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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 CH2 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.
=
r
i
p
t
t
R
(
q
p
l
t
m
R
C
t
a
O
l
m
c
S
O

. INTRODUCTION
oherent anti-Stokes Raman scattering (CARS)
icroscopy1–8 is an exciting tool for high-sensitivity three-

imensional vibrational imaging of lipid bilayers,9–11 my-
lin sheath,12 lipid bodies,13,14 and drug molecules.15 Ow-
ng to the use of tightly focused ultrafast laser beams,
hotodamage is a significant issue in multiphoton micro-
copy.16–18 In a recent paper, we have systematically stud-
ed the photodamage in CARS imaging of intact myelin
heath in spinal tissues and cultured cells.19 We showed
hat the myelin was torn apart by absorption-generated
lasma at the laser foci. Interestingly, the photodamage
ate was increased when the excitation was tuned on
esonance to CH2 vibration.19 Additionally, we have also
bserved Raman resonance-enhanced photodamage in a
olymer film sample, which will be reported in this paper.
In this paper, we present a mechanistic study of Raman

esonance-enhanced photodamage through a theoretical
nalysis of light–matter energy transfer in CARS micros-
opy. CARS is a four-wave mixing process in which the in-
eraction of a pump field E1 at frequency �1 and a Stokes
eld E2 at frequency �2 with a material generates a co-
erent Raman signal at the anti-Stokes frequency �
as

0740-3224/07/030544-9/$15.00 © 2
2�1−�2.20–22 The CARS field Eas is related to the mate-
ial and the incident fields by Eas���3�E1E2

*E1, where ��3�

s the third-order nonlinear susceptibility. In a CARS ex-
eriment, various coherent Raman processes occur simul-
aneously, including CARS, coherent Stokes Raman scat-
ering (CSRS), stimulated Raman gain (SRG), stimulated
aman loss (SRL), and Raman-induced Kerr effect

RIKE).22–26 In CSRS, a new field Es at the Stokes fre-
uency �s=2�2−�1 is generated. In SRG, the �2 field ex-
eriences a gain, while in SRL the �1 field experiences a
oss. In RIKE, new polarization components of the excita-
ion fields are generated. In most CARS imaging experi-
ents, two parallel-polarized beams are used, where
IKE is negligible (�2111=0 for isotropic medium).27,28 In
ARS and CSRS, the nonlinear polarization generates

he signal at new frequencies, whereas the signal in SRG
nd SRL is coherently mixed with the excitation beams.
wing to the heterodyne nature of SRG and SRL, the

ight–matter energy transfer in these two processes is
uch bigger than that in CARS and CSRS. The efficien-

ies of light–matter energy transfer induced by SRG and
RL under our experimental conditions are calculated.
ur results show that with tightly focused laser beams,
007 Optical Society of America
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G and SRL at Raman resonance can transfer approxi-
ately 0.02% energy to the material through vibrational

xcitation in a small focal volume. This vibrational pump-
ng could contribute to plasma generation and enhance
he photodamage accordingly.

. EXPERIMENTAL OBSERVATION
e first describe our observation of Raman resonance-

nduced photodamage to myelin sheath. The tissue
ample preparation and the CARS microscope setup were
escribed elsewhere.12 Briefly, two synchronized Ti:sap-
hire lasers (Mira 900, Coherent Inc.) were used to gen-
rate the pump and Stokes excitation beams. The output
ulse duration was around 2.5 ps. The spectral FWHM
full width at half-maximum) was 0.4 nm as measured
ith a spectrometer (HR2000, Ocean Optics). A Pockels

ell was used to reduce the pulse repetition rate from
7 MHz to a few megahertz. The two laser beams were
ollinearly combined and directed into a laser-scanning
onfocal microscope (IX70/FV300, Olympus Inc). A 60�
ater-immersion objective with a numerical aperture

N.A.) of 1.2 was used to focus the laser beams into the
ample. The epi-detected-CARS (E-CARS) signal was col-
ected by the same water objective and probed with an ex-
ernal photomultiplier tube (PMT) detector installed at
he microscope back port. The forward-CARS (F-CARS)
ignal was collected by an air condenser �N.A. =0.55� and
robed with another external PMT. E-CARS was used for
he thick spinal tissues for which F-CARS detection is in-
fficient owing to sample scattering.

