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ABSTRACT

ADVANCING IMPULSIVE RAMAN SPECTROSCOPY AND MICROSCOPY FOR

BIOLOGICAL APPLICATIONS

Chemically sensitive, label-free spectroscopy and microscopy is a critical tool for the study

of many complex and dynamic biological systems. The development of the impulsive stimulated

Raman scattering (ISRS) techniques in this thesis represent important steps forward in addressing

the ability to interrogate Raman vibrations in complex and scattering samples, particularly low

frequency Raman modes.
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Chapter 1

Introduction

The discovery and development of light microscopy has been a critical component in advancing

many fields of biomedical science. Because light microscopy is noninvasive it can be used to

observe live cells with high spatial resolution, enabling research into processes that dictate the

behavior of cells, tissues, and organisms. Allows tracking of response to drugs, progression of

disease, and a multitude of other forms of perturbations to the biological system.

Objects are visible in standard light microscopy through the combination of light absorption

and scattering that occurs when passing light through the sample of interest. Certain parts of cells

and tissue will absorb more (or less) light and appear darker (or lighter) under microscopic ob-

servation. While standard light microscopy was and is today still a valuable tool, it has a large

limitation in that it is impossible to see and track specific cells or intracellular targets such as a

specific protein. This ability is crucial for more complex studies investigating the molecular ma-

chinery and interactions within cells and organisms. As microscopy and biomedicine advanced

through the 20th century, more complex imaging concepts were introduced to investigate the inner

workings of biological systems. While standard light microscopy proved groundbreaking for biol-

ogy and medicine, a large advancement was made by employing molecular tags to allow precise

and accurate observation of specific parts or proteins within cells and tissue. The most common

molecular tags are fluorescent proteins which can be bound to specific cell sites or proteins.

Fluorescent microscopy is an extremely valuable and widespread technique because of molec-

ular specificity and specific targeting to study the behavior of biomolecules of interest in space and

time in live cells and organisms. However, fluorescent microscopy also has certain limitations that

motivate further development of alternative ways to achieve target and chemical specificity when

studying biological systems with microscopy. Many fluorescent proteins are quite large relative to

the molecular targets with which they are being used to target. Biological systems are filled with

complex molecular interactions and attaching large exogenous fluorescent proteins to intercelluar
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targets can affect the natural biological workings of the system being interrogated. This issue is

particularly difficult to manage when studying dynamic systems such as cell metabolism where

the normal operation of the cell is desired. In addition to potentially interfering with the regular

workings of a cellular system, fluorescent tagging has limitations in which targets are possible to

bind to. Other drawbacks of fluorescent tagging include limited diffusion in tissues, probe toxic-

ity, and cross reactivity in binding. Effective fluorescent tags can require significant research and

chemistry development for antibody binding and tailoring fluorescent proteins and binding mecha-

nisms. Fluorescent tags can also suffer from bleaching when being used in dynamic studies where

repeated measurements over time degrade the brightness of the fluorescent tag, making long term

tracking difficult. These limitations motivated additional research into methods of achieving high

resolution microscopy of specific targets by leveraging label-free techniques that leave the biolog-

ical system unperturbed and don’t rely on specific binding mechanisms. The label-free methods of

tracking targets in cells often utilize nonlinear physical interactions between incident light and the

cellular targets in question.

Although microscopy with exogenous fluorophorescent tags is an extremely powerful tech-

nique, there is significant need for complementary techniques that can provide chemically-specific,

time-resolved information about cells or biological systems with more target flexibility and less dis-

ruption to the natural order of the biological system. A well known option for label-free imaging is

utilizing vibrational spectroscopy where a photon-matter interaction between an incoming photon

and the sample of interest reveals information about the molecular structure present in the photon-

matter interaction. Vibrational spectroscopy permits label-free, chemically-specific noninvasive

interrogation of biological samples and tissue.

Raman vibrational spectroscopy has been established as a valuable tool for biology, medicine,

and materials science. Raman spectroscopy allows for chemically specific, label-free, hyperspec-

tral imaging of samples. Conventional Raman microscopy based on spontaneous Raman scattering

has been widely used for cellular, tissue, in vivo, and plant imaging [2, 3]. In contrast to direct in-

frared (IR) excitation of the vibrational modes, spontaneous Raman scattering can be achieved
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with visible laser wavelengths, significantly increasing the imaging resolution due to being able

to use shorter frequency light. However, spontaneous Raman faces severe limitations. Light in-

teracts weakly with Raman vibrations, which is represented by the small Raman cross section per

molecule – on the order of σR ≈ 10−30 cm2. The weak cross section translates into low scattering

rates which necessitates long exposure times that restrict the bio-dynamics that can be studied with

spontaneous Raman scattering as well as becoming a practical limitation for experimental work.

For example, illumination of a molecule with a 1 Watt light beam focused to a diameter of 150µm

leads to less than one photon scattered by the spontaneous Raman process every hour. This means

that a large flux of photons, i.e., large incident laser power, is required to achieve enough Raman

scattering events to detect the Stokes/anti-Stokes shifted photons and collect them to create an

image, but this must be balanced with the photodamage limitations of biological samples. While

the Raman scattering rates will vary based on the specific beam powers, wavelengths, molecu-

lar species, and vibrational frequencies, the numbers are always of a similar order of magnitude.

Thus, despite the power of spontaneous Raman scattering, the technique is severely limited for

biological applications. Visible pump light will also excite endogenous fluorophores, creating a

fluorescent background that can be difficult to filter out from the desired Stokes/anti-Stokes shifted

light, leading to a Raman spectrum that is nearly invisible on top of a large fluorescent background.

The usefulness of chemically-sensitive, label-free imaging with spontaneous Raman motivated

the pursuit of coherent Raman scattering techniques that could overcome the primary drawback of

spontaneous Raman scattering–weak signals that limit imaging speeds and applications. Coherent

Raman techniques such as Stimulated Raman Scattering (SRS) and coherent anti-stokes Raman

Scattering (CARS) are nonlinear processes where a specific vibrational mode can be coherently

driven, vastly increasing the signal levels of the Raman scattered light. Resonant excitation of

Raman vibrational modes using coherent techniques can boost the Raman signal by a factor of up

to 106. Increased signal levels allow for much faster detection rates and enable high-speed (video-

rate) imaging of biological systems with optical power levels that do not damage the sample [4].
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Coherent Raman scattering enables label-free imaging and spectroscopy of dynamic biological

systems.

While spontaneous Raman scattering is a linear optical interaction with one input photon and

one scattered photon, coherent Raman techniques such as SRS and CARS involve a third order

nonlinear process where the sample interaction involves multiple photons to resonantly excite spe-

cific Raman vibrational modes. SRS and CARS require more complex experimental setups from

the laser sources to signal detection schemes. CRS techniques require lasers in order to drive the

nonlinear interaction and multiple beams with tunable frequencies (pump and Stokes) in order to

resonantly drive particular Raman vibrational modes. CARS is a four-wave mixing process where

a coherent signal is generated at the anti-Stokes wavelength, making detection and optical filter-

ing of the signal relatively straightforward. The SRS signal is observed as either a stimulated

Raman loss or gain (SRL/SRG) using the pump or Stokes beam, respectively. The stimulated Ra-

man loss/gain is a small signal on top of a large background from the pump/Stokes beams and is

best detected using modulation transfer and lock-in detection. While CRS techniques dramatically

increase the detected signal, the overall sensitivity and limit of detection restricts what kind of

samples can be interrogated. The detection sensitivity (SRS/CARS: ∼ mM) is not low enough

to track inter/intracellular activity and chemical communication because the molecular concentra-

tion is significantly lower than the limit of detection. CRS techniques excel at targeting molecular

vibrations in the biological “fingerprint” region of Raman vibrations (200 cm−1 − 1800 cm−1),

or higher vibrational modes associated with C-H stretches in lipids (2800 cm−1 − 3200 cm−1).

CRS excites molecular vibrations using a pump (ωp) and Stokes (ωs) beam where the frequency

difference between the two beams matches the energy of an excitable vibrational mode. Higher

frequency vibrations require a larger difference in frequency between the two input beams. Prac-

tical experimental considerations such as quality of optical filtering limits how low of a Raman

vibration (< 200 cm−1) can be coherently driven and detected with the pump/Stokes beams. Low

frequency Raman vibrations are difficult to access with SRS and CARS, yet this spectral region

can provide valuable information on larger molecular movements and deformations. These modes
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are generally associated with large reduced mass and correspond to vibrational motion that occurs

over an extended region. Such relevant motions include virus capsid vibrations, [5] deformations

of proteins, [6] and mechanical properties of solids, particularly for soft [7] and two-dimensional

materials [8, 9].

This work is focused on developing high-sensitivity label-free spectroscopy and imaging tech-

niques using impulsive stimulated Raman scattering (ISRS) to study biological systems. ISRS is a

pump-probe experiment in which the pump pulse simultaneously excites all Raman-active modes

with vibrational periods longer than the temporal duration of the pump pulse. A challenge is that

this method requires precise control over pulse compression to maintain short pulses. While this

style of coherent excitation has limitations in the high-frequency vibrational region ( 1800 cm−1

requires an 18 fs optical pulse), it excels at exciting molecular vibrations in the hard-to-measure

low frequency region (< 200 cm−1). In this work we will show high-sensitivity Raman spec-

troscopy across the fingerprint region using impulsive Raman scattering as well as work to focus

on detection of the low-frequency region using phase-sensitive detection.

This work will first address the most common form of ISRS detection where a vibrational

coherence-modulated energy exchange between the sample and a probe pulse is detected with a

simple optical filter and photodiode using lock-in detection. This form of detection has limita-

tions in applications to biological samples that can be highly scattering (tissue). To alleviate this

problem, we introduce a modification to the typical polarization-based pump rejection scheme by

clipping the overlapping pump and probe spectra in order to allow dichroic rejection of the pump

beam after the sample. This dramatically increases the robustness of spectral filter based ISRS

and makes it a viable technique for spectroscopy and imaging in scattering samples. The inter-

ferometric impulsive Raman (phase-sensitive Raman) scheme utilizes a pair of phase-stable probe

pulses to preferentially excite low frequency Raman modes, amplifying one of ISRS excitation’s

primary benefits. The phase-stable relationship between the probe and reference pulses also makes

this technique robust against scattering samples while excelling at detecting very low frequency

Raman vibrational modes. In order to push the sensitivity limits of impulsive Raman scattering
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we developed Doppler Raman spectroscopy where a vibrational coherence-modulated frequency

shift of the probe pulse is converted into time-delay that can be very accurately measured with RF

electronics. Doppler Raman is demonstrated across the fingerprint region with biological samples

and a limit of detection is established (sub mM) that pushes impulsive Raman sensitivity closer

to being able to track intracellular dynamics where molecular concentrations are in the nM to uM

range. The impact of this work on the landscape of coherent Raman techniques and biology will

be discussed. Coherent Raman techniques are experimentally complex, future work will focus on

efforts to simplify these experiments and detection schemes in order to make them more robust

and to begin applying these techniques to biological systems.

As noted above, ISRS is a pump/probe time-resolved technique where a broadband ultrafast

pump pulse excites a vibrational coherence in the sample and a time-delayed probe pulse is incident

on the excited sample in order to detect the molecular vibrations. Unlike SRS or CARS, where

the pump and Stokes fields are separate laser beams with different frequencies, ISRS employs

a broadband femtosecond pulse that contains the pump and Stokes frequencies within a single

optical pulse. Because the pump and probe beams overlap spectrally and are collinear, they are

arranged to be orthogonally polarized and the pump beam is rejected after the sample using a

polarizer. It is critical to completely eliminate the pump beam after the sample before detection to

prevent pump contamination and large background signals using lock-in detection. Pump rejection

using polarization works very well with simple samples such as some crystals, transparent liquid

samples (solvents, amino acids), and thin samples. When attempting to perform spectroscopy or

to image more complex samples like biological cells/tissue, crystals that exhibit birefringence, or

heterogenous liquids, the polarization-based pump rejection fails. The scattering and birefringent

samples depolarize the pump beam and upon exiting the sample, and the pump beam is no longer

cleanly rejected by a polarizer. The residual pump is collected by the photodiode and because

the pump is carrying the lock-in modulation, but not the Raman spectral information, it creates

significant background signals that can completely obscure the Raman spectral information on the

probe beam. To address this problem, we developed Split-Spectrum Impulsive Raman where the
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same laser system is used, but by utilizing complementary ultrasteep edgepass spectral filters on

the pump beam and after the sample, the pump can be spectrally rejected using a dichroic filter,

independent of the polarization state. This modification dramatically increases the robustness of

impulsive Raman imaging in scattering and complex samples.

