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The photodamage in coherent anti-Stokes Raman scattering (CARS) imaging of spinal tissues is featured by
plasma-induced myelin splitting and shockwaves. When the excitation is tuned on resonance with the sym-
metric CH, stretch vibration, the average point-scanning time to cause the photodamage is reduced by half.
Similar Raman resonance-enhanced photodamage is also observed for a polymer film. The light-matter energy
transfer in coherent Raman processes with both plane waves and focused excitation beams is analyzed to in-
terpret this phenomenon. Our calculation indicates that at Raman resonance, a significant vibrational absorp-
tion in the material can be stimulated by the concomitant Raman gain and Raman loss processes due to high
incident-field intensities under a tight-focusing condition. As a result, while the nonlinear damage induced by
multiphoton absorption can be diminished in CARS microscopy owing to the use of near-infrared picosecond
pulses, the coherent Raman-induced vibrational pumping is able to enhance the photodamage by assisting
plasma generation in the material. © 2007 Optical Society of America

OCIS codes: 180.5810, 190.5650, 260.2160.

1. INTRODUCTION

Coherent anti-Stokes Raman scattering (CARS)
microscopy ' is an exciting tool for high-sensitivity three-
dimensional vibrational imaging of lipid bilayers,” ! my-
elin sheath,'? lipid bodies,®!* and drug molecules.'® Ow-
ing to the use of tightly focused ultrafast laser beams,
photodamage is a significant issue in multiphoton micro-
scopy.w_18 In a recent paper, we have systematically stud-
ied the photodamage in CARS imaging of intact myelin
sheath in spinal tissues and cultured cells.'® We showed
that the myelin was torn apart by absorption-generated
plasma at the laser foci. Interestingly, the photodamage
rate was increased when the excitation was tuned on
resonance to CH, vibration.'® Additionally, we have also
observed Raman resonance-enhanced photodamage in a
polymer film sample, which will be reported in this paper.

In this paper, we present a mechanistic study of Raman
resonance-enhanced photodamage through a theoretical
analysis of light—-matter energy transfer in CARS micros-
copy. CARS is a four-wave mixing process in which the in-
teraction of a pump field E; at frequency w; and a Stokes
field E5 at frequency wy with a material generates a co-
herent Raman signal at the anti-Stokes frequency w,,
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=2w; - w9.2%%2 The CARS field E,, is related to the mate-
rial and the incident fields by E > X(3)E1E';E1, where y®
is the third-order nonlinear susceptibility. In a CARS ex-
periment, various coherent Raman processes occur simul-
taneously, including CARS, coherent Stokes Raman scat-
tering (CSRS), stimulated Raman gain (SRG), stimulated
Raman loss (SRL), and Raman-induced Kerr effect
(RIKE).?"26 In CSRS, a new field E, at the Stokes fre-
quency w,=2wy— w; is generated. In SRG, the w, field ex-
periences a gain, while in SRL the w; field experiences a
loss. In RIKE, new polarization components of the excita-
tion fields are generated. In most CARS imaging experi-
ments, two parallel-polarized beams are used, where
RIKE is negligible (xyq;1;=0 for isotropic medium).2"?® In
CARS and CSRS, the nonlinear polarization generates
the signal at new frequencies, whereas the signal in SRG
and SRL is coherently mixed with the excitation beams.
Owing to the heterodyne nature of SRG and SRL, the
light—-matter energy transfer in these two processes is
much bigger than that in CARS and CSRS. The efficien-
cies of light-matter energy transfer induced by SRG and
SRL under our experimental conditions are calculated.
Our results show that with tightly focused laser beams,
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RG and SRL at Raman resonance can transfer approxi-
mately 0.02% energy to the material through vibrational
excitation in a small focal volume. This vibrational pump-
ing could contribute to plasma generation and enhance
the photodamage accordingly.

2. EXPERIMENTAL OBSERVATION

We first describe our observation of Raman resonance-
induced photodamage to myelin sheath. The tissue
sample preparation and the CARS microscope setup were
described elsewhere.'? Briefly, two synchronized Ti:sap-
phire lasers (Mira 900, Coherent Inc.) were used to gen-
erate the pump and Stokes excitation beams. The output
pulse duration was around 2.5 ps. The spectral FWHM
(full width at half-maximum) was 0.4 nm as measured
with a spectrometer (HR2000, Ocean Optics). A Pockels
cell was used to reduce the pulse repetition rate from
77 MHz to a few megahertz. The two laser beams were
collinearly combined and directed into a laser-scanning
confocal microscope (IX70/FV300, Olympus Inc). A 60X
water-immersion objective with a numerical aperture
(N.A.) of 1.2 was used to focus the laser beams into the
sample. The epi-detected-CARS (E-CARS) signal was col-
lected by the same water objective and probed with an ex-
ternal photomultiplier tube (PMT) detector installed at
the microscope back port. The forward-CARS (F-CARS)
signal was collected by an air condenser (N.A.=0.55) and
probed with another external PMT. E-CARS was used for
the thick spinal tissues for which F-CARS detection is in-
efficient owing to sample scattering.

