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In this work we present a new technique for attaining efficient low-background coherent Raman scattering

where the Raman coherence is mediated by a tunable infrared laser in two-photon resonance with a chosen vibra-

tional transition. In addition to the traditional benefits of conventional coherent Raman schemes, this approach

offers a number of advantages including potentially higher emission intensity, reduction of non-resonant four-

wave mixing (FWM) background, preferential excitation of the anti-Stokes field, and simplified phase matching

conditions. In particular, this is demonstrated in gaseous methane along the ν1 (A1) and ν3 (T2) vibrational lev-

els using an infrared field tuned between 1400-1600 cm−1 and a 532 nm pump field. This approach has broad

applications from coherent light generation to spectroscopic remote sensing and chemically specific imaging in

microscopy.
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I. INTRODUCTION

Raman spectroscopy [1] is a workhorse for probing molecular

vibrations. The origin of Raman scattering dates back to the

theoretical work of A. Smekal in 1923 [2], which was soon

followed by the landmark experiment of G. Landsberg and

L. Mandelstam who found the same effect in quartz [3]. By

the end of 1928, dozens of papers had already been published

on the Raman effect. Physically, Raman scattering involves

light with frequency ω1 scattering inelastically off vibrating

molecules such that the scattered (Stokes/anti-Stokes) field

has a frequency ω2 = ω1∓νbg where νbg is the molecular vi-

bration frequency. However the (spontaneous) Raman signal

is very weak with only about one pump photon in 1010 yield-

ing a useful spontaneous Raman signal photon. But when

we consider coherent Raman scattering in which the vibra-

tional levels |b〉 and |g〉 of Fig. 1(a) are coherently excited

by field 1 and 2, this increases the signal strength by orders

of magnitude. An estimate of coherent enhancement [4–6]

is conveyed by the ratio of the number of photons generated

through coherent Stokes scattering to the numbers of sponta-

neously scattered (Stokes) Raman photons, as determined by

the coherent density matrix ρbg in Eq. (1)
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where λ3 is the probe wavelength; n′

4 denotes the generated

coherent/incoherent Stokes signal, which is not shown in the

figures; N/V is the density, and R is the sample diameter.

Traditional coherent Raman schemes like coherent anti-

Stokes Raman scattering (CARS), Fig. 1(a), and stimulated

Raman scattering (SRS) are already powerful tools [7–11]

and continue to be refined [12–14]. These techniques have

been implemented in a diverse array of fields for such appli-

cations as biomedical imaging, gas and plasma diagnostics,
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FIG. 1. (Color online) Two CARS schemes: (a) Typical CARS ar-

rangement where ρbg coherence is generated by visible laser 1 and 2.

(b) Mid IR Assisted (MIRA) CARS where ρbg is generated by mid-

IR lasers 1 and 2. The photons at frequencies ω1 and ω2 do not need

to be equal but could be chosen such that ω1 = νcg and ω2 = νbc.

The two-photon excitation for both CARS and MIRA CARS pro-

duce a non-zero ρbg since all molecules vibrate “in phase”. The

vibrations are shown schematically as stretching or compressing of

the interatomic distance of the molecules. (c) Single photon excita-

tion results in ρbg = 0 when averaged over all molecules since they

vibrate “out of phase”. Inset The angle between the electric field

(E) of the laser and the dipole µ of molecule is defined as θ.

time-resolved spectroscopy, fiber lasers, remote sensing of

explosives, and temperature measurements [15–17]. Despite

their widespread adoption, there are some inherent drawbacks

to these approaches. In particular, sufficiently high intensi-

ties are needed to drive these processes. This leads to un-

wanted effects such as non-resonant background from pro-

cesses like degenerate four-wave mixing (DFWM) [18] and

fluorescence as well as other thermal heating processes that

lead to signal distortion or possible burning. Furthermore,

given strong enough driving fields in SRS and CARS, com-
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petition between the Stokes and anti-Stokes signals can result

in signal suppression and limit the overall effective enhance-

ment.

In short, CARS and its derivative FAST CARS are useful

techniques. However, it would be interesting to use an IR

laser field to generate ρbg and follow this with 3 → 4 sequen-

tially as in Fig. 1(c). The good news is that an IR-driven

ρbg would produce a stronger field with fewer lasers. The

bad news is that it doesn’t work. Since the orientation of the

molecules is essential in Raman scattering [19], and (sans a

surface) this is not present in single photon IR coherence gen-

eration [20]. However, a two-photon IR-driven scheme does

work as in Fig. 1(b).