Interferometric Raman, or phase-sensitive Impulsive Stimulated Raman Scattering (ϕ-ISRS),

is a technique that allows for more sensitive measurement of low-frequency vibrational modes. Be-

cause ϕ-ISRS is an interferometric technique, it is directly sensitive to the time-dependent change

in the linear optical susceptibility due to the excited vibrational coherence. Other phase-senstivie

ISRS techniques have been developed, but they have been unable to probe complex or scattering

samples. ϕ-ISRS uses a common-path phase-stable pair of probe pulses to interrogate the excited

vibrational coherence. The probe pulse pair is generated using a birefringent crystal and because

of the common-path configuration, the ϕ-ISRS measurement is robust to scattering. ϕ-ISRS spec-

troscopy is demonstrated through a large number of scattering layers and stage-scanning imaging

of complex samples is shown.

CRS techniques significantly amplify the Raman scattering signal, allowing for rapid imaging,

but the limit of detection for Raman-active molecules is relatively high. There is a need for high-

sensitivity coherent Raman techniques that can be used to do label-free imaging and spectroscopy

of dynamic biological systems where the concentrations of particular molecules are relatively low.

Doppler Raman is a high-sensitivity coherent Raman technique that uses ISRS to excite a vibra-

tional coherence in the sample, then the coherence-modulated probe pulse is subjected to large

amounts of dispersion in order to convert a spectral frequency shift caused by the time-varying

index of refraction of the excited sample to a timing delay measurement. By converting the optical

frequency shift into a timing delay, the measurement noise floor is not limited by the amplitude

noise of the laser, expressed as the relative intensity noise (RIN), but is instead limited by the phase

noise of the mode-locked laser, which is much lower than the RIN. RF metrology techniques are

utilized to measure small timing variations that are directly proportional to the concentration of

Raman-active molecules in the focal volume.
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Chemically sensitive, label-free spectroscopy and microscopy is a critical tool for the study of

many complex and dynamic biological systems. The development of the ISRS techniques in this

thesis represent important steps forward in addressing the ability to interrogate Raman vibrations in

complex and scattering samples, particularly low frequency Raman modes. In addition to expand-

ing the robustness of ISRS in scattering samples, work was done to improve the overall sensitivity

of ISRS and demonstrate an improved limit of detection for ISRS, so that lower concentrations of

molecular species can be detected. While Doppler Raman is a high-sensitivity technique, it is also

experimentally complex. Future work will involve integrating the scattering-resistant techniques

into high-speed imaging systems and complementing the Raman scattering techniques with other

measurements. It is important to continue simplifying the complex ISRS experiments as much as

possible to increase their utility and ease of use.
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Chapter 2

Background

2.1 Microscopic to Macroscopic Nonlinear Response

A coherent Raman interaction is a four-wave mixing process between three incident fields

and the coherently Raman scattering (CRS) signal that is detected. Because CRS is a four-wave

mixing process, in order to model the interaction we begin by considering the third-order nonlinear

polarization density P (3). We want to examine the macroscropic polarization density, so we first

start with modeling the interaction between a single molecule and an intense, non-resonant field

and consider the induced electric dipole moment in that molecule:

µ = µ0 + αE +
1

2
βE2 +

1

6
γE3

Where µ0 is the permanent dipole moment, α is the polarizability, β is the second hyperpo-

larizability, and γ is the second hyperpolarizability, and higher order terms in the dipole moment

have been suppressed. The field E that drives the induced dipole is a real electric field that we will

assume is a short laser pulse. The third order component, γ(3), the second hyperpolarizability, is

the single molecule analog to the third order macroscopic polarization density, P (3). In order to

translate the microscopic model given above into a microscope lab frame, we must take into ac-

count the number density of molecules, N , and the local field correction, f for each field. We must

also project the polarizabilities from the local tensor frame (IJKL indices) to the lab coordinates

(ijkl indices). To evaluate the third-order response, we connect the microscopic dipole moment to

the macroscopic polarization density using a rotation matrix R and direction cosines, rab. Because

CRS is a four-wave mixing process, we focus on the third order nonlinear susceptibility, which in

the lab frame is [10]

χ
(3)
ijkl =

N

ϵ0
γIJKLfifjfkfl

∫
riI rjJ rkK rlL G(Ω) dΩ :=

N

ϵ0
⟨γ⟩ijkl.
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The optical frequency arguments in the local field correction factors, the polarizability terms,

and the nonlinear susceptibility are being suppressed for simplicity of notation. In lab coordinates,

we write the third order macroscopic polarization density as

χ(3) =
N

ϵ0
⟨γ(3)⟩.

2.2 Simple Harmonic Oscillator

The induced molecular vibrations resulting from the incident electric field can cause fluctua-

tions in the polarizability of the molecule. The molecular vibrations can be modeled by decom-

posing the molecular motions into an approximately normal set of displacements. Under the con-

ditions of a weak excitation by the incident electric field, the motion of the atoms of the molecule

can be modeled as a simple harmonic oscillator.

mg − kx0 = 0

d2x

dt2
+ ω2

0x = 0

where ω0 =
√

k/m is the system resonant frequency. Consider the mass experiences a damp-

ing friction force F = −2γm(dx/dt) where γ is the damping coeffienct. The differential equation

describing the mass movment is then

d2x

dt2
+ 2γ

dx

dt
+ ω2

0x = 0

F = E0 cos
2 (ωt)

The mass movement equation then becomes

10



d2x

dt2
+ 2γ

dx

dt
+ ω2

0x =
F (t)

m

The atomic displacement can be modeled with a damped simple harmonic oscillator (SHO),

which obeys the differential equation

m
d2x(t)

dt2
+ 2mγ

dx(t)

dt
+mω2

r x(t) = F (t)

where m is the reduced mass of the vibrational mode, Γv is the damping constant, ωr =
√

k/m

is the resonant frequency, F = −kx is the linear restoring force, and k is the spring constant. The

normal modes of the molecule are generally written in the mass-weighted coordinates

Q(t) =
√
mx(t).

The differential equation for the SHO now reads

√
m

d2Q(t)

dt2
+ 2Γv

√
m

dQ(t)

dt
+ ω2

r

√
mQ(t) = F (t)

which simplifies to

d2Q(t)

dt2
+ 2Γv

dQ(t)

dt
+ ω2

r Q(t) =
1√
m

F (t).

The driving term, F (t), can be determined by considering the electric dipole induced on a

single molecule by an applied electric field

µ(t) = α⃗ · E⃗(t)

with the incident real field

E⃗(t) = E⃗0 cos (ωt)
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the potential energy of the electric dipole is

U(t) = −µ(t) · E⃗(t).

the force of the dipole is computed as

F⃗(t) = −∇U(t) = ∇
(
µ(t) · E⃗(t)

)

and for the case of the induced dipole of a single molecule, we then have

F⃗(t) = ∇
(
E⃗(t) · α⃗ · E⃗(t)

)
.

We will assume that the electric field is uniform in space over relevant length scales. We can

then write

F⃗(t) = E⃗0 · ∇α⃗ · E⃗0 cos
2 (ωt)

which can be rewritten as

F⃗(t) = E⃗0 · ∇α⃗ · E⃗0

(
1

2
+

1

2
cos (2ωt)

)

along a given displacement direction (normal coordinates), we write

F⃗ = E⃗0 ·
δα⃗

δx
· E⃗0

(
1

2
+

1

2
cos (2ωt)

)

Because the frequency of the incident electric field is much higher than the frequency of the

Raman vibrational modes (ω0 >> Ωv) and due to the large nuclear mass, the nuclear motion does

not directly respond to the field. The time averaged force is then

⟨F⃗⟩t = E⃗0 ·
δα⃗

δx
· E⃗0

〈
1

2
+

1

2
cos (2ωt)

〉

t

=
1

2
E⃗0 ·

δα⃗

δx
· E⃗0.
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Rewriting the result in normal coordinates,

⟨F⃗⟩t =
√
m√
m

1

2
E⃗0 ·

δα⃗

δx
· E⃗0 =

√
m
1

2
E⃗0 ·

δα⃗

δQ
· E⃗0

which can be rewritten as

1√
m
⟨F⃗⟩t =

1

2
E⃗0 ·

δα⃗

δQ
· E⃗0.

Now that we have the SHO differential equation and the driving force for Raman excitation

expressed in normal mode coordinates, we can examine the SHO differential equation for driven

normal mode vibrations.

The incident electric field in the driving term is assumed to be a real field, which we can write

as:

E⃗(t) = E⃗0 cos (ωt+ ϕ) =
1

2
E⃗0e

iφeiωt + c.c. ≡ 1

2
Aeiωt + c.c.

where the complex field amplitude is defined as

A⃗ = E⃗0e
iφ

for a pulse, the envelope is time-varying, and can be written as

A⃗(t) = E⃗0(t)e
iφ(t).

Using the notation where the kth field has a peak amplitude of Ak and a complex field envelope

of u(t),

A⃗(t) = A⃗ku(t)

and the intensity of the field is given by
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I(t) =
1

2
ncϵ0|A⃗k|2

where the peak intensity is

|A⃗k|2 =
2Ik
ncϵ0

.

Ignoring polarization, scalar fields can be used. The interaction of the incident fields (pump

and Stokes) with a Raman active molecule results in the fields exerting a force along the vibrational

coordinate direction Qj . We consider two input fields

Ek(t) =
1

2
Aku(t)e

−iωk t +
1

2
c.c.

Recall that the frequencies ωk are much higher than the vibrational frequency Ωv so the nuclear

modes will not be driven efficiently by the incident fields. For sufficiently strong fields, nonlinear

motion of the nuclear coordinates can be driven at the difference frequencies between the two

incident fields, Ω = ω2 − ω1 for k ∈ {1, 2}. The electric field product is then

E1(t)E2(t) =
1

4

(
A1u(t)e

−iω1t + c.c.
) (

A2u(t)e
−iω2t + c.c.

)

where it is assumed that the fields have normalized amplitudes that are identical and may be

complex, where |u(t = 0)| = 1.

Expanding we have,

E1(t)E2(t) =
1

4

{
A1A2 u

2(t) e−i(ω1+ω2)t
}
+

1

4

{
A∗

1A2 |u(t)|2 e−i(ω1+ω2)t
}
+c.c.

The combined optical field exerts a force on the vibrational oscillator from the frequency dif-

ference fields:

F (t) =
1

2

(
δα

δQ

)

0

|u(t)|2
{
A∗

1A2e
−i∆Ωt + c.c.

}
.
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If we consider the time-average of the force driven by the total field, where the field reads

E⃗(t) = E⃗1|u(t)| cos (ω1t+ ϕ(t) + φ1) + E⃗2|u(t)| cos (ω2t+ ϕ(t) + φ2).

and assuming scalar fields, we can write

F⃗(t) =
1

2
∇α

[
E1|u(t)| cos (ω1t+ ϕ(t)) + E2|u(t)| cos (ω2t+ ϕ(t))

]2

Expanding the term for the force,

F⃗(t) =
1

4
∇α |u(t)|2

[
E2

1 + E2
2 + E2

1 cos (2ω1t+ 2ϕ1 + 2ϕ(t))+

2E1E2 cos (2(ω1 − ω2) t+ ϕ1 − ϕ2)+

2E1E2 cos (2(ω1 + ω2) t+ ϕ1 + ϕ2 + 2ϕ(t))+

E2
2 cos (2ω2t+ 2ϕ2 + 2ϕ(t))

]

Taking a time average of the driving force, the terms with oscillations at the high optical fre-

quencies can be dropped. We now have the difference frequency term,

⟨F⃗⟩t =
1

4
∇α |u(t)|2

[
E2

1 + E2
2 + 2E1E2 cos ( 2 (ω1 − ω2) t+ ϕ1 − ϕ2)

]

defining the frequency difference ∆Ω = ω1 − ω2 and the phase difference ∆ϕ = ϕ1 − ϕ2 we

can write

⟨F⃗⟩t =
1

4
∇α |u(t)|2

[
|A1|2 + |A2|2 + 2|A1||A2| cos (∆Ω t+∆ϕ)

]

and we see three terms, two that are driven by the field intensity envelopes, ⟨F⃗⟩t ∝ |A1|2|u(t)|2

and ⟨F⃗⟩t ∝ |A2|2|u(t)|2 which we can also write as ⟨F⃗⟩t ∝ I1(t) and ⟨F⃗⟩t ∝ I2(t).

