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scheme and its application for super-resolution microscopy
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We theoretically investigate a scheme in which stimulated Raman scattering (SRS) can be suppressed by
coherently controlling the coupling between molecular states. In conventional SRS, two laser beams at different
frequencies interact resonantly with molecular vibration to induce a gain and a loss for the two beams, respectively.
In our scheme, a third beam is introduced to couple the vibrational state to another coupling state. As a result,
SRS is suppressed in a way analogous to electromagnetically induced transparency. We calculated the SRS signal
analytically by the density matrix approach, and investigated the feasibility of this scheme for real molecular
imaging. In SRS microscopy, a donut-shaped coupling laser can be used to suppress the SRS signal from the rim
part of the focal spot, leading to super-resolution. Based on our numerical studies, the lateral resolution starts to
be enhanced when the coupling laser intensity exceeds 0.1 TW /cm? at picosecond pulse duration.

DOI: 10.1103/PhysRevA.92.023828

I. INTRODUCTION

Coherent Raman imaging methods such as coherent anti-
Stokes Raman scattering (CARS) microscopy [1,2] and stim-
ulated Raman scattering (SRS) microscopy [3,4] are advanced
nonlinear optical imaging methods. In these methods, two
laser beams at different frequencies called the pump (w,)
and Stokes (ws < w,) are focused into a sample. Raman
resonance happens when w, — wgs matches the frequency of
a molecular vibrational level. CARS detects the output at
a new frequency 2w, — wg which is enhanced by Raman
resonance, and SRS detects the loss of the pump beam or
the gain of the Stokes beam caused by the resonant excitation
of molecules to the vibrational level. Both methods are very
attractive for biomedical applications due to their label-free
nature, chemical selectivity, and high sensitivity. However,
their spatial resolution is conventionally determined by the size
of the diffraction-limited focal spots. The lateral resolution is
usually limited to A/3—A4/2.

In fluorescent microscopy, the diffraction limit has
been broken by several elegant methods successfully, such
as stimulated-emission-depletion (STED) microscopy [5],
stochastic-optical-reconstruction microscopy (STORM) [6],
and structured-illumination microscopy (SIM) [7]. In CARS
microscopy, achieving super-resolution in the far field is also
of interest and some schemes have been proposed in the last
few years [8—15]. Many of them resemble STED microscopy
[8,11-14], in which a donut-shaped beam is used to diminish
the signal from the rim part of the focal spot. Thus the size of
the effective excitation volume is reduced.

Compared with CARS, SRS microscopy has the advantage
that it is intrinsically free of nonresonant background [3].
Some of the super-resolution techniques for CARS microscopy
mentioned above may still be valid for SRS microscopy, such
as reported in Ref. [8]. We also presented a STED-like super-
resolution SRS microscopy scheme in our previous study [16].
However, these methods mostly rely on the saturated excitation
of an electronic state or vibrational state, which may increase
the tendency of photodamage in real applications.
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In this study, we propose a scheme to suppress the SRS
signal by the destructive interference between two quantum
absorption pathways which is analogous to electromagnetic
induced transparency (EIT) [17-19]. Another excitation state
and a coupling laser have to be introduced in this scheme.
But just like in EIT, most of the molecules will stay at the
ground state, and so this method is better at avoiding photo-
damage. In this paper, we will introduce the theoretical study
on this scheme, and numerically investigate the resolution
enhancement if it is applied in STED-like super-resolution
SRS microscopy.

II. THEORETICAL FRAMEWORK

Figure 1(a) illustrates the energy diagram of SRS, in which
the sample is illuminated by the pump and Stokes lasers at
frequencies w, and wy, respectively. The sample has a ground
state |g) and a vibrational state |v) and a lot of intermediate
states |i) which can couple with both |g) and |v) by dipole
transition. When the frequency difference w, — wgs matches
the frequency of the molecular vibrational frequency w,,, a net
transition from |g) to |v) will occur due to Raman resonance.
Because of this transition, the pump beam experiences a loss
in the medium and the Stokes beam experiences a gain. They
are called stimulated Raman loss (SRL) and stimulated Raman
gain (SRQG), respectively, which are the two aspects of SRS.
Either SRL or SRG can be detected as the signal in SRS
microscopy.

