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Abstract Imaging depth of acoustic resolution photoacoustic microscopy is capable of reaching the centimeter
level. There are several drawbacks regarding to the mainstream illumination designs of current acoustic resolution
photoacoustic microscopy systems, e.g. switch between bright field illumination and dark field illumination is not
available, and the utilization efficiency of laser energy is very low. Therefore, the application of the system is limited.
A novel optical illumination design has been proposed to overcome these limitations. A convex lens is applied to
focus the diverging ring—shape light before it is reflected by the optical condenser, as a result, the ultimate laser
spot on the sample surface can be smaller. The Monte Carlo simulation results show that laser fluence within the
volume of effective ultrasound detection has been improved by as much as 6 times, and therefore the intensity of
photoacoustic signals can be linearly increased as well. On the other hand, the tuning range of optical focus depth
of the system has also been expanded, and after specific tuning, optimal photoacoustic signals can be obtained within
different kinds of samples.
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Fig.1 Monte Carlo simulation of light energy distributions in tissues indicates that smaller ring illumination (dark—field) has higher
laser fluence within the effective detection volume of the transducer than the larger ring. (a) Schematic of the relative location between
incident light and acoustic transducer. The origin of the coordinate is set at the center of the ring on the tissue surface, the center of
transducer is well above the origin of the coordinate, and positive direction of Z axis is towards the depth direction of the tissue;

(b) schematic of the light pattern on tissue surface for the smaller and larger ring illumination conditions, and both conditions were
illuminated at the same incident angle, with the same inner diameter (3 mm) but different outer diameters (9 mm for the smaller ring,
and 15 mm for the larger ring); (¢) and (d) correspond to laser energy density distributions on XZ cross section (Y axis is perpendicular
to the paper surface) for both of the smaller and the larger ring illumination conditions [(c) for the smaller ring, and (d) for the larger
ring]; (e) normalized light energy density versus the location of Z axis in Figs. 1(c) and 1(d), respectively
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Fig.2 When fixing the hyperacoustic field distribution and adjusting the illumination focus depth, the laser fluence within the effective
detection volume of the transducer can be changed. (a) Schematic of the relative location between incident light and hyperacoustic
transducer; (b) (¢) (d) show the laser energy density distribution on XZ cross section (Y axis is perpendicular to the paper surface) for
three different illumination ring sizes (corresponding to three different optical focus depth), respectively, with inner diameter of 3.5, 2.5,
1.5 mm and outer diameter of 5.5, 4.5, 3.5 mm; (e) quantitative comparison of the laser energy summation within the rectangular area in
Figs. 2(b), 2(c), and 2(d)
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Fig.3 Comparison between the schematics of the photoacoustic microscopy systems based on (a) the traditional illumination design and

(b) the new design. The solid line rectangular in Fig. 3(b) indicates L1 and L2 can be moved up and down to alter the distance D). The
origin of the coordinate is set at the center of the bottom surface of the condenser, which is also the center of the bottom surface of the
transducer. F: fiber, L1: collimated lens, L2: curved lens, L3: biconvex lens, C: condenser, W: water, T: transducer, D: distance, f:
depth of the optical focus (vertical distance between the initial focal position of light and the lower surface of condenser)
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Fig.4 Simulation results with water as the sample. (a) Laser energy distribution on the cross section of z=11.5 mm for traditional illumination
design; (b) laser energy distribution on the cross section of z=11.5 mm for new illumination design; (¢) normalized laser energy density
distribution along radial direction (X axis) on the cross section of z=11.5 mm for both traditional and new designs; (d) normalized laser energy

density distribution along positive direction of Z axis starting from the point on focal plane for both traditional and new designs
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Fig.5 Simulation results with tissue as the sample. (a) Laser energy distribution on the cross section of z=11.5 mm for traditional
illumination design; (b) laser energy distribution on the cross section of z=11.5 mm for new illumination design; (c¢) normalized laser
energy density distribution along radial direction (X axis) on the cross section of z=11.5 mm for both traditional and new designs;

(d) normalized laser energy density distribution along positive direction of Z axis starting from the point on focal plane for both
traditional and new designs. The green line and the green Y-axis on the right correspond to the ratios between the two designs
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Fig.6 Capability comparison of the two illumination designs for adjusting the optical and acoustic focus depth. (a) Optical focus depth
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laser energy density at different optical focus depth for both illumination designs; (¢) (d) schematics of the optical focus depth change

with adjusted distance between convex lens and condenser

3 45 i
ST R AT O T 58 6B B OB AR-PAM %+, R FH 52 45 5 B0 SIE 199, 75 4 37 i A 38 e s 2 il B4
I — A~ R B B P TE 7 55 10 2 SR T R L 8 4 35 8 IR 10 B T O R 7 A — W IR L B S A AR 4 /N O R BR