The impulsive Raman scattering regime is described by these two driving terms that are pro-

portional to the field intensity envelope and will drive molecular vibrations (and/or rotations) that
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have temporal vibrational periods that are longer than the pulse duration. The other term in the

driving force expression describes normal stimulated Raman scattering. By convention, we will

call the higher frequency field the pump (ω1) and the lower frequency field the Stokes (ω2). The

Raman vibrations are strongly driven when the difference frequency ∆Ω matches a vibrational

frequency Ωv,j of the molecule. The temporal envelope of the interfering pulses will excite a band

of vibrational frequencies centered on ∆Ω over a spectral range inversely proportional to the pulse

duration, δΩ ≈ 1/τp. That is, again the vibrational frequencies with periods longer than the pulse

duration will be excited by the interfearing pulse envelope.

Now that we have an expression for the driving force with the real electric fields, we want to

determine the driving terms for the forced SHO. To first summarize, we will write out the equation

we wish to solve using the real electric field expressions and pulse intensity definitions. The pulse

intensities are written as

1

2
|A1|2 =

I1
n1c ϵ0

where n1 is the local index of refraction, c is the speed of light, and ε0 is vacuum electric

permitivity constant. The pulse intensity is similar for the second field (Stokes field). The mixing

term for the pulses can be written as

|A1| |A2| =
2
√
I1I2√

n1n2 c ϵ0
|u(t)|2 cos (∆Ω t+∆ϕ).

the time-averaged (cycle-averaged) driving force with our expressions for the fields is then

1√
m
⟨F⃗⟩t =

1

2

(
δα

δQ

)

0

|u(t)|2
[
1

2
|A1|2 +

1

2
|A2|2 + |A1||A2| cos (∆Ωt+∆ϕ)

]
.

The differential equation governing the molecules normal mode displacement can then be writ-

ten with the expression for the time-averaged force,
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d2Q(t)

dt2
+ 2Γv

dQ(t)

dt
+ Ω2

v Q(t) =

1

2

(
δα

δQ

)

0

|u(t)|2
[
1

2
|A1|2 +

1

2
|A2|2 + |A1||A2| cos (∆Ω t+∆ϕ)

]
.

Written in terms of intensities the differential equation becomes,

d2Q(t)

dt2
+ 2Γv

dQ(t)

dt
+ Ω2

v Q(t) =

1

c ϵ0

(
δα

δQ

)

0

|u(t)|2
[
I1
n1

+
I2
n1

+ 2

√
I1I2
n1n2

cos (∆Ω t+∆ϕ)

]
.

We now wish to find solutions for the driven SHO differential equation for the two cases of

interest. The two cases we will consider are for impulsive stimulated Raman excitation: ∆Ω = 0

and stimulated Raman excitation: ∆Ω ̸= 0.

2.3 Green’s Function: Impulse Response

First the impulsive Raman case (∆Ω = 0) where the differential equation can be written as

d2Q(t)

dt2
+ 2Γv

dQ(t)

dt
+ Ω2

v Q(t) = Γ1 d(t)

where we have defined

A1 =

(
Φ1

2 n1 c ϵ0

)(
δα

δQ

)

0

and we have used the pulse fluence

Φ1 =

∫ ∞

−∞
I1(t)

2 dt = I1

∫ ∞

−∞
|u(t)|2 dt = I1U0

where we have written the integral over the normalized pulse intensity profile as
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U(Ω) =

∫ ∞

−∞
|u(t)|2e−iΩt dt → U(0) =

∫ ∞

−∞
|u(t)|2 dt ≡ U0

and the finally we define the term

d(t) =
1

U0

|u(t)|2.

The case of stimulated Raman excitation (∆Ω ̸= 0) has a driving term of:

d2Q(t)

dt2
+ 2Γv

dQ(t)

dt
+ Ω2

v Q(t) = Γ2 d(t) cos (∆Ω t+∆ϕ) ≡ Γ2 d2(t)

where we have defined

A2 =

(
U0

c ϵ0

√
I1I2
n1n2

)(
δα

δQ

)

0

and where

d2(t) = d(t) cos (∆Ω t+∆ϕ).

We will seek solutions to the differential equations in the frequency domain, so we may write

Q(t) =
1

2π

∫
Q̂(Ω) eiΩ t dΩ

d(t) =
1

2π

∫
D(Ω) eiΩ t dΩ

where we have

D(Ω) ≡ 1

Dn

∫
|u(t)|2 e−iΩ t dt

where D(Ω) describes the relative power spectral density of the excitation strength of the vi-

brational mode. Note that D(0) = 1, which implies that
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Dn ≡
∫

|u(t)|2 dt.

Substituting the frquency domain expressions into the SHO equation for the normal vibrational

coordinate displacement, we obtain

{
Ω2

v − Ω2 + i 2 Γv Ω
}
Q̂(Ω) = ΓD(Ω)

and rearranging, we have

Q̂(Ω) =
ΓD(Ω)

Ω2
v − Ω2 + i 2 Γv Ω

.

General solutions to the SHO differential equation can be constructed using the impulse re-

sponse where d(t) = δ(t). We can write the differential equation as

d2G(t)

dt2
+ 2Γv

dG(t)

dt
+ Ω2

v G(t) = δ(t).

In the frequency domain, we then have

Ĝ(Ω) =
1

Ω2
v − Ω2 + i 2 ΓvΩ

= − 1

Ω2 − Ω2
v − i 2 ΓvΩ

and this function has the poles

Ω± = i Γv ±
√
Ω2

v − Γ2
v

so we can write

Ĝ(Ω) = − 1

(Ω− Ω+)(Ω− Ω−)
.

The impulse response in the time domain can be found with the inverse Fourier transform
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G(t) = F−1{Ĝ(Ω)} = − 1

2 π

∫ ∞

−∞

eiΩt

(Ω− Ω+)− (Ω− Ω−)
dΩ.

This integral can be solved by contour integration, yielding the result

G(t) =
1

Ω̃v

e−Γvt
1

2 i

(
ei Ω̃vt − e−i Ω̃vt

)
, for t > 0

where we have defined Ω̃v =
√
Ω2

v − Γ2
v. This can be simplified to

G(t) =
e−Γvt

Ω̃v

sin (Ω̃vt) , for t > 0.

This solution takes the form of a damped sinusoid. We have now a general form for the solution

using the impulse response and we can look to examine the case of impulsive Raman excitation.

To construct the solution for the ISRS excitation cases we may use the driving term

Q(t) = A

∫ t

−∞
d(t′)G(t− t′) dt′.

The bounds of the integral enforce the causality of the Green’s function. Recall that for the

impulsive stimulated Raman excitation, ∆Ω = 0, and the differential equation reads

d2Q(t)

dt2
+ 2Γv

dQ(t)

dt
+ Ω2

v Q(t) = A1 d(t)

with the solution given by

Q(t) = A1

∫ t

−∞
d(t′)G(t− t′) dt′.

It will be useful to write out the normalized Green’s function

Gn(t) = Ω̃vG(t) = e−Γvt sin (Ω̃vt) , for t > 0

defining ∆ = Ω̃v

Γv
and θ = Ω̃vt, we can then write
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Gn(θ) = e−
t
∆

sin (θ).

We can write the normalized Gaussian pulse as

|u(t)|2 = e
−
(

t
τp

)2

→ e
−
(

θ

Ω̃vτp

)2

→ e
−
(

θ
Tp

)2

where we have defined Tp = Ω̃vτp. With this normalized Gaussian pulse definition, we find

that U0 =
√
π τp . The normalized Green’s function for the ISRS case is

Qn(θ) =

∫ 0

−∞
d(θ′)G(θ − θ′) dθ′

This work in this thesis focuses on impulsive Raman excitation, so we will further examine

this case of spectral scattering with a single impulse provided by a short pump pulse and we are

interested in probing the sample/medium at times after the arrival of the pump pulse. We will

assume a Gaussian pulse of the form

It(t) = It|u(t)|2

where we have defined

|u(t)|2 = e−(t/τp)2

where τp is the pulse duration. We may write the Gaussian pulse fluence as

Φ1 =

∫ ∞

−∞
I1(t) dt = I1

∫ ∞

−∞
|u(t)|2 dt = I1 U0 = I1

√
π τp

recalling that U0 =
√
π τp, so that we can write

d(t) =
1√
π τp

e
−
(

t
τp

)2
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and we have

Γ1 =

(√
π τpI1
n1c ϵ0

)(
δα

δQ

)

0

.

For the case of ISRS excitation, we consider the integral in the solution found for the SHO

differential equation. The integral bounds ensure we can examine the behavior of the medium

after the pump pulse has left. Recall our solution will take the form of

Q(t) = Γ1

∫ ∞

−∞
d(t′)G(t− t′) dt′

where we have found the Green’s function

G(t) = Θ(t)
e−Γvt

Ω̃v

sin (Ω̃vt) , for t > 0

where Θ(t) is the Heavyside step function to enforce causality.

In the frequency domain we have,

Q̂(Ω) = A1D(Ω)Ĝ(Ω)

and recall that in the frequency domain, the Green’s function is

Ĝ(Ω) =
1

Ω2
v − Ω2 + i 2 ΓvΩ

.

The frequency domain driving excitation density is

D(Ω) = e−
1
4
(Ωτp)

2

.

Now the frequency domain impulsive Raman excitation is

Q̂(Ω) =
A1

Ω̃vU0

e−
1
4
(Ω τp)

2

Ω2
v − Ω2 + i 2 ΓvΩ
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and performing an inverse Fourier transform yields the final time-domain result

Q(t) =
1

2π

A1

Ω̃vU0

∫ ∞

−∞

e−
1
4
(Ω τp)

2

Ω2
v − Ω2 + i 2 ΓvΩ

eiΩ t dΩ.

Again using contour integration to solve the integral yields the expression

G(t) =
1

Ω̃v

e−
1
4 [(Ω̃vτp)2−(Γvτp)2] e− γt sin

(
Ω̃v t− 2Γv Ω̃v τ

2
p

)
, for t > 0

In the case of the usual ISRS approximation, the damping is assumed to be negligible, resulting

in,

G(t) ≈ 1

Ω̃v

e−
1
4(Ω̃v τp)

2

sin (Ω̃v t) , for t > 0

This can be put in the familiar form

Q(t) = Q0 e
−γ t sin (Ω̃v + ϕ0) , for t > 0

where then

Q0 =
1

Ω̃v

e−
1
4
(Ωv τp )2

(√
πτpI1
n1c ϵ0

)(
δα

δQ

)

0

ϕ0 = 2ΓvΩ̃vτ
2
p

Ω̃v =
√
Ω2

v − Γ2
v.

In order to examine the effects of the short pump pulse on the medium, we will consider

perturbations to the linear optical susceptibility.
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2.4 Perturbation to the Linear Optical Susceptibility

The linear polarization density for a material can be written as

P (1)(t) = ϵ0 χ
(1)(t)E(t) = N α(t)E(t)

where we consider the time-dependent polarizability from a single molecule coherently vibrat-

ing with a single vibrational mode, which we write as

α(t) = α0 +

(
δα

δQ

)

0

Q(t).

and we will write the linear susceptibility as

χ(1)(t) =
N

ϵ0
α(t) ≡ χ

(1)
0 + δ χ(1)(t).