Figure 1(b) shows an energy diagram of EIT in a ladder
scheme [19]. A probe laser at frequency w,, couples states |1)
and |2) and a strong coupling laser at frequency w,. couples
states |2) and |3). In an interaction picture, under the rotating
wave approximation (RWA), the first-order perturbation of the
Schrodinger’s equation reads [20]

¢ =i +iyCy =i, +iC'Q,  (la)
¢ —is — A+iyCy = ic e, (1b)

where C, and C3 are the probability amplitude of state |2)
and |3); y,p is the decoherent rate between state |a) and |b);
2, and €2, are the Rabi frequencies of probe and coupling
lasers; § = w,, — w71 and A = w, — w3, are the detuning of
the probe and coupling lasers, respectively. The steady-state
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FIG. 1. (Color online) Energy level diagrams. (a) SRS: a pump
beam and a Stokes beam are used to match the transition from ground
state |g) to a vibrational state |v) via many intermediate states |i).
(b) EIT in a ladder scheme: The probe laser couples state |1) and |2),
while the coupling laser couples state |2) and |3). The coupling pulse
is normally required to be stronger and wider than the probe pulse to
satisfy the adiabatic approximation. (c¢) Our scheme: replace the |1)
to |2) one-photon transition in EIT with SRS from the ground state
|g) to the vibrational state |v).

solution of Eq. (1) shows that when €. is large enough, C,
will always be close to 0. It means that the absorption of
the probe laser can be suppressed when the coupling laser is
strong enough. Intuitively, it is because there are two possible
quantum pathways that lead to the same final state: |1) — |2)
and |1) — |2) — |3) — |2), and the probability amplitudes of
these two pathways destructively interfere. As a result, the total
transition from |1) to |2) is suppressed and so is the absorption
of probe photons.

If the sample is illuminated by pulsed lasers, in order to
keep the steady-state solution of Eq. (1) valid all the time, the
change of /2. should be slow enough to satisfy adiabatic
approximation; i.e., we need a stronger and wider coupling
pulse than the probe pulse [19], as illustrated in Fig. 1(b).

In our scheme, the one-photon transition |1) to |2) in EIT is
replaced by multiphoton SRS from the ground state |g) to the
vibrational state |v), as shown in Fig. 1(c). A coupling laser
at frequency w, then couples the vibrational state |v) and a
coupling state |c) by dipole transition. Similar to EIT, in this
case there are two quantum pathways to the same final state:
|g) — |v) and |g) — |v) — |c¢) — |v). Therefore it can be
expected that if the excitation laser fields are designed properly,
the two pathways will destructively interfere, resulting in the
suppression of SRS.

Mathematically, with CW excitations we can easily obtain
similar equations like Eq. (1) to describe our scheme, just by
replacing €2, with the two-photon Rabi frequency of SRS
transition. Then we can derive a similar steady-state solution
which will show the suppression of SRS. However, normally
tightly focused femtosecond or picosecond excitations are re-
quired in SRS microscopy since SRS is a third-order nonlinear
process [3]. In this regard, it is necessary to study the evolution
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of our system with pulsed excitations. However, we have to
study the case in which the pulse duration is comparable to
the relaxation time. A unique feature in our case is that the
typical relaxation time of the vibrational state y,, is several
hundred femtoseconds [21], at the same order of magnitude
as the excitation pulse duration for SRS microscopy. This is
different from most studies on EIT with pulsed excitations
[22-27], where the pulse durations were either much longer
or much shorter than the relaxation times between states.

Our mathematical model is as follows. For Gaussian pulses
without chirp, the electric field in each pulse can be expressed
as
e~ @le, + c.c.

2

2 —iwgt
t o .C.
= Agexp |:—21n2<r—> }% ?)

E, = E,(1)

[P L}

where the subscript o can be “p,” “S)” or “c,” denoting
pump, Stokes, or coupling light, respectively; A is the field
amplitude, which is a real quantity; t is the full width at half
maximum (FWHM) in intensity; e is a complex unit vector
which describes the phase and polarization of light.