Figure 1 shows our observation of photodamage in my-
lin sheath. The CARS image of a single myelinated axon
s shown in Fig. 1(a). Here �1−�2 was tuned to 2840 cm−1,
n resonance with the symmetric CH2 stretch vibration.
he myelin sheath, which contains 70% lipid and 30%
rotein in weight,29 produces a strong resonant CARS sig-
al. To analyze the photodamage mechanism, we inten-
ionally induced myelin damage by using the point-scan
ode. In this mode the laser beams were focused at a

xed position on the sample (myelin sheath in our case)
uring the scanning. Initially the CARS signal from the
yelin sheath was large and constant, indicating no dam-

ge. After a certain time (usually several seconds), the
hotodamage occurred, characterized by tearing off of the
yelin sheath as shown in Fig. 1(b). This damage was

robably caused by plasma generation induced by absorp-
ion, as pointed out by our recent paper.19 The generated
lasma can strongly absorb laser energy, expand, and dis-
upt the tissue mechanically.18,30,31 As a result the dam-
ged area in Fig. 1(b) was larger than the focal volume.
eanwhile, the CARS signal at the damaged site dropped

uddenly, as shown in a typical CARS signal trace taken
uring the point scan [Fig. 1(c)]. We have repeated this
amaging process in different spinal tissue samples. The
verage scanning time to cause photodamage, referred to
s “photodamage time” in the rest of the paper, is used to
uantify the photodamage rate. We have observed that
he photodamage rate depends strongly on the pulse peak
ower, indicating the nonlinear nature of the observed
yelin damage.19
To inspect whether Raman resonance enhances the
hotodamage, we have measured the time to cause photo-
amage at various Raman shifts. We fixed the wavelength
f the pump beam at 703 nm �14,225 cm−1� and tuned the
tokes beam in the region of 860 to 891 nm to generate
he Raman shift in the range from 2600 and 3000 cm−1.
ccording to the CARS spectrum of single-axonal myelin

Fig. 2(a)], 2840 cm−1 is the resonant peak with the sym-
etric CH2 stretch vibration. Note that Fig. 2(a) was pro-

uced using the image-acquisition mode, and no damage
as observed at the acquisition rate of 1 frame/s. For all

he photodamage experiments, the pump and Stokes la-
er power at the sample were 1.1 and 0.66 mW, respec-
ively. The repetition rate of both lasers was 1.3 MHz.
hus, the pump and Stokes pulse energies were 0.85 and
.51 nJ, respectively. We realize that the photodamage
ime is sensitive to the pulse duration, the spatial and
emporal overlap between the pump and the Stokes
eams, the size of the focus, and the local molecular den-
ity at the focus. To get the best data repeatability as we
an, we have done the following, besides keeping constant
aser powers: (1) The Stokes pulse duration was moni-
ored by an autocorrelator and kept constant at 2.5 ps
uring tuning. (2) The CARS signal was optimized to en-
ure the best temporal overlap between the pump and the
tokes pulses. (3) For our beam-scanning microscope, the
patial overlap between the pump and the Stokes beams

ig. 1. Photodamage induced in CARS imaging of myelin
heath. (a) CARS image of a nondamaged myelinated axon. La-
er repetition rate, 7.8 MHz; average pump beam power,
.48 mW; average Stokes beam power, 2.52 mW. The correspond-
ng peak power is 415 and 108 W for the pump and Stokes
eams, respectively. Bar=5 �m. (b) CARS image of the same
xon after photodamage induced by point scanning. The damage
ears apart the myelin at the laser focus (circled area), (c) Typical
oint-scan trace. The CARS signal drops when photodamage
appens. Int., intensity.
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s the best at the center of the field of view; therefore we
lways moved the target myelin to the center of the field
f view so that the point scanning can be performed with
ptimal spatial overlap of the two beams. Additionally, we
hose only myelin sheath within a 50 �m penetration
epth, which minimized beam distortion during propaga-
ion inside the tissue. (4) We tuned the z position of the
bjective to ensure that the laser focus was on the equa-
orial plane of the target myelin, where the myelin shows
he clearest edge and highest CARS signal. To have con-
tant molecular density at the focus, myelin with similar
iameter and CARS signal was used for the measurement
f the photodamage time. (5) Because the second instance
f photodamage on the same myelin was found much
aster, we have avoided repeated photodamage on the my-
lin of the same axon.

The experimental results for the photodamage of my-
lin sheath are shown in Fig. 2(b). The average point-scan
ime to cause photodamage was 0.86±0.32 s at 2840 cm−1

nd 0.81±0.10 s at 2860 cm−1, while for the other Raman
hifts a longer average time was needed. For the Raman
hifts at 2600 and 3000 cm−1, which were far away from
esonance, an average time of 1.54±0.45 s and
.53±0.32 s was needed, respectively. The photodamage
t off-resonance frequencies was probably induced by two-