Here, we demonstrate an approach for coherent Raman

generation that not only reduces the non-resonant back-

ground, but also achieves excellent signal with modest pump

energies. This is accomplished by employing a mid infrared

(IR) picosecond pump whose frequency is chosen to be in 2-

photon resonance with a given Raman transition as shown in

Fig. 1(b). This IR field efficiently couples the ground and

excited vibrational state moreso than the conventional far-

detuned pump and Stokes fields of CARS. Furthermore, we

observe a larger enhancement in the anti-Stokes signal rela-

tive to the Stokes. Thus with these advantageous character-

istics,this approach of mid-infrared assisted (MIRA) CARS

offers a novel platform for spectroscopic detection and imag-

ing with enhanced sensitivity.

II. MIRA CARS

To better quantify this mechanism, we start with the MIRA

CARS scheme depicted in Fig. 1(b), but will assume that the

applied fields ω1 = ω2. Here, the excited state, |b〉, and the

ground state, |g〉, are two-photon coupled with an IR field

generating a coherence, ρbg , while a third field induces Ra-

man anti-Stokes emission at frequencyω4 = νbg+ω3. While

MIRA requires νbg = 2ω1 to achieve resonance, the strength

of this resonant coherence is strongly dependent on an inter-

mediate allowed transition, |c〉, that mediates the coupling.

This can be understood by examining the derived expression

for the coherence:

ρbg ∼=
µbcEIR

~

µcgEIR

~

1

γ

1

i(νcg − ωIR)
. (2)

Here, γ is the coherence decay for the Raman transition, µmn

is the dipole moment between states |m〉 and |n〉, and EIR

is the electric field of the two-photon resonant IR laser. For

MIRA Raman, the strength of ρbg is directly proportional to

the dipole moments coupling to |c〉 and inversely proportional

to the detuning of the IR pump from |c〉. These parameters are

therefore critically important for determining the efficiency

and strength of the generated Raman emission. For com-

parison, the calculated ρbg for a conventional CARS scheme

transforms the expression as follows:
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γ

1

i(νcg − ωIR)
⇔
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γ

1

i(νag − ωV IS)
. (3)

While it is evident that CARS also requires a dipole-allowed

transition to mediate the Raman coherence, this is typically an

electronic transition in the visible to ultraviolet regime. Given

that the coherence for traditional CARS is prepared using vis-

ible or near-infrared fields, this leads to large detunings from

the electronic transition. By utilizing a lower energy vibra-

tional transition with a subsequently much smaller detuning,

MIRA Raman has the potential to couple far more efficiently.

When estimating these parameters, it is best to consider

the general characteristics of molecular transitions. Most

molecules possess several low energy dipole-allowed vibra-

tional transitions with the exact number depending upon the

size and composition. Typically, the dipole moments for

these vibrational transitions fall in the range of 0.01-1 debye.

Moreover, given that the IR photon energies for MIRA are on

the order of the vibrational/rotational transitions, the detun-

ings are around 102 cm−1. In contrast, the electronic transi-

tions employed in CARS have dipole strengths around 0.1-10

debye with pump detunings on the order of 105 cm−1. Thus,

MIRA could enhance the generated coherence by a factor of

10-100. With this outlook, MIRA Raman scattering holds

promise as a strong spectroscopic technology, which we will

demonstrate both through simulation and experiment.

To illustrate the enhanced efficiency and build a framework

to compare theory and experiment, we can derive the general-

ized form of the third-order susceptibility, χ(3), from the co-

herence terms in the density matrix approach or through vari-

ous other methods [21, 22]. The χ(3) coefficients were calcu-

lated for the A1 and T2 transitions in methane (Fig. 2(a)) for

both a CARS scheme as well as our infrared-coupled scheme

(see supplementary material for details and equations). In

particular, a pump and probe wavelength of 800 nm was used

for the CARS scheme along with a Stokes field that was

scanned across the resonances of the two vibrational transi-

tions. Similarly, a 800 nm probe field was used in the MIRA

scheme while the IR field was scanned. In both cases, we

used calculated estimates of methane’s dipole moments [23],

which for the electronic transitions is approximately ∼1 de-

bye and ranged from 0.04 to 0.09 debye for the vibrational

transitions. The results depicting the relative magnitudes of

the total nonlinear susceptibility for each scheme are shown

in Fig. 2(c). These are in good qualitative agreement with

similar calculations performed previously in different media

[24]. Considering the very modest values of the vibrational

dipole moments for methane, the χ(3) coefficient for MIRA

still enjoys a substantial increase relative to that of CARS.