We can write

δ χ(1)(t) =
N

ϵ0

(
δα

δQ

)

0

Q(t)

and using the results from above for Q(t), and the maximum displacement we can now write

δχ(1)(t) =
N

ϵ0

(
δα

δQ

)

0

Q0 e
−Γv t sin (Ω̃v t+ ϕ0) ≡ δ χ0 e

−Γvt sin (Ω̃vt+ ϕ0)

where we have defined the maximum perterbation to the linear susceptiblity as

δχ0 =

√
π τpI1N

n1cΩv ϵ20

(
δα

δQ

)2

0

e−
1
4
(Ωvτp)

2

.

2.5 Field Propagation Equation

Propagation of light modulated by a nonlinear polarization density is generally approached

using nonlinear coupled wave equations. Assuming the incident pump and stokes fields (pulses)
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are not depleted, we can limit our interest to the propagation equation for the signal of interest.

The general equation for the nonlinear signal propagation is

dAn

dz
= −i

ωnDχ(3)

2 nn c
Aa Ab Ac e

i∆k z

Our signal of interest for impulsive Raman excitation is the probe field after interacting with

the excited vibrational coherence in the medium due to the pump pulse. The propagation equation

for the probe field is then

dApr

dz
= −i

ωpr

2 npr c
δχ(1)Apr − i

ωpr

2 npr c

3

4
χ
(3)
NR |Apr|2 Apr

where

δχ(1)(t) = δχ0 e
− γt sin (Ω̃v t+ ϕ0).

Note that the first term on the right hand side of the propagation equation describes the spectral

scattering induced by the Raman vibrational coherence. The second term on the right hand side

describes the purely electronic response of the material, resulting in cross-phase modulation (XPM)

when the pump and probe pulses are overlapped. We now define

δχ0 =

√
πτpI1N

n1 cΩvϵ20

(
δα

δQ

)2

0

e−
1
4
(Ωvτp)

2

= −12
√
π τp1

n1 c ϵ0
Γve

− 1
4
(Ωvτp1)

2

Im
[
χ
(3)
V R(Ωv)

]
I1

Note that the XPM term from the non-resonant χ(3) is the nonlinear refractive index seen in the

second term on the right hand side of the propagation equation,

δχ
(3)
NR ≈ 3

4
χ
(3)
NR |Apr|2 .

To examine the propagation of the vibrational coherence-modulated probe field, we will assume

the field is confined to a focal pill box, a cylinder of length lfoc and with a cross-sectional area Afoc
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and a volume Vfoc. For simplicity, we also assume that the pulse intensity is uniform in the focal

pill box and is zero outside of the focal volume. The focal spot area is

Afoc = πw0
2

where w0 is is the 1/e field radius. The focal interaction length is

lfoc =
2 πw2

0

λ

and the focal volume is

Vfoc = lfocAfoc ≈
2 πw0

2

λ
πw0

2 = π
ω

c
nw0

4.

We will assume the incident field intensity is Ij and we have a pulsed laser source with a pulse

intensity [W/m2] of

I(t) = Ij |u(t)|2 .

The fluence [J/m2] of the beam is then

Φ =

∫
I(t) dt = Ij

∫
|u(t)|2 dt =

√
π τp Ij

Assuming a Gaussian pulse of the form used above,

|u(t)|2 = e
−
(

t
τp

)2

we can evaluate the above definition of the beam fluence using the Gaussian pulse in order to

write the total pulse energy [J ]:

εj = AfocΦ =
√
π τp AfocIj = π

3
2w2

0 τp Afoc Ij.
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We can find the average power of a train of pulses with a repetition rate of fR ,

pj = fR εj = AfocΦ =
√
π τp fR Afoc Ij = π

3
2 w0

2 τp fR Afoc Ij

2.6 Impulsive Raman Probe Field Propagation

Recall that we have written out the propagation equation for the probe field after interacting

with the medium undergoes impulsive Raman excitation

dApr

dz
= −i

ωpr

2 npr c

(
δχ(1) +

3

4
χ
(3)
NR |Apr|2

)
Apr

with

δχ(1)(t) = δχ0 e
−Γv t sin (Ω̃v t+ ϕ0) ≡ δχ0 f(t ; τ).

δχ0 ≈
√
π τp1 I1 N

n1 cΩv ϵ20

(
δα

δQ

)2

0

e−
1
4
(Ωv τp1)

2

= − 12
√
π τp1

n1 c ϵ0
Γv e

− 1
4
(Ωv τp1)

2

Im
[
χ
(3)
V R (Ωv)

]
I1

and

f(t ; τ) ≡ e−Γv t sin (Ω̃v t+ ϕ0).

We can also write the change in the linear susceptibility in terms of the average power of the

pump pulse. The power of the pump field is

p1 =
√
π τp1 fR Afoc I1

so we can write
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I1 =
p1√

π τp1 fR Afoc

putting this into the above equation for the susceptibility, we have

δχ0 ≈ −12
√
π τp1

n1 c ϵ0
Γv e

− 1
4
(Ωvτp1)

2

Im
[
χ
(3)
V R(Ωv)

]
I1

which simplifies to

δχ0 ≈ − 1

fR

12

n1 Afoc c ϵ0
Γv e

− 1
4
(Ωvτp1)

2

Im
[
χ
(3)
V R(Ωv)

]
p1

which then gives the set of expressions

δχ(1)(t) = δχ0 e
−Γvt sin (Ω̃v t+ ϕ0) ≡ δχ0 f(t ; τ)

δχ0 ≈ − 1

fR

12

n1 Afoc c ϵ0
Γv e

− 1
4
(Ωvτp1)

2

Im
[
χ
(3)
V R(Ωv)

]
p1

f(t ; τ) ≡ e−Γv t sin (Ω̃v t+ ϕ0)

Propagation of this field gives

Apr (lfoc) = Apr(0) e
−i

ωpr
c

(
δχ(1)

2npr
+ 3

8npr
χ
(3)
NR

|Apr|2
)
lfoc

The nonlinear optical susceptibilities are purely real in this case. When detecting impulsive

Raman excitation used in the experiments in this thesis, lock-in detection is employed. Lock-

in detection utilizes amplitude modulation on the pump pulse intensity and is sensitive only to

signal that carries the applied modulation frequency. Because of this, the only above terms that

are detected are those with the pump power intensity, I1, which is the δχ(1) term. The impulsive

Raman excitation creates a perturbation in the linear susceptibility of the medium/sample, resulting
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in a small frequency shift that is accumulated by the probe pulse. Detecting this small frequency

shift gives the Raman signal from the sample.

2.7 Raman-Induced Phase Shift

In this work, we utilize a time-delayed probe pulse that is the same temporal duration as the

pump pulse used to excite a vibrational coherence through impulsive stimulated Raman excitation

(ISRE). The probe pulse arrives at a time delay of τ relative to the pump pulse. The probe pulse

experiences a time-varying linear susceptibility (a time varying refractive index) that produces a

local phase shift

ϕ(t) = δϕ0 e
−Γv t sin (Ω̃v t+ ϕ0) , for t > 0

The relevant effects occur locally in time around τ . To examine the effects, we perform a

Taylor expansion about t− τ

ϕ(t− τ) ≈ δϕo e
−Γvτ sin (Ω̃v τ + ϕ0)

− Γv δϕ0 e
−Γv τ sin (Ω̃v τ + ϕ0) (t− τ)

+ Ω̃v δϕ0 e
−Γvτ cos (Ω̃v τ + ϕ0)(t− τ).

Because γ << Ω̃v, we may neglect the middle term,

ϕ(t− τ) ≈ δϕo e
−Γvτ sin (Ω̃v τ + ϕ0) + Ω̃v δϕ0 e

−Γvτ cos (Ω̃v τ + ϕ0)(t− τ)

where the maximum phase shift is

δϕ0 =
ωpr

c

lfoc
2 npr

δχ(1) =
π

npr

lfoc
λpr

δχ(1)

Using the expressions from above, the maximum phase shift can be written a number of ways:
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δϕ0 =
π

3
2 τp1
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and a maximum frequency shift of

δω0 = Ω̃v δϕ0

δω0 =
π

3
2 τp1Ω̃v

n1 npr cΩv ϵ20
e−

1
4
(Ωv τp1 )

2

(
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λpr
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Im
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]
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The aim of RF Doppler Raman detection is to detect as small of a frequency shift, δω0, as

possible. For convenience, we define the term βDR = Γv Ω̃v e
− 1

4(Ωvτp1)
2

such that the maximum

frequency shift can be written as

δω0 = βDR
π

3
2 τp1

n1 npr cΓv Ωv ϵ20

(
lfoc
λpr

)
N

(
δα

δQ
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n1 npr c ϵ0

(
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)
Im
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χ
(3)
V R (Ωv)

]
I1

and the maximum frequency shift can also be written (as will be shown later)

δω0 = −βDR
2

fR

6 π

n1 npr Afoc c ϵ0

(
lfoc
λpr

)
Im
[
χ
(3)
V R (Ωv)

]
p1.
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2.8 Measuring Frequency Shift with Spectral Filter

The frequency shift imparted on the probe pulse is identical for each pulse in the pulse train

given a fixed pump pulse energy, pulse shape (temporal profile), and relative pump pulse delay. The

pulses in the pulse train are separated in time by approximately 10 ns while the excited vibrational

coherences relax on the order of picoseconds. We will model the frequency shift experienced by

the probe spectrum as a change in the centroid of a Gaussian spectrum.

One method for detecting the frequency shift is to employ a spectral filter before the detection

photodiode. The power detected by the photodiode is some fraction of the total probe power inci-

dent on the spectral filter after interacting with the sample. To determine the amount of transmitted

power through the spectral filter, first consider the total signal power. Recall that we have defined

the pulse intensity profile

I(t) = I0 |u(t)|2

where the field envelope magnitude reads

|u(t)| = e
− 1

2

(
t
τp

)2

Assuming that the probe pulse is transform-limited, the spectrum is then

U(Ω) =
√
2 π τp e

− 1
2
(Ω τp)2

with a power spectrum given by

S(Ω) = Abeam I0 |U(Ω)|2 = 2 π τ 2p Abeam I0 e
−(Ωτp)2 ≡ S0 e

−(Ω τp)2

where we have defined S0 = 2 π τ 2pAbeam I0. The total energy is then

ε =

∫
S(Ω) dΩ = S0

∫
e−(Ω τp)2dΩ =

√
π

τp
S0.
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The average power of the probe field is then

pavg = fR ε =
√
π
fR
τp

S0.

We wish to examine the shift of the centroid of the power spectrum, such that

S(Ω) → S(Ω− δω).

It will be useful to find the maximum slope of the Gaussian spectrum,

dS(Ω)

dΩ
= −2 τ 2p Ω e−(τpΩ)2

with the maximum located at

∣∣∣∣
dS(Ω)

dΩ

∣∣∣∣
max

= ± 1√
2 τp

.

The region of the spectrum with the maximum slope will provide the most sensitivity to the

induced optical frequency shift. Consider a spectral edge filter with a transmission of the form

g(Ω) = Θ(Ω− Ω0)

with the probe energy transmitted through the filter given by

εe(δω,Ω0) =

∫
S(Ω− δω) g(Ω) dΩ

which can be explicitly written as

εe(δω,Ω0) = S0

∫ ∞

Ω0

e−[(Ω−δω)τp]
2

dΩ.

Evaluating this integral, we obtain
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εe(δω,Ω0) =

√
π S0

2 τp
(1 + erf[τp(δω − Ω0)]).

The transmitted energy for a zero frequency shift reads

εe(0,Ω0) =

√
πS0

2 τp
(1− erf[τpΩ0])

so that the normalized transmission reads

εe(δω,Ω0)

εe(0,Ω0)
=

1 + erf [τp(δω − Ω0)]

erfc [τp Ω0]
.

The maximum value of the normalized transmission through the filter is then

εe(δω,Ω0)

εe(0,− 1√
2 τp

)

∣∣∣∣∣
max

=
1 + erf

[
1√
2
+ δω τp)

]

1 + erf
[

1√
2

]

where we have positioned the spectral filter at the maximum slope of the Gaussian spectrum.