ig. 2. Raman shift dependence of the scanning time to cause
hotodamage in myelin sheath. (a) E-CARS spectrum of a single-
xonal myelin sheath measured by manually tuning the Stokes
aser wavelength. The spectrum is adapted from a previous
aper.12 The peak at 2840 cm−1 is from the symmetric CH2
tretch vibration, (b) Average point-scanning time needed to in-
uce photodamage versus the Raman shift. The repetition rate is
.3 MHz. Pump beam, 14225 cm−1; pulse peak power, 338 W; av-
rage power, 1.10 mW. The Stokes beam frequency is tuned to
enerate different Raman shifts. Stokes pulse peak power,
02 W; average power, 0.66 mW. The error bar represents the
tandard deviation from 10 independent measurements. Int.,
ntensity.
hoton absorption.16,17 Similar myelin damage was also
bserved by using a single laser beam. Moreover, the av-
rage point-scanning time needed to cause the damage
ecreased with laser wavelength in the region of 700 to
00 nm. With the pump laser at 703 nm alone, the photo-
amage time was 2.10±0.50 s. In the Stokes wavelength
ange �845–890 nm�, no photodamage was observed with
he Stokes laser alone even after point scanning for min-
tes. Thus, the increased photodamage at 2840 cm−1,
hich corresponds to a pump wavelength at 703 nm and a
tokes wavelength at 878 nm, was due to the Raman
esonance but not to variation of the Stokes laser wave-
ength. A two-tailed t-test of our 2840 and 2600 cm−1 data
as carried out to quantitatively validate the enhance-
ent of damage. The result showed P=0.00015, which
eans that the photodamage time between two data sets
ad a significant difference.
A uniform polymer film sample was tested to further

onfirm the existence of Raman-enhanced photodamage.
he photodamage experiments were performed with
-CARS from a film of poly(ethyl-co-vinyl acetate) (PEVA,
0 wt. % vinyl acetate). PEVA was first dissolved in chlo-
oform at a concentration of 150 to 200 mg/mL. The solu-
ion was then spin coated on a cleaned coverslip. After
hat, films were dried under the vacuum overnight to re-
ove the residual solvent. The final sample was a PEVA
lm coated on a no. 1.5 coverslip, with a thickness of
round 10 �m. The film was transparent for

ig. 3. Raman shift dependence of the point-scanning time for
ausing photodamage in a PEVA [poly(ethyl-co-vinyl acetate)]
lm, (a) F-CARS spectrum of a film of PEVA (40 wt. % vinyl ac-
tate) adapted from a recent paper.15 (b) Average point-scanning
ime needed to induce photodamage versus the Raman shift for
EVA. The repetition rate is 3.9 MHz. Pump beam, 14268 cm−1;
ulse peak power, 406 W; average power, 3.96 mW. The Stokes
eam frequency is tuned to generate different Raman shifts.
tokes pulse peak power, 101 W; average power, 0.98 mW. The
rror bar represents the standard deviation from 10 independent
easurements.
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00–1000 nm light. The F-CARS spectrum of the film is
hown in Fig. 3(a). PEVA showed the strongest CARS sig-
al at the CH2 peak of 2840 cm−1. For the photodamage
xperiment, we have maintained the pulse duration and
he spatial and temporal overlap of the two excitation la-
ers during different measurements. Moreover, we con-
rolled the laser focus to be 5 �m inside the film from the
lm–glass interface. The experimental results are dis-
layed in Fig. 3(b). The data showed smaller relative
tandard deviations than the myelin sheath data because
he polymer film sample was much more uniform. We ob-
erved that the shortest photodamage time was 7.1±0.7 s
t 2840 cm−1, while at other Raman shifts the average
ime was close to 10 s. For instance, the photodamage
ime at 3000 cm−1 was 10.3±1.5 s. We also noticed that
he difference between the on-resonance and the off-
esonance photodamage time was smaller than in the spi-
al tissue sample. This is possibly due to a weaker CH2
esonance enhancement in PEVA because the CARS spec-
rum of PEVA showed a smaller peak-to-background ratio
han that of the spectrum of myelin sheath. Control ex-
eriments were conducted on the same sample with
ingle laser beams. With the pump laser at 701 nm alone,
he photodamage time was 14±1 s, while no photodamage
as observed with the Stokes laser alone in the
70–887 nm range. Taken together, our CARS experi-
ents with the polymer film and the spinal white matter

howed that Raman resonance-enhanced photodamage
ould be a general phenomenon for solid samples that
ave a high density of molecular oscillators.