Applying RWA, the Hamiltonian of our system under
external classical light fields can be written as

A h —iw iw ;
A = =L 3 M@ g6 4 218

+ (QS*,vieint + Qp,vieiiwpt)lvﬂﬂ + C-C-]

h : h
= 5 Qe MMl +ee)+ 2 Y0 @l ()

I=g,i,v,c

where Qqy 1, = Eq(t)ey X fy, and Qo+ 1 = Eq(2)€) - 1, are
the time-dependent Rabi frequencies of transition |/) to |m)
caused by pulse «. u;,, is the transition dipole vector.

Since the decoherence between states must be considered
in SRS, we have to treat this problem by a density matrix
approach, in which the status of the sample is described
by a density matrix py,, where [, m = g, i, v, or c. The
evolution of p is governed by a Liouville—-von Neumann
equation with phenomenological decoherence terms. Here we
solve the equation in terms of perturbation expansion of E,
and Eg. As in standard perturbation theory, E, and Eg are
replaced by AE, and AEg, and p is expanded as a power series
of :p = p©@ 4+ 1pM 4+ 12pP ... [20]. If we assume that the
sample is at the ground state in the beginning, p$) = 1 while
other components of p© are zero. That is to say, most of the
sample molecules stay at the ground state, as long as E,, and
E; can be regarded as perturbations.

The first-order perturbation of p can be solved in Fourier
space:

1

151'(gl)(0)) = 5{

Qp,,-g(a) + wp)

[wig — wp + (0) + a)p)] - iyig

n $25, (0 — @5) } 4@
[wig+wS+(w_wS)] _iyig '
where “~”” above a variable denotes its Fourier transformation.

The pulse duration of the pump laser (7,) used in SRS
microscopy is from hundreds of femtoseconds to several
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picoseconds. Therefore the bandwidth of €2, ;, is 1/7, which
is on the order of 10°—10' THz. Thus in the first term on
the right side of Eq. (4), when |w + w,| is larger than this
range Q p.ig(@ + wp) decays to zero rapidly. The intermediate
states |i) are electronic states for Raman scattering which
usually lie in the UV-visible (vis) region, and so w;, is on
the order of 10°—10* THz. Since near-infrared (NIR) lasers
are conventionally used as pump and Stokes light in SRS
microscopy, ,, is on the order of 10° THz. Thus w + w,, can
be ignored in the denominator of the first term, and so can
w — wg in the denominator of the second term. After inverse
Fourier transformation, we obtain

M _ L Qpige™™ Qy, 14" 6))
2 (@i~ wa) — i (@ig+00) = iVig |

When going to the second-order perturbation, there are
two differential equations about /01(;? and p2). By introducing
a rotating frame p{?) = p{%" exp[—i(w, — ws)t] and pf) =
,0L2 D expl—i(w, — ws + w.)t], we have

Q
S+l c*,vcp(z,l)’ (621)

Qsr
pvg o= =i(Ar+ leg)p(z) +i 3 ) cg

QC cv

5P (6b)
where the detuning A = w, — ws — wyg, Ay = w), — ws +
W — W¢,,and Qggs is an effective two-photon Rabi frequency.
Based on Eq. (5), Qggs is expressed as

1 stngS*,Ui
Qsgs = 3 ; |:

Wig — Wp — 1Yig

According to Eq. (7), this two-photon Rabi frequency will
be nonzero when the pump and Stokes pulses are temporally
overlapped. Thus we only consider the situation with g =
7, = 7 in the following discussion.

Note that Eq. (6) has the same mathematical form as Eq. (1)
for EIT. Hence, the Raman coherence p,, can be suppressed
in a similar way as C; is suppressed in EIT. In this work,
we solved Eq. (6) for excitation pulses described in Eq. (2)
analytically by a mean-field approach, i.e., replacing €2. ., by
an average Rabi frequency expressed in Eq. (8). As mentioned
earlier, in EIT, the change of 2, /2. should be slow enough
to satisfy adiabatic approximation. Otherwise, the probe light
will experience a preparation loss [19]. Similarly, we need to
make the change of Qsrs/2c.c» slow enough in our scheme.
That is to say, 7. must be larger than 7y = 7, = 7. In this case,
the mean-field approach is a reasonable approximation. This
approximation will be discussed more later in this section.