It is important to note that the actual coherent Raman signal

would scale as
∣

∣χ(3)
∣

∣

2
which corresponds to a ∼ 40% in-

crease in emission. While promising, this enhancement must

hold true for the resonant components of χ(3) to truly provide

an increased Raman signal. The resonant components do in

fact achieve a similar level of enhancement as the total χ(3)

such that they closely resemble the trends shown for the total

in Fig. 2(c) (see supplement for resonant component results).

Again, this is due to the relative detunings for each scheme

where IR-coupling generates coherence more efficiently.

It should be noted that this model only accounts for non-

resonant contributions from DFWM at the same frequency as

the Raman signal. Other non-resonant processes like fluores-

cence and DFWM at other frequencies also play a role in low-

ering the signal-to-noise for traditional CARS schemes. In
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FIG. 2. (Color online) (a) Vibrational levels of methane. (b) MIRA CARS process for levels |b1〉 ≡ ν1 and |b2〉 ≡ ν3 via |c〉 ≡ ν4

in methane. (c) Simulated magnitude of χ(3) as a function of detuning for an IR-enhanced Raman and traditional CARS schema. MIRA

coherent Raman achieves a higher nonlinear susceptibility than traditional CARS. (d) Experimental Setup: The IR and 532 nm lasers travelled

parallel throughout the beam path with ∼1 cm separation, which translated to a 2-3◦ angle between them when focused into the cell. The

Stokes and anti-Stokes measurements used different spectrometers and spectral filters (see supplement).

these cases, MIRA still possesses an inherent advantage due

to the lower photon energy of the IR field which is much less

likely to induce fluorescent emission compared to the visible

pump fields of CARS. Additionally, the frequency mismatch

between the IR field and the visible probe field results in the

generated off-resonant frequencies of DFWM to be well de-

tuned from that of the Raman emission. This frequency mis-

match also plays into simplifying the phase-matching condi-

tions where the angle to phase-match between them is ap-

proximately zero [25]. Thus, the Raman emission will essen-

tially be collinear with the probe field which could be advan-

tageous for some applications such as stand-off spectroscopy.

III. EXPERIMENT

To experimentally demonstrate this technique, we chose

methane (CH4) due to a number of attractive qualities.

Methane possesses a fairly simple vibrational structure

(Fig. 2(a)) with easily distinguishable spectral lines that are

well-characterized. Furthermore, it is an incredibly ubiqui-

tous molecule used throughout various industries as well as

being both biologically and environmentally relevant. Lastly,

it is easy to acquire and being gaseous, provides a good exper-

imental test for potential atmospheric sensing applications.

For our interests, we probed the Raman-active transition, ν1
(A1), at 2914 cm−1 which corresponds to the C − H bond

stretch as well as the ν3 (T2) transition at 3018 cm−1, which

is both Raman and dipole allowed.

Fig. 2(d) depicts the experimental setup (details can be

found in the supplementary). Briefly, two ∼30-ps laser

pulses, a 532-nm pump and a tunable mid-IR (2.3 to 10 µm)

with maximum energies of 330 and 6 µJ respectively, were

focused into a methane cell, where the two beams crossed at a

small angle at the focal point. The generated Stokes and anti-

Stokes signals were spectrally filtered and coupled to spec-

trometers for analysis. Initially, the mid-IR laser was blocked

and the spontaneous Raman signal was measured and exhib-

ited a linear dependence as a function of the 532-nm pump

energy as plotted in Fig. 3(a).

With the IR laser unblocked, the power dependence of

the coherent Raman emission was investigated for both

the Stokes and anti-Stokes at the 2914 cm−1 ν1 transition

(Fig. 3(a)). At maximum pump energies the anti-Stokes emis-

sion was found to be approximately 50× more intense than

the Stokes emission and over 500× more intense than the
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FIG. 3. (Color online) (a) Power dependence for the MIRA anti-Stokes and Stoke emission as well as the spontaneous Raman. The energies

of both the 532-nm pump and IR field at 1457 cm−1 were varied simultaneously, as such both energies shown on the x-axis. (b) Intensity of

observed emission as a function of spectral detuning via the IR laser. The change in Raman intensity qualitatively agrees with the expected

values of

∣

∣

∣
χ(3)

∣

∣

∣

2

. (c) Raman wavenumber versus IR pump wavenumber. The emission still occurs at the Raman transition wavenumber when

the IR coupled field is slightly detuned from two-photon resonance.

spontaneous Raman signal. Interestingly, given that the en-

ergies in both the IR and 532 nm fields were varied simulta-

neously and three photons are used, one would expect both

the Stokes and anti-Stokes emission to follow a cubic trend.