Figure 1 shows our observation of photodamage in my-
elin sheath. The CARS image of a single myelinated axon
is shown in Fig. 1(a). Here w;— w, was tuned to 2840 cm™!,
in resonance with the symmetric CHy stretch vibration.
The myelin sheath, which contains 70% lipid and 30%
protein in weight,29 produces a strong resonant CARS sig-
nal. To analyze the photodamage mechanism, we inten-
tionally induced myelin damage by using the point-scan
mode. In this mode the laser beams were focused at a
fixed position on the sample (myelin sheath in our case)
during the scanning. Initially the CARS signal from the
myelin sheath was large and constant, indicating no dam-
age. After a certain time (usually several seconds), the
photodamage occurred, characterized by tearing off of the
myelin sheath as shown in Fig. 1(b). This damage was
probably caused by plasma generation induced by absorp-
tion, as pointed out by our recent paper.19 The generated
plasma can strongly absorb laser energy, expand, and dis-
rupt the tissue mechanically.18’30’31 As a result the dam-
aged area in Fig. 1(b) was larger than the focal volume.
Meanwhile, the CARS signal at the damaged site dropped
suddenly, as shown in a typical CARS signal trace taken
during the point scan [Fig. 1(c)]. We have repeated this
damaging process in different spinal tissue samples. The
average scanning time to cause photodamage, referred to
as “photodamage time” in the rest of the paper, is used to
quantify the photodamage rate. We have observed that
the photodamage rate depends strongly on the pulse peak
power, indicating the nonlinear nature of the observed
myelin damage.19
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Fig. 1. Photodamage induced in CARS imaging of myelin
sheath. (a) CARS image of a nondamaged myelinated axon. La-
ser repetition rate, 7.8 MHz; average pump beam power,
6.48 mW; average Stokes beam power, 2.52 mW. The correspond-
ing peak power is 415 and 108 W for the pump and Stokes
beams, respectively. Bar=5 um. (b) CARS image of the same
axon after photodamage induced by point scanning. The damage
tears apart the myelin at the laser focus (circled area), (c) Typical
point-scan trace. The CARS signal drops when photodamage
happens. Int., intensity.

To inspect whether Raman resonance enhances the
photodamage, we have measured the time to cause photo-
damage at various Raman shifts. We fixed the wavelength
of the pump beam at 703 nm (14,225 cm™') and tuned the
Stokes beam in the region of 860 to 891 nm to generate
the Raman shift in the range from 2600 and 3000 cm™!.
According to the CARS spectrum of single-axonal myelin
[Fig. 2(a)], 2840 cm™! is the resonant peak with the sym-
metric CH, stretch vibration. Note that Fig. 2(a) was pro-
duced using the image-acquisition mode, and no damage
was observed at the acquisition rate of 1 frame/s. For all
the photodamage experiments, the pump and Stokes la-
ser power at the sample were 1.1 and 0.66 mW, respec-
tively. The repetition rate of both lasers was 1.3 MHz.
Thus, the pump and Stokes pulse energies were 0.85 and
0.51 nd, respectively. We realize that the photodamage
time is sensitive to the pulse duration, the spatial and
temporal overlap between the pump and the Stokes
beams, the size of the focus, and the local molecular den-
sity at the focus. To get the best data repeatability as we
can, we have done the following, besides keeping constant
laser powers: (1) The Stokes pulse duration was moni-
tored by an autocorrelator and kept constant at 2.5 ps
during tuning. (2) The CARS signal was optimized to en-
sure the best temporal overlap between the pump and the
Stokes pulses. (3) For our beam-scanning microscope, the
spatial overlap between the pump and the Stokes beams



546 J. Opt. Soc. Am. B/Vol. 24, No. 3/March 2007

is the best at the center of the field of view; therefore we
always moved the target myelin to the center of the field
of view so that the point scanning can be performed with
optimal spatial overlap of the two beams. Additionally, we
chose only myelin sheath within a 50 um penetration
depth, which minimized beam distortion during propaga-
tion inside the tissue. (4) We tuned the z position of the
objective to ensure that the laser focus was on the equa-
torial plane of the target myelin, where the myelin shows
the clearest edge and highest CARS signal. To have con-
stant molecular density at the focus, myelin with similar
diameter and CARS signal was used for the measurement
of the photodamage time. (5) Because the second instance
of photodamage on the same myelin was found much
faster, we have avoided repeated photodamage on the my-
elin of the same axon.

