measured frequency

shifts at the center of cornea; (b) image based on measured frequency shifts of lens in red box region of Fig. 9 (a) at a depth of 4

mm from the corneal surface
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