Because δω is small, we can look at a series expansion and neglect the higher order terms. We

can write

εe(δω,Ω0) ≈ εe(0,Ω0)

(
1 +

2 e−τ2pΩ
2
0 τp δω√

π erfc[τp Ω0]

)

and we find for the optimal slope,

εe

(
δω,− 1√

2τp

)
≈ εe

(
0,− 1√

2τp

)
1 +

2 τpδω
√
eπ
(
1 + erf

[
1√
2

]) + 0[δω]2


 .

The experimental signal of interest comes from the difference

∆εe(δω,Ω0) = εe(δω,Ω0)− εe(0,Ω0) = εe(0,Ω0)
2 τp δω e−(τp Ω0)

2

√
π erfc[τp Ω0]

.

With this, we can now write an expression for the case of an edge filter which reads
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∆εe =
2 τpr e

−(τp Ω0)
2

√
π erfc[τprΩ0]

εe0 δω

∆εe ≡ Ce εe0 δω

where we have grouped the constants

Ce =
2 τpr e

−(τp Ω0)
2

√
π erfc[τprΩ0]

and the unshifted edge filter transmitted energy then reads

εe0 =

√
π S0

2τpr
(1− erf[τprΩ0]) .

Using the average probe power

ppr = fR εpr =
√
π
fR
τpr

S0pr → S0pr =
τpr ppr√
π fR

we can write

εe0 =

√
π

2 τpr

τpr ppr√
π fR

(1− erf[τprΩ0]) =
ppr
2 fR

(1− erf[τpr Ω0])

which gives the expression for the change in transmitted energy through the filter

εe0 =

√
π

2 τpr

τpr ppr√
π fR

(1− erf[τprΩ0]) =
ppr
2 fR

(1− erf[τprΩ0])

from which we can write the expression for the transmitted energy difference caused by the

frequency shift through the spectral filter

∆εe =
Ce

2 fR
(1− erf[τpr Ω0]) δω0 f(t; τ) ppr ≡

Ce

2 fR
(1− erf[τpr Ω0]) δω0 f(t; τ) ppr.
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Now we may write the transmitted pulse energy as

∆εe = βe δω0 f(t; τ) ppr

where we may write

βe =
Ce

2 fR
(1− erf[τprΩ0]) =

2 τpr e
−(τpr Ω0)

2

√
π erfc[τprΩ0]

1

2 fR
(1− erf[τprΩ0])

which simplifies to read

βe =
τpr e

−(τpr Ω0)
2

√
π fR

(
1

erfc[τprΩ0]
− 1

)
.

The average power of the transmitted signal then reads

pRe
= fR ∆εe = fR βe δω0 f(t; τ) ppr

with the final average power of the ISRE signal given by

pRavg = Ω̃v fR βe δϕ0 f(t; τ) ppr

where the peak phase shift δϕ0 is given by

δϕ0 = − 6 π Γv

n1 npr fR Afoc c ϵ0
e−

1
4(Ωv τp1)

2
(
lfoc
λpr

)
Im
[
χ
(3)
V R (Ωv)

]
p1

We can write the expression for the ISRE signal collected through the edge spectral filter using

the peak phase shift expression

pRe
= Ω̃v fR βe δϕ0 f(t; τ) ppr
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pRe
= −Ω̃v fR βe

6 π Γv
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2
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)
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]
p1 ppr.

To relate this to the energy transmitted through the spectral filter for the non-frequency shifted

probe pulse, we define the constant

pISRE = −BISRE Im
[
χ
(3)
V R(Ωv)

]
p1 ppr

where we have used the scaling coefficient

BISRE = βe βDR
6 π

n1 nprAfoc c ϵ0

(
lfoc
λpr

)
f(t; τ)

where we have defined

βDR = Γv Ω̃v e
− 1

4(Ωv τp1)
2

and

βe =
τpr e

−(τprΩ0)
2

√
π fR

(
1

erfc[τpr Ω0]
− 1

)
.

As we have shown, using a spectral edge filter is a reliable way to detect the optical frequency

shift experienced by the probe spectrum after interacting with the pump-mediated vibrational co-

herence in the sample. In an effort to expand the utility of the spectral filter detection scheme

for biological imaging, we explored ways to make this form of detection more robust to complex

samples that can be scattering and depolarizing. In the next chapter the split spectrum detection

technique is introduced.
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Chapter 3

Split Spectrum Impulsive Raman

Label free optical imaging has been widely developed as a route of observing the concentration and

monitoring the dynamics of chemical species without requiring the use of exogenous labels that

are susceptible to introducing perturbations to behaviors that one wishes to observe [11]. Label

free optical imaging methods exploit differences in electronic or vibrational spectroscopy between

molecules to form images that can be used to separate particular chemical species [3, 12] 1.

Raman vibrational spectroscopy is of particular interest because the spectrally narrow Raman

features enable reliable hyperspectral decomposition of molecular species. Spontaneous Raman

scattering is a simple strategy for label free molecular spectroscopy yet is limited due to the fact

that weak Raman cross sections make Raman scattering a rare event. Coherent Raman scattering

(CRS) is driven by intense laser fields that increase the rate of Raman scattering by orders of

magnitude, enabling rapid imaging with relatively low laser powers [13–15]. The majority of CRS

methods use two laser fields (pump and Stokes) that are detuned to efficiently drive stimulated

Raman process at a particular vibrational frequency. Such a system generally requires complex,

tunable short pulse laser systems. Interest in low frequency Raman spectroscopy and microscopy

has grown in recent years due to the untapped potential for probing local material properties and

structural properties of large macromolecules [10].

CRS imaging can be considerably simplified by deriving the pump and Stokes fields directly

from a single laser pulse by using impulsive stimulated Raman scattering (ISRS) [16]. ISRS is

normally implemented in a pump-probe arrangement, where the laser pulse energy is split into

a pump pulse followed by a time-delayed probe pulse. The pump pulse prepares a vibrational

coherence that leads to a time-varying perturbation to the linear refractive index (RI) [17,18]. The

time-dependent linear RI variation imparts a temporal phase modulation on a probe pulse that

1This chapter has been adapted with permission from "Nearly degenerate two-color impulsive coherent Raman hyper-

spectral imaging," Opt. Lett. 47, 5841-5844 (2022), Optical Society of America.
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arrives at the sample at a delay τ after the pump pulse excitation [10]. ISRS signals can then be

acquired from myriad strategies, based on diffraction from a transient grating [16], interferometry

[19,20], Kerr lensing and steering [21,22], an induced transient probe pulse delay [23], or spectral

scattering that produces either a change in the probe spectral center of mass or scatters probe

energy to new spectral regions [24]. Interest in ISRS methods has recently been revived due to

the ability to readily probe low frequency vibrational modes that can be technically challenging

to obtain using spontaneous Raman scattering or other CRS methods. Generally CRS allows for

recording of one vibrational frequency at a time by tuning the frequency difference between the

pump and Stokes fields, which can be speed up with multiplexed methods. Conversely, ISRS

spectra can be acquired by recording a time-resolved ISRS signal imparted to the probe pulse as

a function of relative probe pulse arrival time τ . The Raman spectrum is obtained from the time-

resolved ISRS signal through power spectral density estimators (such as a Fourier transform [20],

multitaper estimation [23], or model fitting [19]. The spectrum is obtained from the time-domain

signal and thus is an approximately continuous Raman spectrum that spans from a low vibrational

frequency νmin = 1/∆τ bound and spectral resolution set by the duration of the scan ∆τ and a

maximum vibrational frequency set by the pump and probe pulse durations as described below.

A key requirement of pump-probe ISRS is the ability to block the pump pulse from reaching

the probe photodetector. While pump rejection generally is not problematic in non-scattering spec-

imens such as high-quality crystals and transparent fluids, a vast majority of specimens of interest

are either depolarizing, scattering, or both. As many strategies rely on isolating the probe pulse

spatially through non-collinear propagation [25, 26] or on polarization [19, 27], the widespread

application of ISRS to high-resolution imaging has been hindered.

A common strategy for ISRS is to use dichroic optics to separate the pump and probe pulse. [20]

The pump and probe pulses can be obtained through frequency doubling of a single pulse or by

generation of a separate color pulse with an optical parametric oscillator. Because ISRS methods

require the delivery of temporally compressed pulses, the use of multiple color laser pulses brings

added system complexity and cost [28].
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In this Letter, we introduce a simplified experimental approach for ISRS that enables robust

separation of pump and probe pulses derived from a single laser pulse. Our method, illustrated in

Fig. 3.1, is inspired by single-pulse coherent anti-Stokes Raman scattering (CARS) methods that

use a low pass filtering of the pulse and complementary dichroic filter to collect light scattered

to anti-Stokes frequencies [29]. We retain the pump-probe architecture so that we benefit from

the use of lock-in amplifier (LIA) detection of the probe signal to suppress noise. Continued

development of ultrasteep spectral filters has enabled the use of complimentary long pass and

short pass filters to filter and separate the pump and probe fields. To spectrally reject the pump

from the collinearly propagating probe pulse, we insert an ultrasteep longpass (USLP) optical

filter (Semrock USLP785) into the pump arm before the pump and probe pulses are combined

with orthogonal polarization (Fig. 3.1 a)). The full bandwidth of probe pulse is combined with

the spectrally clipped pump and is focused onto the sample (Fig. 3.1 b)). After the sample, the

pulses are re-collimated and a complimentary ultrasteep short pass (USSP) optical filter (Semrock

USSP785), is used to reject the spectrally clipped pump pulse and transmit the high-frequency

portion of the probe pulse (Fig. 3.1 c)). The second ultrasteep filter (USSP) also enables amplitude

detection of the frequency shift of the probe pulse to record the ISRS spectrum [22, 24, 30].

PBS

SLM

PD

LIA

Ti:sapph a

b

c

AOM AOM

Pump Spectrum

Filtered Probe Spectrum
Probe Spectrum

Wavelength (nm)
750 800 850750 800 850

750 800 850

Wavelength (nm)

Wavelength (nm)

a)

c)
b)

USSP

USLP

Figure 3.1: Experimental Setup. The pump spectrum is filtered with ultrasteep longpass (USLP) filter (a)

while maintaining the full probe spectrum (b). A complimentary ultrasteep short pass (USSP) filter post-

sample spectrally rejects pump light while simultaneously providing a spectral edge for the probe to convert

frequency modulation to amplitude modulation (c). The grating, lens and spatial light modulator (SLM) are

used as a programmable pulse shaper to ensure the delivery of transform-limited pulses at the focus.
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The CRS signal arises due to interference between spectral scattering of the probe pulse with

the input probe pulse spectrum [10]. The spectral scattering is driven by a time-varying refractive

index (RI) produced by the pump pulse that can be expressed as [10]

δn(t) = δn0 exp(−Γv t) sin(Ωv t) Θ(t). The RI shift decays exponentially with a rate of Γv

set by the vibrational mode with frequency Ωv and with a peak amplitude that is readily com-

puted from experimental parameters and the Raman interaction under study. The Heaviside step

function, Θ(t) enforces causality. For a temporally short probe pulse, such that the exponen-

tial decay may be neglected for a weak scattering limit encountered in CRS experiments and

when temporal walk off can be neglected (i.e. group velocity differences between the pump and

probe are negligible), the probe pulse accumulates a sinusoidal temporal phase shift of the form

ϕ(t) = δϕ0 sin(Ωv[t + τ ]), where τ is the pump-probe delay. The sinusoidal phase modulation

scatters energy from the input probe pulse spectrum Êpr(Ω) to spectral sidebands, producing a

modulated probe spectrum of Êm(Ω) ≈ aτ Êpr(Ω − Ωv) + Êpr(Ω) − aτ Êpr(Ω + Ωv). The scat-

tered amplitude aτ ≈ δϕ0 exp(i ϕτ )/2 depends on pump-probe delay τ , where the accumulated

phase is ϕτ = Ωv τ . [10]

The ultrasteep filters are always set to be complementary. Thus, the choice of the cutoff optical

frequency for pump and probe spectral clipping impacts the spectral measurement. When the pump

pulse is clipped (by the USLP), as seen in Fig. 3.1 a), the bandwidth and pulse energy are both

decreased. The decreased bandwidth stretches the pump pulse in time and reduces the Raman

frequency extraction bandwidth. In addition, the decreased pump pulse energy and increased pulse

duration also reduce the strength of the Raman excitation, so minimal spectral clipping of the

pump pulse is favorable. On the other hand, the ISRS signal is obtained from the transmission of

the probe pulse through the second, complementary USSP spectral filter. Because this clipping

occurs after the probe pulse has interacted with the sample, there is no concern about the temporal

duration of the probe pulse, as the probe pulse contains the full bandwidth within the sample.