The experimental results for the photodamage of my-
elin sheath are shown in Fig. 2(b). The average point-scan
time to cause photodamage was 0.86+0.32 s at 2840 cm™!
and 0.81+0.10 s at 2860 cm™1, while for the other Raman
shifts a longer average time was needed. For the Raman
shifts at 2600 and 3000 cm™!, which were far away from
resonance, an average time of 154+0.45s and
1.53+0.32 s was needed, respectively. The photodamage
at off-resonance frequencies was probably induced by two-
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Fig. 2. Raman shift dependence of the scanning time to cause
photodamage in myelin sheath. (a) E-CARS spectrum of a single-
axonal myelin sheath measured by manually tuning the Stokes
laser wavelength. The spectrum is adapted from a previous
paper.'? The peak at 2840cm™! is from the symmetric CH,
stretch vibration, (b) Average point-scanning time needed to in-
duce photodamage versus the Raman shift. The repetition rate is
1.3 MHz. Pump beam, 14225 cm™!; pulse peak power, 338 W; av-
erage power, 1.10 mW. The Stokes beam frequency is tuned to
generate different Raman shifts. Stokes pulse peak power,
202 W; average power, 0.66 mW. The error bar represents the
standard deviation from 10 independent measurements. Int.,
intensity.
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Fig. 3. Raman shift dependence of the point-scanning time for
causing photodamage in a PEVA [poly(ethyl-co-vinyl acetate)]
film, (a) F-CARS spectrum of a film of PEVA (40 wt. % vinyl ac-
etate) adapted from a recent paper.'® (b) Average point-scanning
time needed to induce photodamage versus the Raman shift for
PEVA. The repetition rate is 3.9 MHz. Pump beam, 14268 cm™!;
pulse peak power, 406 W; average power, 3.96 mW. The Stokes
beam frequency is tuned to generate different Raman shifts.
Stokes pulse peak power, 101 W; average power, 0.98 mW. The
error bar represents the standard deviation from 10 independent
measurements.

photon absorption.!®17 Similar myelin damage was also
observed by using a single laser beam. Moreover, the av-
erage point-scanning time needed to cause the damage
decreased with laser wavelength in the region of 700 to
900 nm. With the pump laser at 703 nm alone, the photo-
damage time was 2.10+£0.50 s. In the Stokes wavelength
range (845—890 nm), no photodamage was observed with
the Stokes laser alone even after point scanning for min-
utes. Thus, the increased photodamage at 2840 cm™!,
which corresponds to a pump wavelength at 703 nm and a
Stokes wavelength at 878 nm, was due to the Raman
resonance but not to variation of the Stokes laser wave-
length. A two-tailed ¢-test of our 2840 and 2600 cm~! data
was carried out to quantitatively validate the enhance-
ment of damage. The result showed P=0.00015, which
means that the photodamage time between two data sets
had a significant difference.

A uniform polymer film sample was tested to further
confirm the existence of Raman-enhanced photodamage.
The photodamage experiments were performed with
F-CARS from a film of poly(ethyl-co-vinyl acetate) (PEVA,
40 wt. % vinyl acetate). PEVA was first dissolved in chlo-
roform at a concentration of 150 to 200 mg/mL. The solu-
tion was then spin coated on a cleaned coverslip. After
that, films were dried under the vacuum overnight to re-
move the residual solvent. The final sample was a PEVA
film coated on a no. 1.5 coverslip, with a thickness of
around 10 um. The film was transparent for
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400-1000 nm light. The F-CARS spectrum of the film is
shown in Fig. 3(a). PEVA showed the strongest CARS sig-
nal at the CH, peak of 2840 cm™!. For the photodamage
experiment, we have maintained the pulse duration and
the spatial and temporal overlap of the two excitation la-
sers during different measurements. Moreover, we con-
trolled the laser focus to be 5 um inside the film from the
film—glass interface. The experimental results are dis-
played in Fig. 3(b). The data showed smaller relative
standard deviations than the myelin sheath data because
the polymer film sample was much more uniform. We ob-
served that the shortest photodamage time was 7.1+£0.7 s
at 2840 cm™!, while at other Raman shifts the average
time was close to 10s. For instance, the photodamage
time at 3000 cm™! was 10.3+1.5s. We also noticed that
the difference between the on-resonance and the off-
resonance photodamage time was smaller than in the spi-
nal tissue sample. This is possibly due to a weaker CH,
resonance enhancement in PEVA because the CARS spec-
trum of PEVA showed a smaller peak-to-background ratio
than that of the spectrum of myelin sheath. Control ex-
periments were conducted on the same sample with
single laser beams. With the pump laser at 701 nm alone,
the photodamage time was 14+1 s, while no photodamage
was observed with the Stokes laser alone in the
870—887nm range. Taken together, our CARS experi-
ments with the polymer film and the spinal white matter
showed that Raman resonance-enhanced photodamage
could be a general phenomenon for solid samples that
have a high density of molecular oscillators.