. THEORETICAL ANALYSIS
o interpret the observed Raman resonance-enhanced
hotodamage, we now analyze the efficiencies of light–
atter energy transfer in CARS microscopy in the ab-

ence and presence of Raman resonance. We consider pi-
osecond pulses, which are used in our setup and shown
o provide a high signal-to-background ratio in CARS
icroscopy.32 Because the pulse spatial width (0.6 mm for
ps pulse) is much longer than the axial length of the fo-

us, the time-dependent field envelope is negligible. The
omplex representation for a linearly polarized optical
eld at frequency � can be written as

E�t,r�� =
1

2
�Ẽ�r��e−i�t + c.c.�. �1�

With this convention, the intensity flow of light in SI
nits can be written as I= ��0cn /2� � Ẽ�2, where c is the

ight speed, n is the refractive index, and �0 is the vacuum
ielectric constant. Without free charges and currents,
he general wave equation is21,33

− �2Ẽ�r�� = ��2/c2�Ẽ�r�� + �2�0P�r��, �2�

here P�r�� is the polarization that contains a linear and a
onlinear component,

P�r�� = �0��1�Ẽ�r�� + P3�r��. �3�

n Eq. (3), ��1�=n2−1, with n being the refractive index.
ere we have neglected P�2�, which is 0 for centrosymmet-
ic materials. For a field propagating along the z direc-
ion, we define

Ẽ�r�� = E�r��eikz, �4�

here k=n� /c. Substituting Eqs. (3) and (4) into Eq. (2),
e have

�k2E − 2ik
�E

�z
−

�2E

�z2 �eikz − � �2E

�x2 +
�2E

�y2 �eikz

= k2Eeikz + �2�0P�3�. �5�

ote that E and P�3� are both functions of r�. Equation (5)
an be recast as

�E

�z
=

i�

2cn
P�3�e−ikz +

i

2k� �2E

�x2 +
�2E

�y2 +
�2E

�z2 � . �6�

quation (6) shows that �E /�z is determined by two
erms. The first term is the perturbation from the nonlin-
ar polarization that accounts for the light–matter energy
ransfer. The second term represents the effect of field
ropagation.
In CARS microscopy we consider two incident fields,

enoted as E1��1� and E2��2� with �1��2. Note that P�3�

as different forms according to different nonlinear pro-
esses. As an example, for the CARS field �Eas�, Pcars

�3�

��as�= �3/4��cars
�3� E1

2E1
*ei�2k1−k2�z represents the nonlinear

olarization at frequency �as generated by CARS, where
he factor 3 is the degeneracy and the factor (1/4) comes
rom the convention we used in Eq. (1). The third-order
usceptibility ��3� consists of a nonresonant and a reso-
ant component. The nonresonant component �nr

�3� is real
nd positive when the excitation is far from electronic
esonance.22 The resonant susceptibility �r

�3� for CARS,
SRS, SRG, and SRL has the following relationship21:

�r,cars
�3� = �r,csrs

�3�* = 2�r,srl
�3� = 2�r,srg

�3�* = �r
�3�. �7�

or a single Raman band the resonant susceptibility can
e written as34

�r
�3� =

NA

� − i	
, �8�

here A represents the strength of the Raman band, N is
he molecular population, �=
− ��1−�2� is the detuning,

is the molecular vibration frequency, and 	 is the half-
idth at half-maximum of the Raman band.
Equation (6) allows us to calculate the field change due

o nonlinear interactions and to derive the difference be-
ween the output and the input power. The power change
epresents the energy exchange between the optical fields
nd the sample. Before calculating the energy transfer in
ARS microscopy with tightly focused fields, we first
resent the analytical results for plane-wave excitations
see Appendix A for details). Under the nondepletion ap-
roximation, we have derived the following relationship
t Raman resonance ��=0�:
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�Itotal�L�

Itotal�0�
=

�1 − �2

c

I10I20

I10 + I20
��as

c

n2

nas
�2I10L

2

−
�s

c

n1

ns
�2I20L

2 − 2�L� . �9�

ere we have defined �= �3/4�0cn1n2��NA /	�; L is the in-
eraction length and I10 and I20 are the incident intensi-
ies of E1 and E2, respectively. In Eq. (9), the first term is
rom CARS and is positive. The second term is from CSRS
nd is negative. The last negative term is the combined
ontribution of SRG and SRL. Therefore, at Raman reso-
ance, the CARS process draws energy from the medium,
hile the medium absorbs energy through CSRS and
RG+SRL. The dItotal /dz depends on �r

�3� quadratically
or the homodyne CARS and CSRS processes and linearly
or SRG and SRL, which are heterodyne via mixing with
he excitation fields.