However, a higher clipping frequency means a reduced probe pulse energy, which reduces the

SNR of the measurement.
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Figure 3.2: (a) Vibrational spectrum response of Cadmium Tungstate (CdWO4) as the complementary

spectral edge frequency edge Ωc is varied. The Raman spectra for three different Ωc setrings are shown

the inset. (b) The mode amplitude for three vibrational frequencies as Ωc is varied; each probe spectrum is

shown in the inset of (a).

We can understand the impact of the tradeoffs in the choice of the complementary filter cutoff

frequency with a theoretical model. For purposes of the model, we assume Gaussian pump and

probe pulses with the same pulse duration τp, written as E(t) = exp[−(t/τp)
2]. The signal is

derived from a small change in the average probe pulse power transmitted through the USSP probe

filter. The signal power is given by psig = p̄pr∆η, where p̄pr is the average probe pulse power and

the differential transmission efficiency ∆η for a high (frequency) pass filter with a cutoff frequency

Ωc. For a weak phase modulation, (δϕ0 ≪ 1), the differential filter transmission is given by

∆η = Pc δϕ0, and thus depends both on the filter clipping function, Pc, and the strength of the

coherent Raman vibrations, characterized by δϕ0. With the Gaussian probe pulse model we obtain

the clipping function Pc = exp[−(τp Ωv/2)
2] (erf{τp (Ωc−Ωv/2)}−erf{τp (Ωc+Ωv/2)})/2. This

function displays a nearly linear increase in amplitude with increasing vibrational frequency, Ωv,

and a steep dropoff near Ωv τp > 1, where impulsive vibrational excitation no longer occurs. A
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Figure 3.3: Comparison of polarization versus spectral pump rejection for ISRS. a) The time-resolved

signal shows a more stable signal using spectral rejection. b) Spectral rejection increases signal-to noise

ratio (SNR) and increased sensitivity to Raman vibrational modes.

lower cutoff optical frequency will increase the average transmitted probe power and thus improve

the SNR. By contrast, the excitation strength improves with a higher cutoff optical frequency.

The peak phase modulation δϕ0 ∝ p̄pu D̃(Ωv) = exp [−(τp Ωv/2)
2], and thus scales linearly with

the average pump pulse power, p̄pu, so the signal strength can be traded between the pump and

probe pulses. However, the impulsive excitation power spectral density for a compressed Gaussian

pulse with a transform limited pulse duration is τp is D̃(Ωv). The more the pump pulse spectrum

is clipped, the longer the pump pulse duration, which attenuates excitation of the very highest

vibrational frequencies. Yet, clipping leaves the excitation strength of lower vibrational frequencies

nearly unattenuated. The reduced excitation efficiency at the highest frequencies is a suitable

tradeoff for enabling extremely robust Raman imaging.

The expected signal trends are evident in Fig. 3.2 which shows the behavior of the coherent

Raman spectroscopy as the clipping frequency is varied. As seen in Fig. 3.2, the signal increases
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approximately linearly with vibrational frequency for low-to-mid frequency Raman vibrations (<

500 cm−1) where pump excitation is not limited by bandwidth or pulse duration. Fig. 3.2 b) shows

how the signal of specific Raman modes increase and with an increase in filter cutoff frequency

(corresponding to more pump bandwidth and a shorter pump pulse) up to a point where the cutoff

frequency is high enough that low post-sample filtered probe power becomes the limiting factor

for SNR. The clipping of the pump pulse spectrum largely impacts higher vibrational frequencies

(see Fig. 3.2 b). The lowest frequency mode (100 cm−1) shows a steep increase in signal level

as the probe power is increased when the cutoff frequency is shifted to longer wavelengths. The

optimal point occurs for filter edge E, then the signal decreases due to a decrease in the signal

power. The 388 cm−1 mode shows similar behavior. However, the highest frequency mode at 897

cm−1 is extremely sensitive to the clipping frequency. Remarkably, the increase in the signal as the

cutoff frequency is lowered (higher wavelength), with a peak at spectral edge E, the high frequency

vibrational excitation exhibits a strong nonlinear dependence on excitation strength through D̃(Ωv)

as τp increases with more severe clipping.

The signal is derived from the differential change in the transmitted probe power through the

complementary USSP spectral filter. In the shot noise limit, the noise in the measurement is dom-

inated by the average transmitted probe power through the filter, p̄bkg = p̄pr erfc(τp Ωc)/2, so that

the transmitted power decreases with increasing probe filter cutoff frequency. Shot-noise limited

detection can be accessed with a suitable detector leading to SNR = κ
√
∆t. Here, ∆t is the

detector integration time. The SNR coefficient, κ = Pc δϕ0 Υpr, scales with the strength of the

Raman phase modulation δϕ0 and with Υpr =
√

R p̄pr/e, where R is the detector responsivity, e

is the elementary charge, and Pc is the spectral transmission coefficient. Evaluation of the SNR

parameter indicates that generally SNR improves with a lower Ωc. While relative intensity noise is

problematic for some lasers, such as fibers, RIN can be largely mitigated with balanced detection

or lock-in detection.

Rejecting the pump light after the sample using dichroic filtering substantially improves the

stability and signal quality of impulsive Raman measurements in samples that have birefringence,
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scattering, or defects that contribute to a depolarization of the pump light. Previous detection

techniques have used high extinction ratio polarizers to reject pump light, but this technique breaks

down when the pump light is no longer uniformly polarized. Fig. 3.3 a) shows the time-resolved

signal obtained from a thick piece of silica quartz. Because quartz is birefringent, the pump light is

not completely rejected using polarization rejection, leading to pump leak-through that is detected

by the LIA and causing instability in the signal and large signal artifacts. Using the dichroic

rejection technique developed in this work, it is clear that the signal is significantly more stable

with better SNR. The striking improvement in stability can be seen on the right in Fig. 3.3 a). For

samples that cause changes to the pump polarization, dichroic pump rejection is far superior to

polarization rejection, as demonstrated in the Raman spectra shown in Fig. 3.3 b).

Figure 3.4: Hyperspectral image. a) Example of time-resolved signal and vibrational spectra recorded at

each pixel of hyperspectral image. Image contrast generated by isolating specific vibrational modes. b)

Spectral rejection enables the use of circular polarization for the pump and probe pulses.
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Finally, we note that the use of spectral filter based, instead of polarization based, pump rejec-

tion enables detection of polarization-dependant behavior of the Raman spectra as shown in Fig.

3.4 where we see a hyperspectral image of an anthracene crystal in Fig. 3.4 a) and the differences

between orthogonal linearly and circularly polarized pump and probe pulses in Fig. 3.4 b).

To conclude, we have demonstrated a new approach for ISRS imaging that greatly simpli-

fies the experimental apparatus. When imaging with ISRS in complex specimens, scattering and

depolarization make imaging extremely challenging due to disruption of the beams through scat-

tering and depolarization, which prevents isolation of the probe pulse. By clipping off some of the

high-frequency side of the pump spectrum with an edge spectral filter in a standard pump-probe

interferometer, we can easily select the high frequency side of the probe pulse spectrum with a

complementary spectral edge filter introduced after the sample interaction. We have alleviated

concerns that the SNR is strongly reduced in the configuration by developing a theoretical model

of the signal transmitted through the probe selection spectral filter. We find that while the very

highest vibrational frequencies are mildly attenuated in the signal and SNR, the vast majority of

the low frequency vibrational spectrum can be interrogated with nearly the same fidelity as in a

conventional ISRS pump probe scenario. However, here we have the advantage that we can main-

tain high quality imaging even in complex specimens [29] ISRS imaging can be easily adapted to

existing SRS by introducing a pump-probe delay scan between the pump and Stokes beams. Such

a strategy will probe low frequency modes with vibrational periods longer than the pulse dura-

tions. We also anticipate that this new advance will help expand the use of low frequency coherent

Raman microscopy and phase-contrast transient absorption [31].
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Chapter 4

Phase-Sensitive ISRS

4.1 Introduction

Chemical imaging is a powerful imaging modality in the biological sciences. While fluorescent

imaging with exogenous fluorescent probes or transgenically expressed fluorescent proteins forms

the workhorse for chemical imaging in biological specimens [32], limitations of fluorescent imag-

ing technologies have driven the development of label-free imaging modalities. [33–39] Of the

many label-free imaging modalities, microscopy based on Raman scattering remains particularly

appealing due to the narrow Raman vibrational spectroscopic lines that permit reliable identifica-

tion of molecular species 2.

The vibrational frequency of materials and molecules offers a powerful means to both identify

them and probe their dynamics and interactions. [36] Spectral features of the vibrational spec-

trum can be optically interrogated through either direct dipole-allowed transitions with infrared

spectroscopy or through inelastic Raman scattering. Raman scattering is often preferred because

infrared spectroscopy suffers from interference from water absorption, broad spectral features, and

low spatial resolution resulting from the use of long optical wavelengths. [39] That said, while Ra-

man microscopy with spontaneous scattering is common for many applications, the weak Raman

scattering cross-section and incoherent nature of spontaneous Raman scattering severely limit the

rate of scattered signal detection—leading to long integration times and poor sensitivity to low con-

centrations of Raman-active molecules. Raman signals can be enhanced by stimulating the Raman

transitions, either by introducing near-field enhancements or by directly stimulating the transitions

with a Stokes laser field. Coherent Raman scattering (CRS) [33] overcomes the weak Raman sig-

nals by invoking stimulated Raman scattering to drive a much larger response, enabling video-rate

2This chapter has been adapted with permission from https://doi.org/10.1021/cbmi.4c00020. Copyright 2024 Ameri-

can Chemical Society.
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CRS microscopy. Moreover, an improved detection sensitivity for low concentration and weak Ra-

man scattering modes is obtained with techniques that leverage homodyne interference, producing

a linear dependence of the CRS signal on concentration [10, 15, 33].

Raman vibrational frequencies carry extremely valuable information for the study of molecules

and material systems. Vibrational frequencies, Ωv, scale as a harmonic oscillator, Ω2
v = k/m.

Thus, strong binding, associated with a large value of the effective force constant k, and low

(reduced) mass, m, of the vibrational mode correspond to high vibrational frequencies. The highest

frequency modes are approximately localized and correspond to hydrogen bonds due to the low

hydrogen mass and are used in investigations of water and lipids. The mid-band frequencies,

Ωv ∼ 400− 1200 cm−1, are extremely powerful for the identification of particular molecules [33]

and even for bacterial classification. [40] Recent attention has focused on the largely neglected low-

frequency vibrational modes. [10] These modes are generally associated with large reduced mass

and correspond to vibrational motion that occurs over an extended region. Such relevant motions

include virus capsid vibrations, [5] deformations of proteins, [6] and mechanical properties of

solids, particularly for soft [7] and two-dimensional materials. [8, 9]

However, implementation of Raman scattering at low vibrational frequencies remains a persis-

tent challenge [10] because inelastic scattering at small offsets is difficult to measure, requiring low

noise, narrow linewidth lasers, multiple stages of monochromators, and extremely steep spectral

edge filters. The result is that imaging is extremely challenging. In this Letter, we introduce a sim-

ple and robust technique that is suitable for imaging in complex specimens. Our approach makes

use of impulsive stimulated Raman scattering (ISRS) to probe low-frequency vibrational modes

with time-domain spectroscopy. [10] In ISRS, a short pump pulse is used to drive the excitation of

vibrational coherences for vibrational frequencies lower than ∼ 1/τp, where τp is the pump pulse

duration. [16] Because the Raman interaction involves a change in molecular polarizability with

vibrational displacement, excitation of vibrational coherences produces an effective time-varying

perturbation to the linear optical susceptibility denoted by δχeff(t). [10] The Raman spectrum is

obtained by recording signals with a probe pulse that follows behind the pump pulse by a delay
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of τ . The recorded signals are derived from the temporal phase, ϕv(t), accumulated by the probe

pulse as it propagates through the excited vibrational coherence. This recovered spectrum is con-

tinuous and spans a range with a maximum frequency on the order of 1/τp down to a minimum

frequency 1/∆τ bounded by the range of pump-probe delay ∆τ .