3. THEORETICAL ANALYSIS

To interpret the observed Raman resonance-enhanced
photodamage, we now analyze the efficiencies of light—
matter energy transfer in CARS microscopy in the ab-
sence and presence of Raman resonance. We consider pi-
cosecond pulses, which are used in our setup and shown
to provide a high signal-to-background ratio in CARS
microscopy.®? Because the pulse spatial width (0.6 mm for
2 ps pulse) is much longer than the axial length of the fo-
cus, the time-dependent field envelope is negligible. The
complex representation for a linearly polarized optical
field at frequency  can be written as

1 _ .
Et,r) = E(E(F)e’“”t +c.c.). (1)

With this convention, the intensity flow of light in SI

units can be written as I=(eycn/2)|E[%, where ¢ is the
light speed, n is the refractive index, and ¢, is the vacuum
dielectric constant. Without free charges and currents,
the general wave equation is?>*

- V2E(7) = (0HcA)E(F) + 0 poP (), (2)

where P(r) is the polarization that contains a linear and a
nonlinear component,

P(P) = exVE(7) + P3(7). (3)

In Eq. (3), x'V=n2-1, with n being the refractive index.
Here we have neglected P, which is 0 for centrosymmet-
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ric materials. For a field propagating along the z direc-
tion, we define

E() =E(Pe™, (4)

where k=nw/c. Substituting Eqgs. (3) and (4) into Eq. (2),
we have

JE &FE\ PE E\
kZE - 2ik— - ) elkz ) + ) elkz
Jz  dz ox ady

= k2Ee™ + w2 uyP® . (5)

Note that E and P® are both functions of 7. Equation (5)
can be recast as

— = — POtk y +—+—
ax? ay2 922

dz 2cn 2k

JE o i (PE #E &FE
(6)

Equation (6) shows that JE/dz is determined by two
terms. The first term is the perturbation from the nonlin-
ear polarization that accounts for the light-matter energy
transfer. The second term represents the effect of field
propagation.

In CARS microscopy we consider two incident fields,
denoted as E;(w1) and Eo(wy) with w; > w,. Note that P®)
has different forms according to different nonlinear pro-
cesses. As an example, for the CARS field (E,,), Pgi)rs
X(was)=(3/4)X£i)rsE?Eiei(2k1‘k2)z represents the nonlinear
polarization at frequency w,, generated by CARS, where
the factor 3 is the degeneracy and the factor (1/4) comes
from the convention we used in Eq. (1). The third-order
susceptibility y'® consists of a nonresonant and a reso-

nant component. The nonresonant component XS;«) is real
and positive when the excitation is far from electronic
resonance.?? The resonant susceptibility X(3) for CARS,

r

CSRS, SRG, and SRL has the following relationship?":

3 3)* 3 3)* 3
Xf',c)ars = X(r,c)srs = 2X§‘,grl = 2X£,s)rg = Xg )' (7)

For a single Raman band the resonant susceptibility can
be written as>*

o2 2 (8)
Tos-il”’

where A represents the strength of the Raman band, N is
the molecular population, §=Q—(w;—ws) is the detuning,
) is the molecular vibration frequency, and I is the half-
width at half-maximum of the Raman band.

Equation (6) allows us to calculate the field change due
to nonlinear interactions and to derive the difference be-
tween the output and the input power. The power change
represents the energy exchange between the optical fields
and the sample. Before calculating the energy transfer in
CARS microscopy with tightly focused fields, we first
present the analytical results for plane-wave excitations
(see Appendix A for details). Under the nondepletion ap-
proximation, we have derived the following relationship
at Raman resonance (6=0):
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Altotal(L) w1 — Wy 110120 W Ng 2 2
= — Tyl
Itotal(o) c IlO + 120 C Ngg
(O3]
- = 2L L? - 24L |. (9)
C ng

Here we have defined x=(3/4€ycnng)(NA/T); L is the in-
teraction length and 1,5 and I3, are the incident intensi-
ties of E; and E,, respectively. In Eq. (9), the first term is
from CARS and is positive. The second term is from CSRS
and is negative. The last negative term is the combined
contribution of SRG and SRL. Therefore, at Raman reso-
nance, the CARS process draws energy from the medium,
while the medium absorbs energy through CSRS and
SRG+SRL. The dl;y,/dz depends on )(£3) quadratically
for the homodyne CARS and CSRS processes and linearly
for SRG and SRL, which are heterodyne via mixing with
the excitation fields.