This is not the case. As can be seen in Fig. 3(a), while the

Stokes does in fact adhere to a cubic trend, the anti-Stokes

emission follows the square of the pump energy.

This discrepancy in intensity and power dependence be-

tween the anti-Stokes and Stokes fields is indicative that

there is a significant asymmetric process occurring during the

fields’ generation. This decoupling is likely due to slight satu-

ration of the two-photon nonlinear absorption along the vibra-

tional transition. Using the experimental parameters and the

definitions outlined in Ref. [26], we estimate the two-photon

saturation parameter,S ≫ 1, and the resonance width, y ≫ 1,

which indicates saturation and homogeneous broadening and

are in good agreement with previous studies [26–28]. The

observation of this two-photon saturation points to the effi-

ciency with which the coherence is being driven in the MIRA

Raman scheme and could potentially be leveraged for other

spectroscopic techniques.

Lastly, the frequency of the IR field was swept from 1430

to 1600 cm−1, across the two-photon resonances for both ν1
and ν3, while the anti-Stokes emission was monitored. The

results of this sweep for both the intensity and wavenumber of

the emission are depicted in Figs. 3(b) and 3(c), respectively.

As seen in Fig. 3(b), the observed emission was several orders

of magnitude when the IR field was in two-photon resonance

with a Raman transition. To further verify, the χ(3) suscep-

tibility was calculated for a 532 nm pump and the results for
∣

∣χ(3)
∣

∣

2
are plotted in Fig. 3(b) along with the experimental

data. Here there is fairly good agreement between the ob-

served data and the expected shape of
∣

∣χ(3)
∣

∣

2
which should

be directly proportional to the emission intensity. The only

discrepancy occurs at the ν3 two-photon resonance where the

model over-predicts the expected intensity. This is likely due

to the fact that the ν3 transition is both Raman active and

dipole-allowed, which means there is a separate loss channel

that is not accounted for in the model.

Fig. 3(c) demonstrates that when the IR field is detuned

far enough from a 2-photon resonance that there is no Raman

emission. Instead, the measurable emission reverts to a sim-

ple non-resonant third order process of sum frequency mixing

between the 532 nm and the IR field (ωobs = ωpr + 2ωIR),

albeit at a much lower intensity. For small nonzero detunings

around the two-photon resonances, the observed emission is

still centered at the Raman transition frequencies, which fur-

ther confirms that the induced Raman coherence is the dom-

inant contribution. Moreover, the anti-Stokes emission was

also characterized as a function of delay between the mid-IR

and 532-nm pulses while the mid-IR was held in two-photon

resonance. The anti-Stokes was still observed at delay times

with no overlap between the pulses indicating that emission

is a product of the generated vibrational coherence and not a

non-resonant process like four-wave mixing (see supplement

for more details).

Overall, we have demonstrated efficient coherent coupling

with little-to-no background. This should allow for the de-
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tection of Raman signatures with lower pump energies than

other schemes. While MIRA Raman offers these advantages,

it still delivers the characteristic directional emission and pre-

cise spatial and temporal control of traditional CARS. Fur-

thermore, given that the coherent coupling fields are IR-fields,

this approach could be combined with other complimentary

spectroscopic techniques such as fourier transform infrared

spectroscopy (FTIR) to probe the full vibrational system of

a given molecular species with one system. Other imple-

mentations could leverage the two-photon saturation to probe

certain properties of resonant transitions or control the anti-

Stokes/Stokes emission.

IV. SUMMARY AND CONCLUSION

Here, we have demonstrated a new approach utilizing mid

infrared fields to significantly enhance coherent Raman scat-

tering. MIRA CARS achieves efficient coherent Raman emis-

sion due to the small detunings of the coherence generating

IR field as well as the lack of non-resonant contributions like

fluorescence and DFWM due to the low IR photon energies.

This general approach has the potential for implementation

across a wide variety of fields for spectroscopic characteri-

zation and imaging. This approach should provide enhanced

sensitivity and spectrally selective probing that makes it par-

ticularly well-suited for molecular gas detection in environ-

mental applications as well as chemical-specific imaging in

microscopy.
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