Equation (9) is used to estimate the energy-transfer ef-
ciency in the coherent Raman processes. Based on our
ARS imaging parameters (Appendix B), the interaction

ength L=1.3 �m is used in the calculation. The pump
nd Stokes pulse energies are 0.85 and 0.51 nJ, respec-
ively, as we used in the experiments. With a pump pulse
uration of 2.0 ps and a Stokes pulse duration of 3.0 ps,
he incident field intensities inside the focal volume are
stimated to be I10=0.42 TW/cm2 and I20=0.16 TW/cm2.
o estimate the value of NA /	 for the CH2 stretch vibra-
ion band in our myelin sheath sample, we use �nr

�3�=1.4
10−14 cm3/erg (Gaussian units, 1 cm3/erg=1.4
10−8 m2/V2) measured from the tetrahydrofuran

olvent.35 Based on the signal-to-background ratio of 20:1
or the CH2 vibration band in myelin sheath,12 we set the

r
�3� value to be �20�1.4�10−14 cm3/erg=6.26
10−14 cm3/erg. Using the above parameters, we obtain

�Itotal�L�

Itotal�0�
= 3.37 � 10−6 − 6.40 � 10−7 − 7.54 � 10−4

	 − 7.54 � 10−4. �10�

quation (10) shows that the light–matter energy trans-
er in coherent Raman processes in our CARS microscopy
xperiment is dominated by SRG and SRL. In total about
.08% of the laser power is absorbed by the medium. The
ontributions from CARS and CSRS are 3 orders of mag-
itude smaller. Note that the above results were derived
nder the nondepletion assumption for the excitation
elds. If the nonlinear interactions are strong enough to
erturb the excitation fields, the energy transfer in CARS
nd CSRS is not necessarily much weaker than that in
RG and SRL. It is important to note that the coherent
aman-induced energy absorption is in the form of vibra-

ional excitation.21

In nonlinear optical microscopy the beams are usually
ightly focused by a high N.A. objective. Description of a
ightly focused beam needs a complicated profile consist-
ng of the fundamental Gaussian mode and other higher-
rder modes. While it is difficult to derive an analytical
olution, we have performed numerical calculations of
RG- and SRL-induced absorption. Neglecting the pertur-
ation from nonlinear interactions, the tightly focused ex-
itation field can be calculated by36,37

Ex�
,�,z� =
ikf exp�− ikf�

2
�I00 + I02 cos 2��, �11a�

I0m =

0

�max

Einc���sin ��cos �gm���Jm

��k
 sin ��exp�ikz cos ��dx, �11b�

Einc��� = E0 exp�− f2 sin2 �/w0
2�, �11c�

here 
 and � are polar coordinates, f is the distance from
he focal center to the edge of the lens, �max is the cone
ngle of the focused beam, and N.A. =n sin �max. Here w0
s the radius of the incident Gaussian beam; gm��� is �1
cos ��, sin � or �1+cos �� when m=0, 1, or 2; and Jm is

he mth Bessel function. From the pump and Stokes fields
e can calculate the induced polarization of SRG and SRL
s

P�3���1� = 6��nr
�3� + �r,srl

�3� ��E2�2E1eik1z, �12a�

P�3���2� = 6��nr
�3� + �r,srg

�3� ��E1�2E2eik2z. �12b�

he resonant susceptibilities of Eq. (12) can be calculated
sing Eqs. (7) and (8).
Next, choosing an area of interest from −z0 to +z0,

here z0 is much bigger than the focal length, the output
lectric field can be calculated as

E�r,�,z0� = E�r,�,− z0� +

−z0

z0 �E

�z
�r,�,z�dz, �13�

here E�r ,� ,−z0� is the input fields and �E /�z in Eq. (13)
an be calculated from Eq. (6). The first term on the right
ide of Eq. (6) represents SRG or SRL effects and can be
alculated from Eq. (12). The second term represents the
eld propagation along the z direction and can be calcu-

ated from Eq. (11). Therefore we can calculate �E1 /�z and

ig. 4. Calculated power absorption percentage versus N.A. of
he focusing lens for a bulk sample and a 2 �m diameter sphere
ample. Pump laser wavelength, 703 nm, 0.85 nJ, 2.0 ps; Stokes
aser wavelength, 878 nm, 0.51 nJ, 3.0 ps; �nr

�3�=1.96
10−22 m2/V2; ��3�=8.76�10−22 m2/V2.
r
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E2 /�z at any point by Eq. (6). Having both the input and
utput fields, the integral of I=�0cn �E�2 /2 gives the input
nd output power.
In the numerical calculation, we have considered a

ulk sample and a microscopic sample of a 2 �m diameter
phere placed at the focal center. We chose a 2 �m diam-
ter because it is close to the thickness of myelin sheath
n our experiments. We define the absorbed power Pabs=
�Ptotal. For each sample we calculated the power absorp-
ion ratio �Pabs /Pin� as a function of the N.A. of the focus-
ng lens. The results are shown in Fig. 4. For the 2 �m
phere sample, the absorption is negligible with weakly
ocused beams but it quickly increases with the N.A. A
aximum is seen at N.A. =1.0. When N.A. exceeds 1.0,

he axial FWHM of focal volume 2n� / �N.A. �2 of the
ump beam becomes smaller than the diameter of the
phere �2 �m�. At N.A. =1.2, Pabs /Pin was calculated to
e 1.4�10−4. For the bulk sample the absorption appears
o be insensitive to N.A. because the low field intensity at
maller N.A. is partially compensated by the longer inter-
ction length.