= j'OO Qc chSRSdt

pcz = =i(A2+ chg)Piz " +i——

Qp,viQS*,ig ] (7)
wig +ws — Vg

Qecw = - 7 T 8
! [0 Qsrsdt ®
Now Eq. (6) can be solved in Fourier space:
~ 2w — A — iYeg)srs
P () = : T
4w — Ay — lyvg)(a) — Ay — lycg) - |Qc,uc|
(9a)
~ QC,UCQS S
iy (@) = . P
4w — A — lyug)(w — Ay — lycg) - |Qc,vc|
(9b)
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As shown in Eq. (9a), the Raman coherence p(z) can be
suppressed by increasing Q. ., i.€., increasing the intensity of
the coupling light. Now, we can proceed to the third-order per-

turbation to calculate SRS signal quantitatively. By introducing
(3 G.p) (3.9

a rotating frame p, ¢ = Pig exp(—iwpt) + Pig exp(iwst)
and ,0,(;) = pfj ) exp(— iwpt) + p(3 ) exp(la)st), in Fourier
space we obtain
Q *p( 1)
P () = fak . (10a)
8 2Awig — wp + © — i Vi)
9 52.1)
)5~(3’S)(C()) — Qp*,zv pvg (10b)
' 2(w;g + ws +w— iyig),
2,
)
P @) = W (100)
2((1)1)1 wp +o— lyvi)
5(2.1)
. —Pg * € i
P (@) = PR (10d)

z(wvt +ws +ow— iyvi)

Here “*” denotes convolution. Since the Rabi frequencies
decay rapidly to zero when |w| is beyond 1/7, we can omit
w in all the denominators in Eq. (10). Finally, we obtain the

third-order nonlinear polarization:

PP (@) = Nul (5" + piy " u]

w’T?
81n2)
w*t?
* |:F(a)) X exp (—m>i| x Cp,  (11a)

V(7 + 5 )]
w*t?
81n2>

2.2
X |:F(a)) X exp (— 1‘;;}2)} « Cs,  (11b)

= A§A,, exp <—

PS(w) =

= Af,AS exp <

where N is the number density of the molecule. The response
function F(w) and the constant vectors C,, Cs are expressed
in Egs. (12) and (13), respectively. The decoherence rate has
been omitted in Eq. (13) because normally the pump and the
Stokes fields are far from resonance to the intermediate states
|i), and thus the detuning terms in the denominators are much
larger than the decoherence rate.

F(w) = 2(w— Ay — iycg) - (12)

4(6()— A1 - lyvg)(w_ A2 - lycg) - |Qc,vc|
2 [\’
Cp=N—of —
P 1643 (mz)
« Z |:Mgt(e5 ”’tv) ”“iu(es : ”fgz)jl
Wig — W) Wiy + Wp

% Z |:(e5 ‘ I‘iui)(ep . Mzg) +

(R ’l’ig)]
; Wig — Wp

Wig + wg

(13a)
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'L’2 T %
Cs=N—(—
s 16h3(ln2)
’Lgi(e; "Liv)
x +
X[

« Z |:(e§ Ry (€p - Rig) i (€p - Iy (€S - Mig)]-

Wig — W) Wig + Wg

"Liv(e; : ’Lgi):|
Wiy — W

(13b)

Now we define the local SRL signal by the change of pump
pulse energy per unit volume, which can be calculated as

dE, dl, w,T w*t?

—_— —dt =————= | Ajexp| ——

dv dz 427 1In2 81In2
x Im[P®P(w) - € ]dw

2
—éw,,c,, L€l A AS [ Im[F ()]

w’1? J

xexp| — ,

P\ 8m2)"”

where I, is the intensity of the pump beam; z is the propagation
direction of the pump and Stokes beams. Normally, p;, is
parallel to Rig (cf. Appendix A of Ref. [16]), and so C,, - e’; is
areal and positive constant. Thus in the last step, we move C,, -
e, outside the integral. Equation (14a) apparently describes a
loss of the pump field. Similarly, the local SRG signal can

be defined by the change of Stokes pulse energy per unit
volume:

dEg V2 w?t?
V= Ta)SCS . eSAiAL%/Im[F(w)] exp <_81n2>dw’

(14a)

(14b)

