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Fig. 1. (color online) Schematic setup for CARS phase imaging.
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Fig. 2. (color online) Schematic diagram for TIE-
CARS phase imaging.
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Fig. 3. (color online) TIE based CARS phase imaging: (a) and (b) Intensity distributions at the position

z = —2, 0, 2 mm of the CARS field under resonant and nonresonant mode, respectively; (c¢) and (d) the

phase derivatives of the resonant CARS along x and y direction, respectively; (e) the reconstructed phase
of the resonant CARS field by integrating the phase derivations in (c) and (d).

114206-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114206

AT 3 F TIE J5 3% (1 CARS AR {7 i 4R 52 56
AT TIUE. S EAANS pm R R LR IRAE
1 5 26 1.59 19 ZnLo VRV A, b Znl,
VAR PR8N SRR s LT 5 R BB AR LR A R
Z I A e 2. AT OPO iz e ik
A (JEHE % A 0.4 nm) £ 668.5 nm, 1R K LM
(L2 IRENEHE 2015 cm ! HHULHLS, LA LR
CARS HAG A3, 38 I 9y b i) 7 ) 6 B 915 F
T B R BRI 2%, 0 RKAR UL AT BR 2 2 mm () = 1R
CARS (1 58 & B8, oo 2 23 A5 73 il 4n & 3 (a) BT
7~ [AEE, P OPO B4 K K %2 675 nm, B
AAESR BB, AR SRIABEN 2 mm 1 =18
CARS 5 B, Wil 3 (b) Bk,

FIH (3)—(6) 2, AT LA B PR AN PR A5 20
T CARS AL 4 A, B 3 () AT 3 (d) ow
T AR CARS 7 o iy J7 [ (FAR AL R B, 17 1 3 (e)
FOR AR T CARS 5 (A B 50 47 o g
R E 7 ERA T T 43R CARS Yt
(IR AT oNB o U (7) 2AT LLAS B30 75 5
JE I CARS 58 2 B8, w4 (b) . 51651
CARS FME (Wl 4 (a) From) Ml LG, B4 (a) R R
LA LT R0 Bl (¥ Zinlo ¥ ¥ 2 18] #0847 4E CARS {5
5, T B 4 (b) HR IR 20 kLT R v o R R R
K, AESLIRTE SR E) T ARLF RO A0

B4 (MTIEE) 2T TIE MAL SR AR CARS 15 5H4Mi
(a) #L4R CARS 7£ 2z = 0 mm &R E 1, (b) BEZMETL
H5tH) CARS #)E.

Fig. 4. (color online) CARS imaging with background sup-
pression based on TIE: (a) Intensity distribution of the
resonant CARS image of polystyrene beads at z = 0 mm
position; (b) intensity distribution of the resonant CARS

image after background suppression.
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Fig. 5. (color online) Comparison of the proposed method with the reported iterative phase imaging method 151 on CARS

background suppression: (a) 7 intensity distributions recorded of the resonant CARS field at different axial position with

the interval of 2 mm; (b) obtained CARS image with background suppression from I_3, I_2, -+, I3 by using the iterative
method; (c) obtained CARS image from I_1, Ip, I1 by using TIE based method; (d) intensity profile of the dashed line in
(b) and (c).
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Abstract

Coherent anti-Stokes Raman scattering (CARS) microscopy is a valuable tool for label-free imaging of biological
samples, since it enables providing contrast via vibrational resonances of a specific chemical bond. However, in a con-
ventional CARS image the Raman resonant anti-Stokes radiation is often superimposed by a nonresonant contribution
arising from the electronic part of the polarization. The situation becomes worse if a sample is composed of a significant
amount of water, where a strong nonresonant background over the whole image is obtained.

To date, various approaches including Epi, polarization sensitive, time-resolved, and CARS phase imaging have
been implemented to suppress the undesirable nonresonant background in CARS microscopy. Notably, optical hetero-
dyne based phase imaging schemes are of particular interest due to their intrinsic ability to retrieve Im(X(3)), which is
proportional to the Raman resonant signal. Nevertheless, all the reported phase imaging methods that require an inde-
pendent reference wave lead to an increase in the setup complexity, thus making the measurement sensitive to external
perturbations. In order to simplify the setup, single-beam scheme has also been utilized for vibrational CARS imaging
by using wave-front sensors to acquire the phase of the complex anti-Stokes amplitude. However, this method demands

highly accurate wave-front sensors.
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In this paper we present a reference-less CARS phase imaging technique to suppress nonresonant CARS background
based on transport of intensity equation (TIE). Resonant CARS radiation Eg,gg can be obtained when the frequency
difference between the pump and Stokes beams is tuned to match a molecular vibration frequency (Raman resonant
mode). In contrast, the nonresonant background EE?RS can be obtained when the frequency difference between the
pump and Stokes beams does not match a molecular vibration frequency (Raman resonant mode). Considering the fact
that there is a phase shift of /2 between the resonant and non-resonant CARS field, the phase imaging of both resonant
and nonresonant CARS field can provide a background-free image. In implementation, three intensity images of the
CARS field under resonant mode are recorded at three neighboring planes by moving the CCD camera along the axial
direction. In the meantime, three images of the CARS field under non-resonant mode are also recorded. Considering the
fact that the TIE links the intensity distributions in three neighboring planes (through which a beam transverses) with
the phase distribution of the field, the phase images of the CARS field under both resonant and nonresonant modes are
reconstructed from the recorded intensity images. The phase difference ¢, between the resonant CARS field and the
non-resonant CARS field is calculated. Eventually, the CARS background is efficiently suppressed by using the relation
IEZRS o I8 ARs - sin? gy

Compared with conventional CARS background suppression techniques, the proposed method is robust against
environmental disturbance, since it does not require an additional reference beam. Furthermore, the proposed method is
easy to incorporate in a conventional CARS configuration. Therefore, the proposed method has the potential to become

a versatile technique to image deep tissue with low background signal.

Keywords: coherent anti-Stokes Raman scattering microscopy, coherent imaging, phase imaging,

nonresonant background
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