. MECHANISMS FOR COHERENT RAMAN-
NHANCED PHOTODAMAGE
o understand the role of Raman-induced absorption in
he photodamage process, we need to take a close look at
he photodamage mechanism. Based on our observations
n Fig. 1, we consider the photodamage to myelin to be
lasma-induced photodisruption.30 For this kind of dam-
ge, free electrons are generated by UV or multiphoton
bsorption and plasma is consequently formed. The re-
ultant plasma strongly absorbs the light and spreads
nto the surrounding tissues, generating shockwaves
Figs. 1(c)–1(e) in Ref. 19] and cavitation [Fig. 1(b)]. Al-
hough the coherent Raman-induced vibrational absorp-
ion does not heat electrons directly, the vibrational exci-
ation can assist electron heating by superelastic
ollision, as shown in the gas phase.38,39 We note that the
rst excited vibrational level in general has lower energy
han excited electronic levels. Nevertheless, high-
uantum vibrational levels can be excited through two
ossible ways. The first is vibration–vibration energy ex-
hange upon molecular collision,40 which increases the vi-
rational level of one molecule at the cost of another mol-
cule’s vibrational energy. This pathway is possible for
ipid membranes, which are known to be modeled as a
wo-dimensional fluid.41 The second is the overtone vibra-
ional excitation by stimulated Raman pumping.42 As a
esult, the absorbed vibrational energy can be transferred
o the electronic system, resulting in the enhanced photo-
amage as we observed.
We note that three kinds of absorption coexist in our

xperiments: linear absorption, Raman-induced vibra-
ional absorption, and multiphoton electronic absorption.
he importance of Raman-induced absorption depends on

ts relative strength compared with the other two absorp-
ion processes. Taking myelin sheath as an example, the
inear absorption coefficient of brain white matter (also
ich in myelinated axons) at our laser wavelength was
hown to be 0.5 cm−1.43 Thus, the power absorption ratio
P /P � is 0.5�10−4 over 1 �m (the axial length of the
abs in
ocus), about three times smaller than Raman-induced
bsorption. The exact two-photon absorption cross section
f myelin sheath is unknown. Here we assume a typical
alue of �10−50 cm4 s photon−1 molecule−1.44 In our ex-
eriments the maximum laser intensity of the pump
eam at focal center is 1.5�1030 photon cm−2 s−1, calcu-
ated from I10=0.42 TW/cm2 used for Eq. (10) and the
hoton energy of 2.85�10−19 J at the wavelength of
00 nm. For a lipid membrane sample, the area of a lipid
olecule is about 0.7 nm2, the thickness of a monolayer is

bout 2.5 nm,45 and the lipid concentration is 6
1020 molecule cm−3. Under these conditions, the two-

hoton absorption coefficient is estimated to be 9 cm1 at
he focal center, which results in a power absorption ratio
Pabs /Pin� of 9�10−4. This value is of the same order of
agnitude as Raman-induced absorption. The above esti-
ated values interpret our results in Fig. 2(b) well. At the

ff-resonance Raman shifts, there is no Raman-induced
bsorption. In such cases, two-photon absorption could ac-
ount for the photodisruption of myelin. At 2840 cm−1, the
aman-induced absorption provided additional electron
eating. Moreover, the contribution from the coherent Ra-
an processes is comparable to that from two-photon ab-

orption. As a result, for myelin sheath the point-
canning time to induce the damage is reduced by half at
he Raman resonance [Fig. 2(b)].

It was shown by Banin et al. that multiphoton ioniza-
ion requires less laser intensity than Raman pumping
hen femtosecond lasers in the visible wavelength region
re used.46 It is important to point out that multiphoton
bsorption–induced ionization can be diminished in
ARS microscopy owing to the use of near-infrared pico-
econd pulses. By using a 2.5 ps laser pulse, for which the
pectral width matches the linewidth of CH2 stretch vi-
ration, the laser energy can be effectively concentrated
n Raman resonance rather than broadband electronic
ransition. Moreover, vibrational pumping can occur even
n the absence of electronic resonance. As a result, Raman
esonance-enhanced photodamage of the myelin sheath
nd the polymer film sample was observed as shown in
igs. 2 and 3.
In the above calculations the laser peak power was