Here Cjs - eg is real and positive, and Eq. (14b) describes
a gain of the Stokes field. Equation (14) provides a general
description of the SRS signal with a coupling level and
a coupling field in our scheme, based on which we can
derive the behavior of SRS signal under different conditions.
Figures 2(a)-2(c) show the relative SRS signal vs |Q..,| and
7 for three different cases: (1) y.,, = 0.1y, yye = 10y; (2)
Yeg = Yvg = V3 (3) Veg = 10y, v, = 0.1y. Conditions (1)—(3)
correspond to the cases where the coherence between states
|c) and |g) lasts longer than, equal to, or shorter than that
between states |v) and |g), respectively. We set the detuning
Ay = Ay = 0. The relative SRS signal is evaluated by the
integral in Eq. (14), and for each 7 it is normalized to the value
when there is no coupling light. Therefore, the relative SRS
signal shows the relative change of SRS when the coupling
light is applied. Clearly Fig. 2 shows that the SRS signal can
be suppressed when |2, .,| and T are large enough.

In order to understand the effects of Q. ,, it is helpful
to look into the properties of Im[F(w)] in Eq. (14). As
shown in Figs. 2(d)-2(f), for a higher Rabi frequency of the
coupling field, Im[ F(w)] is smaller around w = 0. According
to Eq. (12), Im[F(0)] decreases by half when IQc,cvl is equal
10 2(Veg yvg)l/ 2 Hence, this value can be regarded as a critical
value at which the SRS signal is suppressed by half for CW
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FIG. 2. (Color online) (a—c) the relative SRS signal vs |2, | and
7; (d—f) the profiles of Im[ F(w)] for different Rabi frequency of the
coupling laser [Q. . (a, d): Yoo = 0.1y, yyy = 10y; (b, €): Yoo =
Vg = V3 (C, D Yoo = 10y, = 0.1y.

excitations:

|Qc,cv|critical = 2\/ YvgVeg- (15)

To understand the effects of 7, we need to look into the
shape of the Im[ F(w)] profile which is determined by wg in
Eq. (16). If it is real, two peaks will appear at wy as seen in
Figs. 2(d) and 2(e). When the coupling field is weak or y,, is
relatively large, @y becomes imaginary, and the profile will be
broadened without two separated peaks, as in Fig. 2(f).

= 2

|2, col VegYvg

_— . 1 — Veo | — V2.
4y, (ee 700, [T Q2. cv|2 e Ve

(16)
According to Eq. (14), reducing the overlapping be-
tween Im[F(w)] and the Gaussian excitation spectrum
exp(—w’t?/81n2) is the key to suppressing SRS. A small
T always reduces the suppression efficiency because a broad
excitation spectrum can have significant overlap with a
broadened Im[ F(w)] profile or its two peaks at £wy. A larger
T is always beneficial for the suppression of SRS signal.
Thus we can define a critical value Tg;ica1 Which makes
the half width at half maximum (HWHM) of the excitation
spectrum equal to wy or the HWHM of Im[ F(w)] when there
is no coupling field, whichever is larger:

1 1
Teritical = 2\/5 In2 (max |:— R _i| )

Yvg @o

1 1
~ 1.96(max |:—,—:|) (17
Yvg @o

wy =
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FIG. 3. (Color online) Relative SRS signal as a function of 7. /7,
for three different cases: (a) y., = 0.1y, o = 10y;5 (b) Vg = Vig =
y;and (¢) ¥ = 10y, ¥ = 0.1y. Both the numerical results and the
mean-field results are plotted.

In practice, it is desirable to set T equal to or larger than
Teritical -

As discussed earlier, the pulse duration of the coupling laser
7. is assumed to be much larger than the duration of pump and
Stokes lasers 7 to satisfy adiabatic approximation. However,
larger 7, also leads to higher pulse energy, which may cause
photodamage in experiment. Thus we need to set t. as small
as possible while keeping the suppression of the SRS signal
efficient. For this purpose, the relative SRS signal vs 7./t is
calculated. Equation (6) can be analytically solved with our
mean-field approach, but this approach is not accurate when
7./t is small. Therefore we also solved Eq. (6) numerically.
Both numerical and mean-field results are plotted in Fig. 3.
|§_ZC,CU| and t are set at the critical value. The results show that
when 7, is twice of t, the suppression of SRS becomes roughly
saturated.