0204002-7



AN I S
A, RO i o 75 AT R I DX 3 ) D' R 2 T 4 JEE (BT O 16 WDOG BE B 3 BE AR LUAR e 07 Ik e 2 RE i e i 647, I
F PR THHCROE AR AR BT ® AR O RE B . 5 G R, SR A AT DS T R GE R et A
X 2R £ R L IR 1 VI PR, S B R R AR PO o2 R B A8 40 o i ) AR B0 D7 5 08 T i — 2D 4R T AR-
PAM B £ G845 1R F 2 36 B2 BAT H 28

& £ X
1 Maslov K, Stoica G, Wang L V. In vivo dark—field reflection mode photoacoustic microscopy[J]. Optics Letters, 2005, 30(6): 625-627.
2 Song W, Wei Q, Jiao S. Integrated photoacoustic ophthalmoscopy and spectral-domain optical coherence tomography[J]. Journal of
Visualized Experiments, 2013, (71): e4390.
3 Wang H, Liu C, Song L. In vivo photoacoustic molecular imaging of breast carcinoma with folate receptor—targeted indocyanine green
nanoprobes|]J]. Nanoscale, 2014, 23: 14270-14279.
4 Lin R, Chen ], Song L. Longitudinal label-free optical-resolution photoacoustic microscopy of tumor angiogenesis in vivol]]. Quantitative
Imaging in Medicine and Surgery, 2015, 5(1): 23-29.
5 Song W, Liu W, Zhang H F. Laser—scanning Doppler photoacoustic microscopy based on temporal correlation[J]. Applied Physics Letters,
2013, 102: 203501.
6 Zeng Liiming, Liu Guodong, Yang Diwu. Compact optical-resolution photoacoustic microscopy system based on a pulsed laser diodel[]].
Chinese ] Lasers, 2014, 41(10): 1004001.
BB, X R, A3 L 3T I RO A B /N O 2 4 B O A B RORIR RG] TP O, 2014, 41(10): 1004001
7 Maslov K, Zhang H F, Wang L. V. Optical-resolution photoacoustic microscopy for in vivo imaging of single capillaries[J]. Optics Letters,
2008, 33(9): 929-931.
8 Sivaramakrishnan M, Maslov K, Wang L. V. Limitations of quantitative photoacoustic measurements of blood oxygenation in small vessels
[J]. Physics in Medicine and Biology, 2007, 52(5): 1349-1361.
9 Wang L, Maslov K, Wang L. V. Video—-rate functional photoacoustic microscopy at depths[J]. Journal of Biomedical Optics, 2012, 17(10):
106007.
10 Song K H, Wang L. V. Deep reflection—mode photoacoustic imaging of biological tissue[]]. Journal of Biomedical Optics, 2007, 12(6):
060503.
11 Zhang H F, Maslov K, Li M. In vivo volumetric imaging of subcutaneous microvasculature by photoacoustic microscopy|J]. Optics Express,
2006, 14(20): 9317-9323.
12 Wang L, Jacques A L, Zheng L. MCML — Monte Carlo modeling of light transport in multi—layered tissues[J]. Computer Methods and
Programs in Biomedicine, 1995, 47: 131-146.
13 Jin Sai, Tan Wenjiang, Liu Xin. Temporal and spatial characteristics of ultrashort pulse propagation in turbid media[J]. Chinese J Lasers,
2014, 41(7): 0702004.
B FE,WCHE, X 2% M8 S ko e O 5T b AL A G I 1R 2 TR AF AT D). Hh O, 2014, 41(7): 0702004.
14 Zhang Yong, Chen Bin, Li Dong. A three—dimensional geometric Monte Carlo method for simulation of light propagation in biological
tissues[J]. Chinese J Lasers, 2015, 42(1): 0104003.
G BROR, 2 R REUE W A SO DA R 1 = LA SRR R O k1)) T IEEOE, 2015, 42(1): 0104003.
15 Jia Hao, Chen Bin, Li Dong. Unstructured grid based Monte Carlo method for the simulation of light propagation in skin tissues[J]. Chinese
J Lasers, 2015, 42(4): 0404001.
LWL PR Ok, A AR BTRRUR TR SO AR I AR S5 R AL AR SRR B R ()], RO, 2015, 42(4): 0404001
16 Wang L V, Wu H-1. Biomedical Optics[M]. New Jersey: John Wiley & Sons, Inc., 2007: 5-8.
EHRE: X548

0204002-8