Equation (9) is used to estimate the energy-transfer ef-
ficiency in the coherent Raman processes. Based on our
CARS imaging parameters (Appendix B), the interaction
length L=1.3 um is used in the calculation. The pump
and Stokes pulse energies are 0.85 and 0.51 nd, respec-
tively, as we used in the experiments. With a pump pulse
duration of 2.0 ps and a Stokes pulse duration of 3.0 ps,
the incident field intensities inside the focal volume are
estimated to be I;p=0.42 TW/cm? and I5,=0.16 TW/cm?.
To estimate the value of NA/T for the CH, stretch vibra-
tion band in our myelin sheath sample, we use Xf’r)zlA
X 10" cm®/erg  (Gaussian  units, lcm3/erg=1.4
x1078m2/V?) measured from the tetrahydrofuran
solvent.?® Based on the signal-to-background ratio of 20:1
for the CH,, vibration band in myelin sheath,'? we set the
X2 value to be 20x1.4X1074cm?/erg=6.26
X 10714 cm?®/erg. Using the above parameters, we obtain

Al total (L )

—— =337x10%-6.40%x107"-7.54 x 107*
Itotal(o)

~-754x107%, (10)

Equation (10) shows that the light-matter energy trans-
fer in coherent Raman processes in our CARS microscopy
experiment is dominated by SRG and SRL. In total about
0.08% of the laser power is absorbed by the medium. The
contributions from CARS and CSRS are 3 orders of mag-
nitude smaller. Note that the above results were derived
under the nondepletion assumption for the excitation
fields. If the nonlinear interactions are strong enough to
perturb the excitation fields, the energy transfer in CARS
and CSRS is not necessarily much weaker than that in
SRG and SRL. It is important to note that the coherent
Raman-induced energy absorption is in the form of vibra-
tional excitation.?!

In nonlinear optical microscopy the beams are usually
tightly focused by a high N.A. objective. Description of a
tightly focused beam needs a complicated profile consist-
ing of the fundamental Gaussian mode and other higher-
order modes. While it is difficult to derive an analytical
solution, we have performed numerical calculations of
SRG- and SRL-induced absorption. Neglecting the pertur-
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bation from nonlinear interactions, the tightly focused ex-
citation field can be calculated by*®*

ikf exp(— ikf)

Ex(p7 ¢7Z) = 9

(Ioo+102 Cos 2¢), (113)

Iy, = f E;,.(a)sin aycos ag,,(a)d,,

0
X (kp sin a)exp(ikz cos a)dx, (11b)
E;,.(a) = Ey exp(- f? sin® a/w?), (11c)

where p and ¢ are polar coordinates, f is the distance from
the focal center to the edge of the lens, a,,, is the cone
angle of the focused beam, and N.A. =n sin ay,,,. Here w,
is the radius of the incident Gaussian beam; g,,(a) is (1
—cos a), sin a or (1+cos a) when m=0, 1, or 2; and J,, is
the mth Bessel function. From the pump and Stokes fields
we can calculate the induced polarization of SRG and SRL
as

PO (wy) =6(x2 + X%, |E5|*E e, (12a)

P (wy) = 6(x3 + X2, ) |E1[PEge™>. (12b)

The resonant susceptibilities of Eq. (12) can be calculated
using Egs. (7) and (8).

Next, choosing an area of interest from -z, to +z,
where z( is much bigger than the focal length, the output
electric field can be calculated as

%0 gE
E(r,¢,20) = E(r,¢,—z0) + f ﬂ—(r,qb,Z)dz, (13)

Z

2

where E(r, ¢,—z) is the input fields and ¢E/dz in Eq. (13)
can be calculated from Eq. (6). The first term on the right
side of Eq. (6) represents SRG or SRL effects and can be
calculated from Eq. (12). The second term represents the
field propagation along the z direction and can be calcu-
lated from Eq. (11). Therefore we can calculate JE/dz and

3.0

—=— 2um diameter sphere
—e— bulk sample

2.54
2.0+

1.5 4

4
Pabs/Pin (X10™)

0.0 0.2 04 0.6 0.8 1.0 1.2
Objective N.A.