As a brief summary of this section, we have theoretically
demonstrated that the SRS can be effectively suppressed by
applying a coupling field between the vibrational state |v)
and a coupling state |c). The strategy of choosing parameters
is as follows: (1) |QC,CU| and t should be no less than the
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critical value. (2) 7. can be set at 27. In this case, |Q | =
0.9428A e, - k., /h. (3) The pump and Stokes lasers should be
weak enough to be regarded as perturbations. In other words,
the SRS process should be far from saturation; i.e., the peak
intensities of pump and Stokes lasers should be much smaller
than 10'2 W/cm? [16]. (4) Normally, RWA will start to fail
if the laser intensity > 10" W/cm? [25], and so the peak
intensities of all three pulses should be much smaller than
this value.

III. CASE STUDY FOR DPPC

In the following, we will present a numerical study on
the resolution enhancement when our scheme is implemented
in a STED-like super-resolution SRS microscope. A target
molecule with a coupling state must be identified, and the
parameters of excitation lasers must be chosen accordingly.
In this study, we will use dipalmitoylphosphatidylcholine
(DPPC) as the target molecule. DPPC is a common lipid,
and it has a strong CH, symmetric stretching Raman band
which is widely used for imaging lipids in SRS and CARS
microscopy. We performed Fourier transform infrared (FTIR)
measurements to obtain the parameters of this Raman band,
the details of which are described in the Appendix: the Raman
shift is 2856 cm™!, corresponding to wyg = 538.34 THz; the
ransition dipole moment pt,, = 2.16 x 1073 ¢ nm; the deco-
herence rate y,, = 0.96ps~".

Now a coupling state has to be identified. First of all,
dipole transition must be allowed between the vibrational
state |v) and the coupling state |c). Secondly, w., must avoid
any absorption peaks from the ground state. Hence the first
overtone vibrational state and the lowest dipole-transition-
allowed electronic state can be considered as two candidates.
We will discuss them separately.

The first overtone vibrational state of C-H symmetric
stretching in CH; is at 5591 cm~!, which means that w,, =
515.54THz and A, = 3566nm. As described in the Ap-
pendix, we have g, = 3.08 x 10 e nmand y,, = 2.21 ps~".
According to Eq. (15), the critical Rabi frequency of the
coupling field is |Qc. ¢y eritical = 2-92 ps~!. Assuming that the
polarization of the coupling laser is parallel to the dipole mo-
mentum [, the critical peak intensity of the coupling laser is
calculated to be I critical = ocnA2/2 = 8.48 x 10'°W/cm?,
where g is the vacuum permittivity; c is the speed of light in
vacuum; and n = 1.46 is the typical refractive index for lipids
[28]. When I, = I, gitical, W€ g€t Teritical = 2.04 ps by Eq. (17).
This is the suggested minimal FWHM duration for the pump
and Stokes lasers, and based on Fig. 3 the duration of the
coupling laser needs to be twice that value.

On the other hand, the lowest dipole-transition-allowed
electronic state of DPPC produces an absorption peak at
192 nm in UV-vis absorption measurements. As described
in the Appendix, ., = 3.58 x 10~2¢ nm, Yeg = 255.66 ps’l,
and A, = 203 nm. Following the same procedure described
above, we find the critical peak intensity of the coupling field
Ie_critical = 1.29 x 1011 W/sz. When I. = I critical> Teritical =
2.04 ps still.

All the calculations above are based on parameters mea-
sured at room temperature. In condensed matter, the decoher-
ence between states is mainly caused by molecular collision,
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which will be smaller when the temperature is lower. Therefore
at lower temperature, lower . iical 1S €xpected.

In both cases at room temperature, we need 4-ps coupling
laser with a peak intensity of ~10'' W/cm?. The wavelength
of the coupling laser is either UV or mid-IR. For microscopy
applications, the construction of such a laser source and its
coupling into a microscope may pose technical challenges.
Furthermore, in a complex sample, the absorption from
other molecules at these wavelengths may also become a
practical limitation. In the super-resolution SRS microscopy
simulation below, we assume that all the excitation lasers
are already focused into the sample and the resolution
arising from the SRS signal of the target molecules is
calculated.

Case (i): Overtone vibrational state as coupling state:

(a) i

1011

101
1. (W/em?) 7{ps)

1012 102
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IV. APPLICATION IN SUPER-RESOLUTION
SRS MICROSCOPY

To achieve super-resolution in SRS microscopy, we can
use a STED-like setup in which a donut-shaped coupling laser
is focused into the sample together with the normal pump
and Stokes lasers. The coupling laser will suppress the SRS
signal at the rim part of the focal spot, reducing the size of the
excitation volume and leading to super-resolution.