lose to 500 W at the sample. If we lower the laser peak
ower by 10 times, both Raman-induced absorption and
wo-photon absorption will be reduced by 10 times as
ell. In such a case, linear absorption could start to play a
ominant role. This is what we observed in Figs. 3 and
ig. 4(b) of Ref. 19, where lower peak power (below 80 W)
nd higher repetition rate ��14–15.6 MHz� were used. In
ig. 3 of Ref. 19, the relationship between photodamage
ate and laser peak power became less than quadratic at
he peak power of 74 W. In Fig. 4(b) of Ref. 19, photodam-
ge no longer appeared to be enhanced by Raman-induced
bsorption at the peak power of 32 W, probably because at
his peak power linear absorption dominated the photo-
amage process.
Based on the above discussion, the peak power of the

icosecond lasers used in our CARS microscope lies in the
egion where both linear and nonlinear absorption can
ake important contributions to photodamage. With a

emtosecond laser source usually used in two-photon fluo-
escence imaging, two-photon absorption and higher-



o
a

5
I
fi
w
c
w
m
o
l
C
c
a
t
d
n
t
s
b
p
t
t
t
e
r

A
I
s
w
t
C
s
s
f
l
(
w

H
m
T

=
d
m
f
f
i

w
�

T
(
−
T

T
e
T
S
n
o

w
t
i
a
w
t
(

550 J. Opt. Soc. Am. B/Vol. 24, No. 3 /March 2007 Wang et al.
rder processes are expected to dominate the photodam-
ge process.16

. CONCLUSIONS
n CARS microscopy study of spinal tissues and PEVA
lms, the point-scan time for induction of photodamage
as reduced by 50% and 30%, respectively, when the ex-

itation was tuned from off resonance to on resonance
ith the CH2 stretch vibration. An assessment of light–
atter energy exchange was carried out to interpret the

bserved Raman resonance-enhanced photodamage. The
ight–matter energy transfer was analyzed for the CARS,
SRS, SRG, and SRL processes that simultaneously oc-
ur in CARS microscopy. At Raman resonance, the CARS
nd SRL processes transfer energy from the material to
he optical fields, while the CSRS and SRG processes in-
uce vibrational absorption in the material. The domi-
ant energy exchange is material absorption induced by
he heterodyne SRG and SRL processes. With a peak la-
er power of �500 W at the sample, Raman-induced vi-
rational absorption is about 1.4�10−4 of the incident
ower by assuming a 2 �m diameter spherical sample at
he focal center. It is at the same order of magnitude as
he two-photon absorption and could contribute to addi-
ional electron heating. As a result, the photodamage is
nhanced when the excitation beams are tuned to Raman
esonance.

PPENDIX A
n the case of plane-wave fields, the derivatives with re-
pect to x ,y, and z are 0 in Eq. (6). In CARS microscopy
e consider the two incident fields E1��1� and E2��2� and

he two new fields (Eas and Es) generated by CARS and
SRS. The phase-matching condition is automatically
atisfied for SRG and SRL, and we assume that it is also
atisfied for CARS and CSRS. This assumption is valid
or microscopy in which the light–sample interaction
ength is a few micrometers or even shorter.37 From Eq.
6), the coupling equations among the four fields can be
ritten as

�Eas

�z
=

i�as

8cnas
3��nr

�3� + �r,cars
�3� �E1

2E2
* , �A1a�

�Es

�z
=

i�s

8cns
3��nr

�3� + �r,csrs
�3� �E2

2E1
* , �A1b�

�E1

�z
=

i�1

8cn1
��6�nr

�3� + 3�r,cars
�3�* �E1

*E2Eas

+ 3�nr
�3�E2

2Es
* + 6��nr

�3� + �r,srl
�3� ��E2�2E1
,

�A1c�

�E2

�z
=

i�2

8cn2
�3�nr

�3�E1
2Eas

* + �6�nr
�3�

+ 3�r,csrs
�3�* �E1E2

*Es

+ 6��nr
�3� + �r,srg

�3� ��E1�2E2
. �A1d�
ere, n1, n2, nas, and ns denote the refractive index of the
aterial at frequencies �1, �2, �as, and �s, respectively.
he factors 3 and 6 before ��3� are the degeneracy.
We now derive the change of total field energy �Itotal