Fig. 4. Calculated power absorption percentage versus N.A. of
the focusing lens for a bulk sample and a 2 um diameter sphere
sample. Pump laser wavelength, 703 nm, 0.85 nd, 2.0 ps; Stokes
laser wavelength, 878nm, 0.51nd, 3.0ps; Xff”): 1.96
X102 m?/V?; x®'=8.76 x 10722 m2/ V2.
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dE5/ 3z at any point by Eq. (6). Having both the input and
output fields, the integral of I=¢ycn |E|?/2 gives the input
and output power.

In the numerical calculation, we have considered a
bulk sample and a microscopic sample of a 2 um diameter
sphere placed at the focal center. We chose a 2 um diam-
eter because it is close to the thickness of myelin sheath
in our experiments. We define the absorbed power P,;,=
—AP,,;q1- For each sample we calculated the power absorp-
tion ratio (P,,/P;,) as a function of the N.A. of the focus-
ing lens. The results are shown in Fig. 4. For the 2 um
sphere sample, the absorption is negligible with weakly
focused beams but it quickly increases with the N.A. A
maximum is seen at N.A.=1.0. When N.A. exceeds 1.0,
the axial FWHM of focal volume 2n\/(N.A.)? of the
pump beam becomes smaller than the diameter of the
sphere (2 um). At N.A.=1.2, P,/P;, was calculated to
be 1.4 X 10~%. For the bulk sample the absorption appears
to be insensitive to N.A. because the low field intensity at
smaller N.A. is partially compensated by the longer inter-
action length.

4. MECHANISMS FOR COHERENT RAMAN-
ENHANCED PHOTODAMAGE

To understand the role of Raman-induced absorption in
the photodamage process, we need to take a close look at
the photodamage mechanism. Based on our observations
in Fig. 1, we consider the photodamage to myelin to be
plasma-induced photodisruption.?’ For this kind of dam-
age, free electrons are generated by UV or multiphoton
absorption and plasma is consequently formed. The re-
sultant plasma strongly absorbs the light and spreads
into the surrounding tissues, generating shockwaves
[Figs. 1(c)-1(e) in Ref. 19] and cavitation [Fig. 1(b)]. Al-
though the coherent Raman-induced vibrational absorp-
tion does not heat electrons directly, the vibrational exci-
tation can assist electron heating by superelastic
collision, as shown in the gas phase.?®?° We note that the
first excited vibrational level in general has lower energy
than excited electronic levels. Nevertheless, high-
quantum vibrational levels can be excited through two
possible ways. The first is vibration—vibration energy ex-
change upon molecular collision,*® which increases the vi-
brational level of one molecule at the cost of another mol-
ecule’s vibrational energy. This pathway is possible for
lipid membranes, which are known to be modeled as a
two-dimensional fluid.*! The second is the overtone vibra-
tional excitation by stimulated Raman pumping.42 As a
result, the absorbed vibrational energy can be transferred
to the electronic system, resulting in the enhanced photo-
damage as we observed.

We note that three kinds of absorption coexist in our
experiments: linear absorption, Raman-induced vibra-
tional absorption, and multiphoton electronic absorption.
The importance of Raman-induced absorption depends on
its relative strength compared with the other two absorp-
tion processes. Taking myelin sheath as an example, the
linear absorption coefficient of brain white matter (also
rich in myelinated axons) at our laser wavelength was
shown to be 0.5 cm~1.*3 Thus, the power absorption ratio
(Paps!/Pin) is 0.5X107* over 1 um (the axial length of the
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focus), about three times smaller than Raman-induced
absorption. The exact two-photon absorption cross section
of myelin sheath is unknown. Here we assume a typical
value of ~107%%cm*s photon™! molecule1.** In our ex-
periments the maximum laser intensity of the pump
beam at focal center is 1.5 103° photon cm™2s~1, calcu-
lated from I;,=0.42 TW/cm? used for Eq. (10) and the
photon energy of 2.85x1071°J at the wavelength of
700 nm. For a lipid membrane sample, the area of a lipid
molecule is about 0.7 nm?2, the thickness of a monolayer is
about 2.5nm,* and the lipid concentration is 6
%X 102 molecule cm~3. Under these conditions, the two-
photon absorption coefficient is estimated to be 9 cm! at
the focal center, which results in a power absorption ratio
(Pyps/P;y) of 91074, This value is of the same order of
magnitude as Raman-induced absorption. The above esti-
mated values interpret our results in Fig. 2(b) well. At the
off-resonance Raman shifts, there is no Raman-induced
absorption. In such cases, two-photon absorption could ac-
count for the photodisruption of myelin. At 2840 cm™, the
Raman-induced absorption provided additional electron
heating. Moreover, the contribution from the coherent Ra-
man processes is comparable to that from two-photon ab-
sorption. As a result, for myelin sheath the point-
scanning time to induce the damage is reduced by half at
the Raman resonance [Fig. 2(b)].