The readout method of the Raman spectrum in ISRS impacts the sensitivity of spectral detec-

tion. [10] The most common technique is to make use of a spectral shift for detection, where spec-

tral scattering from the time-dependent phase modulation applied to the probe pulse by the transient

effective linear optical susceptibility leads to changes in power transmitted through a spectral fil-

ter. [24, 41–43] Improved detection sensitivity can be achieved by turning the probe pulse spectral

shift into a change in arrival time at a detector by applying additional spectral dispersion. [23]

Methods that detect the signal based on a spectral shift reduce the amplitude of the low-frequency

vibrational modes and impart a spectral filter on the relative amplitudes of the Raman spectrum.

To emphasize the low-frequency vibrational modes and eliminate the spectral distortions imparted

by frequency shift detection, δχeff(τ) should be probed directly. [10]

Low frequency vibrations can be readily detected with ISRS methods where the signal detec-

tion is directly proportional to the time-varying change in the optical susceptibility induced by

the forced Raman response. Several methods have been explored for the direct measurement of

δχeff(t) to obtain an undistorted Raman spectrum, which we call phase-sensitive ISRS (ϕ-ISRS).

ϕ-ISRS spectroscopy was originally implemented in a transient grating geometry, [16] which al-

lows for background-free measurements but relies on direct measurement of the diffracted beam

power, leading to limited detection sensitivity. In the transient grating experiment, the amplitude

of the diffracted probe field is proportional to δχeff(τ), i.e., the susceptibility perturbation at the

pump-probe delay τ . However, because the total scattered power is recorded, the Raman spectrum

is distorted. The direct amplitude of δχeff(τ) can be obtained with Kerr lensing [21] and interfer-

ometric measurements. [18–20, 44, 45] A comparison of the Raman spectral amplitudes has been

demonstrated in a Sagnac interferometer configuration and verified the access to low-frequency

vibrational spectral information when δχeff(t) is directly obtained, with a an enhancement in the
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signal strength for low-frequency measurements compared to a frequency shift [44]; this result

has recently been validated in further experiments. [45] The Sagnac interferometer configuration

is intrinsically stable, but has limited application for spectroscopic or imaging measurements. A

stable common path interferometer configuration is possible with a collinear time-delayed probe

and reference pulse configuration, [46, 47] which has been demonstrated with spectral interferom-

etry [18–20] and Fourier transform interferometry. [48]

a) b)

c) d)φ(t)
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Figure 4.1: Common path interferometric ϕ-ISRS concept figure. a) Experimental setup for ϕ-ISRS. The

acousto-optic modulators, calcite crystals, and linear polarizer are represented by the purple, green, and

orange elements, respectively. b) Conceptual figure that shows the interaction of the pump, probe, and

reference pulses with the sample, as well as the isolation of the probe-reference pair and re-timing to produce

pulse interference. The interference produces signal current changes in a photodiode that are proportional

to the Raman-induced transient phase, ϕ(τ), at the arrival time, τ , of the probe pulse. c) The relative arrival

time of the pump, probe, and reference pulses. d) Example Raman spectra measured in BGO for ϕ-ISRS

and spectral shift detection [1]. The improved low-frequency Raman detection with ϕ-ISRS is evident.
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4.2 Concept

Unfortunately, the existing ϕ-ISRS methods are restricted to non-depolarizing and non-scattering

samples such as liquid-phase spectroscopy or transparent crystals. In this Letter, we introduce a

simple collinear interferometric approach to ϕ-ISRS that is extremely stable and thus performs

robustly in the presence of strong scattering and depolarization effects, such as in cell culture and

tissues.

A conceptual schematic of the experimental system is shown in Fig. 4.1. A modelocked

ultrafast laser produces pulses that are passed through a spatial light modulator pulse shaper for

second and third order dispersion control. The laser beam power is split into pump and probe

pulses in an orthogonally polarized Mach-Zenhder interferometer. The pump pulse intensity is

modulated by an acousto-optic modulator to allow for lock-in amplifier detection of the Raman

signal. A computer-controlled resonant delay scanner in the pump arm enables rapid scanning of

the relative pump-probe delay τ . The probe pulse arm is modified from a standard pump-probe

experimental arrangement [24, 25, 43] in order to generate a probe-reference pulse pair with a

birefringent optical crystal. [47]

Birefringent crystals are used both as a pulse pair generator [24, 47, 49] and a pulse retimer to

create a common path collinearly propagating probe-reference pulse pair with an extremely stable

relative phase and a temporal separation of T , as shown in Fig. 4.1b. The probe-reference pair is

generated by sending a linearly polarized probe pulse through a birefringent crystal plate rotated

so that the eigen-polarization axes are at 45 degrees with respect to the input linear polarization

of the probe pulse. Depending on the cut of the crystal and the orientation of the optic axis, the

relative delay time, T , can be adjusted by rotating the birefringent crystal or by adjusting the crystal

thickness. The pulses are separated by a few picoseconds and share a common propagation path.

To combine the probe-reference pulse pair with the pump pulse, the probe-reference pair is

projected onto the same linear polarization axis in the polarizing beam splitter where the pulse

pair is combined with the orthogonally polarized pump pulse. The pulses are focused into the

sample with a high numerical aperture aspheric lens and recollimated with an identical aspheric
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lens after passing through the specimen. The pump pulse is removed from the collimated beams

with a polarizer to isolate the probe-reference pulse pair.

The coherent ISRS signal is contained in a phase perturbation, ϕv(t), induced by the pump

pulse. The reference pulse precedes the pump pulse, accumulating a phase as it propagates through

the optical system. This phase accumulated by the reference pulse comes from the sample at

equilibrium because the vibrational coherences decay to equilibrium (over several picoseconds),

long before the next pulse in the oscillator pulse train arrives (∼ 10 ns). By contrast, the probe

pulse arrives at a delay, τ , after the pump pulse and accumulates a phase identical to the reference

pulse in addition to a phase perturbation induced by Raman excitation by the pump pulse. By

placing the pump pulse in between the reference and probe pulses, the relative phase between

the probe and reference pulses is the accumulated vibrational phase perturbation acquired by the

probe pulse. After interacting with the sample, the probe-reference pair is isolated from the pump

pulse—for example with a polarizer—then the probe-reference pulse pair is re-timed. In this way,

the relative phase is converted to an amplitude modulation through interference between the probe

and reference pulse so that the Raman signal is detected with a simple photodiode.

This pulse pair is re-timed using a second birefringent crystal that is oriented at –45 degrees

to undo the probe-reference delay so that the probe and reference pulses overlap in time, i.e.,

setting T = 0. Because the probe-reference pulse pair propagates along the same direction and

are only separated by a few picoseconds, T ∼ 6 ps, the relative phase between these two pulses is

exceptionally stable—allowing very stable phase measurements of the transient phase introduced

by the pump pulse. The probe and reference pulses are in the same spatial mode and polarization

state; only half of the power of the probe and reference pulses is overlapped in time and will

interfere (see Fig. 4.1 b)). In addition, the two pulses travel through exactly the same optical

path, and thus share the same spatial mode, making interference between the beams robust to

perturbations acquired with propagation through optical scattering environments. To demonstrate

the robustness of our approach, we introduce controlled scattering to a sample by adding layers
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of parafilm on the sample between the objective and the sample of interest. For a more detailed

description of the experimental setup, please refer to the supplementary information.

The interferometric signal for ISRS spectroscopy emerges from the fact that the pump pulse

excites a non-equilibrium time-varying change in effective linear optical susceptibility, δχeff(t),

imparting a transient phase modulation on a time-delayed probe pulse. The reference pulse can be

arranged to arrive before the pump pulse so that the only phase that it accumulates is from the opti-

cal system and the specimen at thermal equilibrium. The pump pulse-induced phase perturbation,

ϕv(t) = kpr ℓ δχeff(t)/2n0, is then the only phase shift acquired between the probe and reference

pulses. Here, ℓ is the focal interaction length, n0 is the sample refractive index at thermal equilib-

rium, and kpr = 2 π/λ is the free-space wavenumber for a pulse with center wavelength λ. The

fact that the probe and reference pulses are common path means that all accumulated scattering,

aberrations, and depolarizations are identical for both beams. This produces an extremely stable

signal that prevents many forms of technical noise.

Figure 4.2: ϕ-ISRS data from multiple samples with low frequency Raman vibrations. a) The time-resolved

ϕ-ISRS signal for Chloroform. b) The recovered Raman spectrum of Chloroform. c) and d) show the time-

resolved signal and Raman spectrum for Cadmium Tungstate. e) and f) show the time-resolved signal and

Raman spectrum for tetrabromoethane. Liquid and depolarizing crystal samples illustrate the effectiveness

of ϕ-ISRS for robust low-frequency Raman spectroscopy.
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The phase modulation due to the excited vibrational coherence can be expressed as a linear

superposition of the phase modulation from each excited vibrational mode as

δϕv(τ) =
∑

v δϕ
v
0 hv(τ), and depends on the arrival time τ of the probe pulse after the exci-

tation induced by the pump and is summed over the contribution of each vibrational mode, de-

noted with a superscript v. Each vibrational mode is excited through an impulsive forced Ra-

man response that is driven by the pump pulse, leading to a damped causal oscillation [10, 15],

hv(t) = Θ(t) exp(−Γv t/2) sin(Ωvt). Here Θ(t) is the Heavyside step function that ensures

causality and Γv is the damping rate of the mode at the vibrational frequency Ωv. The induced

vibrational phase perturbation δϕv
0 = gf Im[χ

(3)
VR(Ωv)] Γv D̃(Ωv) p̄pu scales linearly with the aver-

age power of the pump pulse, p̄pu, and the molecular concentration, N , which becomes clear when

we note that Im[χ
(3)
VR(Ωv)] = N (∂α/∂Q)20/6ϵ0 Γv Ωv. The amplitude of the Raman-induced phase

modulation is also proportional to the power spectral density (PSD) of the pulse intensity profile

at the vibrational frequency Ωv [1,50], D̃(Ω) = F{I(t)}/I0 τ0. Here I0 is the peak pulse intensity

and τ0 =
∫
I(t)/I0 dt is a measure of the pulse duration. In the limit of an impulsive pump pulse,

I(t) = I0 δ(t), then the excitation PSD, D̃(Ω) → 1, so that the forced Raman response is the im-

pulse for vibrational excitation. Here, we assume that the temporal duration, τp, and the temporal

intensity, I(t), of the pump, probe, and reference pulses are all identical. The coherent Raman

excitation that drives the vibrational phase perturbation also depends on the focusing conditions,

which are encapsulated in the focusing parameter gf = 12 π ℓ/(n2 ϵ0 c νR Af λ), where Af is the

focal beam cross sectional area, νR is the laser repetition rate frequency, and λ is probe pulse center

wavelength.

4.3 Results

In our experiment, the probe-reference pulse pair, with a total average power of p̄pr, is isolated

from the pump pulse using polarizer to block the pump pulse. Then, half of the probe and reference

pulse average power is adjusted to interfere in a compact, collinear interferometer using an angle-

tuned birefringent crystal. The relative phase of probe and reference pulses are adjusted to be
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Figure 4.3: a) A composite image of the three low-frequency Raman-active optical phonon modes in an

anthracene crystal. b) The Raman spectrum of the crystal at a single pixel centered in the orange square

shown in a). c–e) Individual images of the three Raman modes indicated in b). f) The signal-to-noise ratio

(SNR) of the three Raman vibrational modes of a BGO crystal with scattering layers added between the

sample and the excitation objective. A high SNR is indicated for > 7 scattering lengths. g) A comparison

of the Raman spectrum of BGO for zero and 12 scattering layers shows high quality spectra extracted even

under conditions of strong optical scattering. Image acquisition parameters and SNR calculation details can

be found in the Supporting Information. All scale bars are 50µm

54



Figure 4.4: Comparison between ϕ-ISRS and spectral filter detection ISRS through 12 scattering layers.

a) The time-resolved signal for ϕ-ISRS with the probe power incident on the photodiode indicated. b)

The time-resolved signal for spectral filter detection ISRS with the probe power incident on the photodiode

indicated. The time-resolved signal shows evidence of scattering and depolarization of the pump beam

causing signal contamination around τ = 0. The Raman spectra are shown in c) and d) with the SNR of the

90cm−1 mode. Details of the SNR calculation can be found the in the Supporting Information. The ϕ-ISRS

shows a significantly higher SNR with a lower incident probe power. The pump contamination present in b)

and d) contributes to distortion in the low frequency spectrum in addition to the lower SNR.