Experimentally the donut-shaped coupling beam can be
produced by a phase plate with a helical phase ramp exp(i¢)
combined with a quarter-wave plate. This method is widely
used in STED microscopy [29-31]. With the quarter-wave
plate the coupling beam is circularly polarized. We assume all
three beams are focused onto the sample by an objective with
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FIG. 4. (Color online) (a, c) The resolution as a function of the peak intensity of the coupling beam /. and the pulse duration of the pump
and Stokes lasers 7(t, = 75 = 7) for case (i) and (ii), respectively. The pulse duration of the coupling laser . is set at 27. (b, d), Cross sections
of the normalized intensity profiles along the x axis on the focal plane when t5 = T, = 5ps, 7. = 10ps, and /. = 10'> W/cm?: pump beam
(triangles), Stokes beam (squares), coupling beam (diamonds), SRS intensity without the coupling beam (dashed curve), and SRS intensity
with the coupling beam (solid curve). (a, b) are for case (i): A, = 800nm, Ay = 1037 nm, A, = 3566 nm. (c, d) are for case (ii): A, = 600 nm,

As = 724 nm, A, = 203 nm.
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numerical aperture (NA) = 1.2. The polarization of pump and
Stokes lasers is set to be along the x axis before the objective.
The method to calculate the electric field distribution of the
three beams in the focal region was described in our previous
work [16]. Then the SRS signal intensity at the focal plane
is calculated. The sample is assumed to be isotropic, and so
the SRS intensity is an average value for dipole moments
orientated in the x, y, and z directions. At last we acquire the
lateral resolution defined as the FWHM of the SRS intensity
profile along the x axis on the focal plane.

We calculated the resolution for the two cases of coupling
state: (i) the first overtone vibrational state and (ii) the lowest
dipole-transition-allowed electronic state. In case (i), we set
A, = 800nm and Ay = 1037 nm, since they are typical wave-
lengths to image Raman shift 2856 cm™' in SRS microscopy.
However, in case (ii), we found that these wavelengths are no
longer suitable because the donut-shaped coupling beam at
Ae = 203 nm becomes too thin and if we still set A, = 800 nm
the SRS signal outside the donut beam will still be strong.
Therefore, the pump and Stokes wavelengths have to be
reduced in this case and we set A, = 600 nm and A5 = 724 nm
instead.

Figures 4(a) and 4(c) plots the resolution as a function of the
peak intensity of the coupling beam /. and the pulse duration
of pump and Stokes lasers 7(t, = ts = ) for case (i) and case
(ii), respectively. . is set at 2t according to the conclusion in
Sec. II. In both cases, the resolution is gradually improved
when [, is larger than I, .iica and 7 is larger than tepgcql-
Figures 4(b) and 4(d) plot the intensity profiles along the x axis
on the focal plane for the pump, Stokes, and coupling lasers, as
well as the SRS signal with and without the coupling laser for
case (i) and (ii), respectively. Here we set 7y = 7, = Spsas it
is a typical pulse duration for ps lasers. For the coupling laser,
7. = 10ps and I. = 10> W/cm?. We can see that in case (i),
the introduction of the coupling laser only provides a minor
enhancement of resolution from 293 to 274 nm, while in case
(ii), a significant resolution enhancement from 214 nm down
to 45 nm is achieved. We should also note, however, that there
is still some residue SRS signal outside the donut beam, which
appears as side lobes in Fig. 2(d). The side lobe intensity is
about 20% of the central peak. A smaller A, helps to suppress
the side lobes. If we set A, < 2.23A. or less than 453 nm here,
the SRS intensity at the side lobe would be less than 11—0 of the
central peak.

This difference in resolution enhancement can be easily
understood if we compare the profiles of the coupling laser in
Figs. 4(b) and 4(d). The peaks of the donut-shaped beam in
Fig. 4(d) are apparently much sharper, because X, in case (ii)
is much shorter. Hence the resolution enhancement in case (ii)
is much higher at the same peak intensity. In other words, to
achieve the same resolution enhancement in case (i) we need
a coupling beam with much higher intensity. But on the other
hand, case (ii) has the disadvantage that at least two of the
three excitation wavelengths are in the UV or visible region,
and high-intensity laser pulses at these wavelengths may easily
cause photodamage to samples. Case (i) may be safer because
two of the wavelengths are in the NIR window. The third
one is mid-IR, which may cause significant water absorption
but is relatively safe otherwise. In the end, the choice of the
wavelengths relies on the absorption properties of the actual
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sample and the transmission properties of the imaging setup
for a real application.