It was shown by Banin et al. that multiphoton ioniza-
tion requires less laser intensity than Raman pumping
when femtosecond lasers in the visible wavelength region
are used. It is important to point out that multiphoton
absorption—induced ionization can be diminished in
CARS microscopy owing to the use of near-infrared pico-
second pulses. By using a 2.5 ps laser pulse, for which the
spectral width matches the linewidth of CH, stretch vi-
bration, the laser energy can be effectively concentrated
on Raman resonance rather than broadband electronic
transition. Moreover, vibrational pumping can occur even
in the absence of electronic resonance. As a result, Raman
resonance-enhanced photodamage of the myelin sheath
and the polymer film sample was observed as shown in
Figs. 2 and 3.

In the above calculations the laser peak power was
close to 500 W at the sample. If we lower the laser peak
power by 10 times, both Raman-induced absorption and
two-photon absorption will be reduced by 10 times as
well. In such a case, linear absorption could start to play a
dominant role. This is what we observed in Figs. 3 and
Fig. 4(b) of Ref. 19, where lower peak power (below 80 W)
and higher repetition rate (~14—15.6 MHz) were used. In
Fig. 3 of Ref. 19, the relationship between photodamage
rate and laser peak power became less than quadratic at
the peak power of 74 W. In Fig. 4(b) of Ref. 19, photodam-
age no longer appeared to be enhanced by Raman-induced
absorption at the peak power of 32 W, probably because at
this peak power linear absorption dominated the photo-
damage process.

Based on the above discussion, the peak power of the
picosecond lasers used in our CARS microscope lies in the
region where both linear and nonlinear absorption can
make important contributions to photodamage. With a
femtosecond laser source usually used in two-photon fluo-
rescence imaging, two-photon absorption and higher-
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order processes are expected to dominate the photodam-
age process.'®

5. CONCLUSIONS

In CARS microscopy study of spinal tissues and PEVA
films, the point-scan time for induction of photodamage
was reduced by 50% and 30%, respectively, when the ex-
citation was tuned from off resonance to on resonance
with the CH, stretch vibration. An assessment of light—
matter energy exchange was carried out to interpret the
observed Raman resonance-enhanced photodamage. The
light-matter energy transfer was analyzed for the CARS,
CSRS, SRG, and SRL processes that simultaneously oc-
cur in CARS microscopy. At Raman resonance, the CARS
and SRL processes transfer energy from the material to
the optical fields, while the CSRS and SRG processes in-
duce vibrational absorption in the material. The domi-
nant energy exchange is material absorption induced by
the heterodyne SRG and SRL processes. With a peak la-
ser power of ~500 W at the sample, Raman-induced vi-
brational absorption is about 1.4x 10~ of the incident
power by assuming a 2 um diameter spherical sample at
the focal center. It is at the same order of magnitude as
the two-photon absorption and could contribute to addi-
tional electron heating. As a result, the photodamage is
enhanced when the excitation beams are tuned to Raman
resonance.

APPENDIX A

In the case of plane-wave fields, the derivatives with re-
spect to x,y, and z are 0 in Eq. (6). In CARS microscopy
we consider the two incident fields E(w;) and E5(ws) and
the two new fields (E,; and E,) generated by CARS and
CSRS. The phase-matching condition is automatically
satisfied for SRG and SRL, and we assume that it is also
satisfied for CARS and CSRS. This assumption is valid
for microscopy in which the light-sample interaction
length is a few micrometers or even shorter.?” From Eq.
(6), the coupling equations among the four fields can be
written as

0E,; iwg .
= 3! + X har E 1B, (Ala)
dz  8cng
IE, w; .
= ——3(xiy + X% ESE L, (Alb)
dz  8cng
(7E1 (.L) " "
= [(6X(3) + 3X£3c)ars)E1E2Eas
dz  8cn ny
+ 3X(3)E2E + 6(an + Xr srl)|E2‘2E1]7
(Alc)
aEz [O))
T [3x (3)E2E ot (6x(3)
gz 8cn ngy
+ 3Xr csrs)ElEZE
+ 60X + Xroarg) | E1"E5). (A1d)
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Here, nq, ny, ny,, and ng denote the refractive index of the
material at frequencies w;, wy, wy,, and w,, respectively.
The factors 3 and 6 before y'® are the degeneracy.