I1+I2+Ias+Is� during the propagation, dItotal /dz. If
Itotal /dz is positive, the light fields draw energy from the
aterial; if it is negative, the material absorbs energy

rom the light. To derive dItotal /dz, we first calculate dI /dz
or each of the four interacting waves by using the follow-
ng equation:

dIm

dz
= �0cnm · Re�Em

*
dEm

dz � , �A2�

here m=1,2,s, or as. Substituting Eqs. (A1a)–(A1d) and

r
�3�, defined in Eq. (7), into Eq. (A2) we obtain

dIas

dz
= −

3�0�as

8
�Im��nr

�3�E1
2E2

*Eas
* � + Im��r

�3�E1
2E2

*Eas
* �
,

�A3a�

dIs

dz
= −

3�0�s

8
�Im��nr

�3�E1
*E2

2Es
*� + Im�xr

�3�*
E1

*E2
2Es

*�
,

�A3b�

dI1

dz
= −

3�0�1

8
�− 2 Im��nr

�3�E1
2E2

*Eas
* � − Im��r

�3�E1
2E2

*Eas
* �

+ Im��nr
�3�E1

*E2
2Es

*� + Im��r
�3��E1�2�E2�2�
, �A3c�

dI2

dz
= −

3�0�2

8
�− 2 Im��nr

�3�E1
*E2

2Es
*� − Im��r

�3�*
E1

*E2
2Es

*�

+ Im��nr
�3�E1

2E2
*Eas

* � − Im��r
�3��E1�2�E2�2�
. �A3d�

o calculate the total field-energy change, we add up Eqs.
A3a)–(A3d). According to the relationship �as−�1=�1
�2=�2−�s, the nonresonant terms cancel each other.
hus we have

dItotal

dz
= −

3�0��1 − �2�

8
�Im��r

�3�E1
2E2

*Eas
* � − Im��r

�3�*
E1

*E2
2Es

*�

+ Im��r
�3��E1�2�E2�2�
. �A4�

he first and second terms in Eq. (A4) represent the field-
nergy change induced by CARS and CSRS, respectively.
he third term represents the field-energy change by the
RG and SRL processes. In the absence of Raman reso-
ance, �r

�3� is 0, and thus no light–matter energy transfer
ccurs.

To simplify the calculations for Eas and Es in Eq. (A4),
e use the nondepletion approximation for E1 and E2; i.e,

he light–matter interactions have low efficiency and thus
nduce very little change in the excitation fields.47 This
ssumption is reasonable for coherent Raman processes,
hich have low conversion efficiencies. By assuming that

he medium starts from z=0, we integrate Eqs. (A1a) and
A1b) to obtain the amplitude for E and E ,
as s
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Eas�z� =
i�as

8cnas
3��nr

�3� + �r
�3��E1

2E2
*z, �A5a�

Es�z� =
i�s

8cnas
3��nr

�3� + �r
�3�*

�E2
2E1

*z. �A5b�

he excitation fields E1 and E2 are related to the energy
y

�Em�2 =
2Im

�0cnm
, �A6�

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

dItotal

dz
=

�1 − �2

c � 9�as

8�0
2c3n1

2n2nas
��nr

�3�Re��r
�3�� + ��r

�3��2�I1
2I2z�

− � 9�s

8�0
2c3n1n2

2ns
��nr

�3�Re��r
�3�� + ��r

�3��2�I1I2
2z

−
3

2�0cn1n2
Im��r

�3��I1I2I� . �A7�

imilar to Eq. (A4), the first, second, and third terms in
q. (A7) arise from CARS, CSRS, and SRG+SRL, respec-

ively. At Raman resonance ��=0�, �r
�3� equals iNA /T.

quation (A7) becomes

dItotal

dz
=

�1 − �2

c � 9�as

8�0
2c3n1

2n2nas
�NA

	
�2

I1
2I2z

−
9�s

8�0
2c3n1n2

2ns
�NA

	
�2

I1I2
2z −

3

2�0cn1n2

NA

	
I1I2� .

�A8�

o derive the percentage of the energy transfer over the
nteraction length L, we integrate Eq. (A8) from z=0 to L.
ollowing the nondepletion approximation, we use the

ncident-field intensities I10 and I20 instead of I1 and I2
uring the integration. Then we divide the integral by
total�0�=I10+I20. The result is

�Itotal�L�

Itotal�0�
=

�1 − �2

c

I10I20

I10 + I20
��as

c

n2

nas
�2I10L

2

−
�s

c

n1

ns
�2I20L

2 − 2�L� . �A9�

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

PPENDIX B
n our CARS imaging experiment, the pump and Stokes
eam frequencies are set as �1 /c=2��14225 cm−1 and
2/c=2��11385 cm−1,12 respectively. The corresponding
avelengths are 703 and 878 nm, respectively. All refrac-

ive indices are chosen to be n=1.33 (index for water). A
0� water-immersion objective �N.A.=1.2� was used in
ur experiments. It is well known that the lateral and
xial FWHM of the focal volume can be calculated by
.61� /N.A. and 2n� / �N.A.�2, respectively. For the pump
eam they are calculated to be 0.36 and 1.30 �m, and for
he Stokes beam they are 0.45 and 1.62 �m, respectively.
herefore L=1.3 �m is used in the calculation to derive
q. (10).
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