V. CONCLUSION

In summary, we have presented a theoretical study on the
suppression of SRS by an EIT-like scheme and its application
in super-resolution imaging. Besides the pump and Stokes
lasers, we propose that introducing a third laser which couples
the vibrational state to a coupling state can effectively suppress
the SRS signal, if the following four conditions are satisfied:
(1) The peak intensity of the pump and Stokes pulse should
be small enough to be considered as perturbation; (2) the
peak intensity of the coupling laser and the pulse duration
of the pump and Stokes lasers should be larger than a critical
value; (3) the pulse duration of the coupling laser should be
at least twice that of pump and Stokes pulses; (4) the peak
intensities of all three pulses should be small enough to satisfy
RWA.

Using DPPC molecule and SRS from its CH, symmetric
stretching vibration as a real example, we found that it is
theoretically possible to use its first overtone vibrational state
or the lowest electronic state as the coupling state. In both
cases the critical coupling laser intensity is about 10" W /cm?
and the critical pump and Stokes pulse duration is about 2 ps.

In principle this EIT-like scheme can be used to break
the diffraction limit in SRS microscopy by introducing a
donut-shaped coupling beam. Our calculation shows that the
lateral resolution can be significantly enhanced by choosing
the lowest electronic excited state as the coupling state and a
coupling laser intensity of about 10'> W /cm?.

Among different super-resolution CARS and SRS schemes,
our scheme has the unique feature that most of the target
molecules are kept at the ground state, thus avoiding their
photodamage. But on the other hand there are also technical
challenges such as finding a proper coupling laser and
achieving good microscope transmission. We believe that it
is possible to experimentally realize this scheme in the future
for specific types of samples, where enhanced resolution is
desired for more information.
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APPENDIX

In this Appendix, the methods of how to obtain the
parameters used in Sec. III are briefly introduced, including
wij, Vij» and w;;.

We measured the IR spectrum of DPPC powder by a
Thermo Nicolet 380 FTIR spectrometer, equipped with a
MCT-A detector and a Slide-on ATR attachment (Ge crystal
tip). We also measured the UV-vis spectrum of DPPC
dissolved in ethanol-water (9:1, v/v) by a Cary 50 UV-vis
spectrophotometer. All the absorption peak positions can be
directly read from the spectra, from which we know w;;. All the
decoherent rates y;; can be calculated from the FWHM of the
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peaks. From the spectrum, measuring geometry, and sample
concentration, we can also get the absorption cross section o;;
per C-H bond in the CH, group. Then, we can calculate j;;
from o;; by [32]

Wij = +/2e0hyijoijhij, (Al)

where 1;; is the transition wavelength.

From FTIR spectra, we know that o, is 1.90 x 107"’ cm
Thus we know ji,, = 2.16 x 10~%e nm.

If the first overtone vibrational state is used as the coupling
state, we cannot measure o, directly. An indirect method is
needed to obtain u.,. Normally, the Morse potential is a good
description of the vibration of chemical bond [33]. Base on

2
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the theory of the Morse potential, if we know (i, ¢, can be
calculated by
Lew 2N — 1\/ N —2TQ2N — D[N + 1)

pe 2N-3\" N [FeN)P

. (A2

where N = 1.5k, /(kyg — k¢v) = 24.10; k is the wave number.
Thus we obtain p., = 1.42911,, = 3.08 x 10~ 3¢ nm.

If the dipole-transition-allowed electronic state is used as
the coupling state, from the UV-vis spectrum we have o, =
3.59 x 1078 cm?. Thus we know p,. = 3.58 x 107 nm by
Eq. (Al). Under the Born-Oppenheimer approximation, |g)
and |v) share the same electronic structure. Since ftg. and e,
are dominated by the electronic part rather than the nuclear
part, we have approximately ¢, = tg. = 3.58 x 1072 ¢ nm.
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