We now derive the change of total field energy (I;,:q;
=I1+Iy+1,,+1,) during the propagation, dl,;,/dz. If
dl,,;q;/dz is positive, the light fields draw energy from the
material; if it is negative, the material absorbs energy
from the light. To derive dI,,;,;/dz, we first calculate dI/dz
for each of the four interacting waves by using the follow-
ing equation:

drz,, L 4dE,
— =€y, Re|E,,— |, (A2)
dz dz

where m=1,2,s, or as. Substituting Eqs. (Ala)-(Ald) and
xf¢3) , defined in Eq. (7), into Eq. (A2) we obtain

dlas 360 Wy s
Fia [Im(xPE2E,E. ) + Im(PE2E,E. )],
(A3a)
df, B " 2 B g p2p*
%= WEEIE,) + Im(x'® E\E2E,)],
(A3b)
dll 360(1)1 (3) 2 g [ ——
- [- 2 Im(xJEIELE,,) - Im(xP EIE,E,,)
+ Im(x<3>E1E2E ) + Im(x\Y|E4 P |Eo )], (A3¢)
dIQ 360 w9
< [- 2 Im(yPEEE)) - Im(x® EE2E")
+1m(X<3>E2E E. ) - Im(x?|E{?|E|?)]. (A3d)

To calculate the total field-energy change, we add up Eqgs.
(A3a)-(A3d). According to the relationship w,,—wi;=w;
—wy=wy—w,, the nonresonant terms cancel each other.
Thus we have

Al o0 3ep(wy — wg)

&z 8

[Im(\YE3ELE. ) - Im(x(s)ElEzE)

+ Im(x\Y|E 1 ?|Eo)]. (A4)

The first and second terms in Eq. (A4) represent the field-
energy change induced by CARS and CSRS, respectively.
The third term represents the field-energy change by the
SRG and SRL processes. In the absence of Raman reso-
nance, X(r ) is 0, and thus no light-matter energy transfer
occurs.

To simplify the calculations for E,; and E, in Eq. (A4),
we use the nondepletion approximation for E; and Es; i.e,
the light-matter interactions have low efficiency and thus
induce very little change in the excitation fields.*’ This
assumption is reasonable for coherent Raman processes,
which have low conversion efficiencies. By assuming that
the medium starts from z=0, we integrate Egs. (Ala) and
(A1b) to obtain the amplitude for E,; and E,,
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Loy )
Eo(z) = —=3(® 4 Y E2ELz, (A5a)
as
L9 ), O\ g2
E (2)= Son 3+ x JESE . (A5Db)
as

The excitation fields E; and E, are related to the energy
by

, 2L
|E,,|* = ; (A6)

€CN,y,

where m=1 or 2. Substituting Egs. (A5) and (A6) into Eq.
(A4), we have

d-ltotal w1 — Wy
dz c

9s BRe(v3) 4 |3)[2)72
8e2c3nnqn O Re(x;™) + X, )12
0 172" as

S
5oty iU Re(6”) + [ P2z
0 17t2lts

2€0Cn 19

Im(xig))llbl] : (A7)

Similar to Eq. (A4), the first, second, and third terms in
Eq. (A7) arise from CARS, CSRS, and SRG+ SRL, respec-
tively. At Raman resonance (6=0), X£3) equals iNA/T.
Equation (A7) becomes

dltotal w1 — Wy 9was NA 2121
= — Z
dz c 8exc’ningng \ I e
9w, NA\? ) NA
-\ —= | [lz - —I1,1, .
8ecnining\ T 12 2¢pcning I’ e
(A8)

To derive the percentage of the energy transfer over the
interaction length L, we integrate Eq. (A8) from z=0 to L.
Following the nondepletion approximation, we use the
incident-field intensities 11y and I, instead of I; and I,
during the integration. Then we divide the integral by
L,0t01(0)=119+I5. The result is

Aliyii(L) 01— wy Tiploy | wes 1y )
= —— L
Itotal(o) c 110 + 120 C Ny
W1y
- —— K5 L? - 2«L |. (A9)
¢ ng

This is Eq. (9) in the main text.

APPENDIX B

In our CARS imaging experiment, the pump and Stokes
beam frequencies are set as w;/c=27Xx 14225 cm™~! and
wy/e=27mx 11385 ecm™1,'% respectively. The corresponding
wavelengths are 703 and 878 nm, respectively. All refrac-
tive indices are chosen to be n=1.33 (index for water). A
60X water-immersion objective (N.A.=1.2) was used in
our experiments. It is well known that the lateral and
axial FWHM of the focal volume can be calculated by
0.61A/N.A. and 2n\/(N.A.)?, respectively. For the pump
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beam they are calculated to be 0.36 and 1.30 um, and for
the Stokes beam they are 0.45 and 1.62 um, respectively.
Therefore L=1.3 um is used in the calculation to derive
Eqg. (10).
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