55



in quadrature so that the total power of the interfering pulses is p̄int = p̄pr {1 + sin[δϕv(τ)]} /2 ,

leading to a signal power incident on the detector of p̄sig(τ) = δϕv(τ) p̄pr/2, with a background

power equal to the total average probe pulse train power p̄bkg = p̄pr. In the shot noise limit, the

signal-to-noise ratio (SNR) for a detection integration time of ∆t reads SNR = (δϕv/2) Υ
√
∆t,

where Υ =
√
R p̄pr/e, R is the detector responsivity, and e is the elementary charge. Provided

that the total probe power exceeds approximately 2 mW, the shot noise limit is valid for lock-

in detection that is able to largely avoid the laser intensity fluctuation noise. Because both the

signal power and SNR depend linearly on δϕv, this collinear interferometric method is sensitive to

low Raman vibrational frequencies, and is limited where the impulsive Raman excitation strength,

D̃(Ωv), becomes too low, which occurs when the vibrational period is on the order or larger than

the pump pulse duration.

The ϕ-ISRS spectrum of the low-frequency optical phonon Raman spectrum in BGO is shown

in Fig. 4.3d in comparison to a spectral shift measurement. The increased amplitude at low vibra-

tional frequencies is apparent in the interferometric measurement. Because the pump-probe delay

τ can be controlled independently of the separation between the probe and reference pulses, which

is a fixed delay T , there are three zones for the ϕ-ISRS experimental system, each of which is

illustrated in Fig. S2. We define the time-frame so that t = 0 occurs at the center of the pump

pulse The first pulse to arrive is denoted the reference pulse that is incident at at a time t = τ − T

and the probe pulse arrives at a time τ . Zone I occurs when τ < 0, so that both the probe and

reference pulses arrive before the pump pulse. In this region, there is no pump-induced transient

phase acquired between the probe and reference pulses, so we have a null signal. Zone II is where

we pull the Raman spectra; this temporal signal provides a pure Raman spectrum because only the

probe pulse accumulated the Raman-induced phase shift. In Zone III, the spectrum is distorted be-

cause the interference signal is determined by the phase shift acquired by the probe and reference

pulses, i.e., ϕ(τ)− ϕ(T − τ).

Inteferometric ϕ-ISRS spectra from several samples displaying low-frequency Raman modes

are shown in Fig. 4.2. While the chloroform and tetrabromoethane are liquid samples and do not
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suffer depolarization, the cadmium tungstate is a birefringent crystal and induces a depolarization

between the pump pulse and the probe-reference pulse pair. The time-domain traces are shown

on the left column, whereas the Raman spectra shown in the right column is computed from the

power spectral density of the time-domain trace after isolation of the signal that contains only the

Raman transients away from the cross phase modulation feature near time zero. [18] The observed

Raman spectral modes match known Raman spectral lines of these three samples.

Hyperspectral Raman images of anthracene crystals for three low-frequency Raman-active op-

tical phonon modes are shown in Fig. 4.3. The Raman spectrum of the optical phonon modes

is shown in Fig. 4.3b. Images for the three phonon modes marked in the spectrum are shown in

Fig. 4.3c-e, whereas a composite image is displayed in Fig. 4.3a. The complex morphology of the

crystals produces scattering that distorts the beams and degrades the Raman signal. However, we

see that high-quality images are obtained with the common-path interferometric readout because

the probe and reference pulses maintain identical spatial and polarization modes.

To quantitatively evaluate the effect of optical scattering on ϕ-ISRS with common-path inter-

ferometric detection, we captured Raman spectra as we added layers of optical scattering material.

For each measurement, the Raman signal and the noise were estimated using the power spectral

density (PSD) of the time-resolved signal. The "signal" (S) for a known Raman mode is calculated

from the root mean square (RMS) of the spectral mode whose width is determined by where the

value drops to 95% of the mode peak. The "noise" (N) is calculated from the RMS of the PSD of

a frequency region well-removed from the Raman spectrum at wavenumbers above those excited

by the pump pulse. From these values, we compute SNR = 10 log10 (S/N). To introduce optical

scattering, layers of parafilm were added on the front of the BGO sample, thus introducing scatter-

ing before Raman excitation by the pump pulse and spectral scattering of the probe pulse. Results

are shown in Fig. 4.3f, displaying the SNR as a function of the number of scattering layers added

between the sample and the excitation objective. The data show two regions of SNR decay as a

function of the number of scattering lengths, indicated by dashed lines in the figure. The Raman

spectra for the highest and lowest SNR data are shown in Fig. 4.3g.
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4.4 Discussion

Imaging of low-frequency vibrational modes with coherent Raman remains a challenging prospect.

Here we introduce a new imaging strategy for a wide bandwidth of Raman vibrational frequencies,

spanning from very low frequencies (< 300 cm−1) to frequencies well within the fingerprint region

> 1000 cm−1. Our new strategy relies on a pump-probe geometry using ϕ-ISRS excitation of a

vibrational coherence by a short pump pulse that is electronically non-resonant with the specimen.

Such short pulse excitation is capable of exciting vibrational frequencies with periods that are

longer than the pump pulse duration. [1] As a result, short laser pulses with carefully maintained

dispersion compensation are critical for ISRS excitation. After excitation of the vibrational coher-

ence, the readout of the signal with a probe pulse plays a crucial role in the vibrational frequencies

that are observed. The conventional strategy is to use a spectral edge filter to convert the spectral

scattering driven by the transient phase modulation acquired by the probe pulse when propagat-

ing through the vibrational coherence into a change in probe pulse power transmitted through the

spectral filter. [24, 29] Unfortunately, this simple strategy renders ISRS largely insensitive to low-

frequency vibrations. [10] By reading out the phase directly through interferometry, we directly

detect the time domain-forced Raman response, providing sensitive detection of the low-frequency

Raman vibrational modes.

Aside from the high sensitivity to low-frequency vibrational modes (e.g., terahertz Raman), we

have demonstrated that our common-mode strategy for the detection of the transient Raman phase

modulation produces high SNR data even in the face of optical scattering. This resilience of our

signal detection to optical scattering follows from two properties that we acquire by generating the

probe-reference pair in a suitably oriented birefringent crystal. The first property is that the probe

and reference pulses are common path. Because of this common path propagation, any scattering

that is encountered is common to both the probe and reference pulse beams. As a result, the beams

are guaranteed to still interfere. Indeed, even depolarization is not a problem, as the spatial modes

of the probe and reference beams are identical—ensuring stable interference even after becoming

severely distorted, as they are distorted identically.
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Of course, common path perturbations are only relevant if the relative phase, scattering, and

depolarization are stable for the duration of the integration time over which the interference is

acquired. The relative stability of the probe and reference pulses is guaranteed by the fact that there

is very little perturbation of the refractive index of the specimen that can occur on the timescale of

a few picoseconds other than the non-equilibrium vibrational coherence dynamics that are excited

with the pump pulse.

The combination of the temporal and common-mode interferometric stability ensures

extremely stable and high-sensitivity detection of the vibration-induced phase shift. The robust-

ness of our approach is demonstrated by introducing controlled scattering to a sample by adding

layers of parafilm on the sample between the objective and the sample of interest. The scattering

introduced by the parafilm layers was characterized by measuring power transmission through a

blank sample as more layers of parafilm were added. The power transmitted through the scattering

layers decreases exponentially with the number of scattering layers. The scattering length, defined

as when the optical power decreases by 1/e, was found to be ℓs = 1.68 parafilm layers. The scatter-

ing length was determined in a separate experiment where parafilm layers were sequentially added

to a glass slide and the transmitted power through the collection objective was directly measured

with a power meter. Figure 4.3f shows the SNR for the three main vibrational modes of BGO as

a function of scattering length of parafilm added to the sample. Panel (g) of Figure 4.3 shows the

time-resolved signal and the Raman spectrum (inset) of BGO with no scattering layers (orange)

and the signal with the maximum number of scattering layers used (blue), which is 12 layers of

parafilm, or 7.14 scattering lengths. This result shows the robustness of the interferometric Raman

technique, with the SNR of the BGO modes remaining high after over 7 scattering lengths. The

incident optical powers incident on the sample were ppu = 37.8 mW and ppr = 38.95 mW for the

pump and probe, respectively. After passing through the sample, objectives, retiming crystal and

analyzing polarizer, the probe power incident on the detection photodiode was ppr = 8.6 mW with

no scattering present. The probe power incident on the detection photodiode was measured to be

ppr = 8 µW with 12 parafilm layers (7.14 scattering lengths).
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Because we have constructed this system based on orthogonally polarized pump and probe-

reference pulses, we are limited to vibrational modes with a more symmetric character, and we

may have reduced sensitivity to asymmetric modes. The spectral resolution of this strategy is

limited to ∼ 1/T for methods that rely on power spectral estimation, e.g. the FFT or multitaper

computation. However, the use of model-based estimation, e.g. LP-SVD, can circumvent this

spectral resolution limitation. The lower bound of the vibrational frequency is limited by the scan

range of the probe-reference pair. For Zome II, the lower bound is ν̃ = (c T )−1 ∼ 7 cm−1, but this

can be extended arbitrarily with synthetic aperture scanning [19], where the probe and reference

pulse pair both follow the pump pulse, at the cost of the loss of frequencies with vibrational periods

that are an integer multiple of T . Application of LD-SVD methods are expected to further improve

this lower bound.

4.5 Conclusions

We have developed a new and versatile method for low-frequency coherent Raman imaging.

Balanced detection could eliminate the need for the acousto-optic modulator for beam intensity

modulation, which will drastically reduce the spectral dispersion burden of the system. Such an

approach would allow for easier use of high numerical aperture objective lenses that also carry

a high dispersion. Right now, the relatively low numerical aperture and off-axis aberrations of

the aspheres have limited our ability to image in complex samples, and the long working distance

makes thin samples such as two-dimensional materials challenging to image. Future advances will

explore additional strategies to simplify the imaging approach.

Supporting Information: details on the dispersion compensation required for driving ϕ-ISRS,

additional experimental concept and setup diagrams to provide further understanding of ϕ-ISRS,

details of the rapid delay line used for pump-probe scanning during image acquisition.
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4.6 ϕ-ISRS Experimental System

The experimental layout for the system is provided in Fig. 4.5. The key to a robust ϕ-ISRS

imaging is the production of common-path probe and reference pulses. [17, 46,47] This pulse pair

is generated in the experimental system that builds on a pump-probe experimental system using

a Mach-Zehnder interferometer. [43] In addition, because we are using an ISRS interaction with

broad-bandwidth ultrafast pulses, careful dispersion management is required. Pulses are gener-

ated in a Ti:sapphire laser (KM Labs Halcyon, ∼ 600 mW average power, ∼ 18 fs pulses, 94

MHz repetition rate). The output laser beam is collimated and then directed into a pulse shaper

constructed from a folded Martinez stretcher with a flat mirror and a transmission spatial light

modulator (SLM) placed at the focal plane of the lens (the Martinez Fourier plane). [51, 52] De-

tails of the pulse compression protocol can be found in the supplemental information in our recent

split-spectrum ISRS paper. [43]

After passing through the pulse shaper, the beam is split into pump and probe (reference) pulses

with a low-dispersion polarizing beam splitter (ATFilms, PBS1005-GVD). The relative power in

the two arms is controlled by a half-wave plate placed before the beam splitter. An acousto-optic

modulator (AOM) crystal resides in each arm of the pump-probe interferometer. In the pump arm,

the pump pulse is passed through an AOM that imparts a sinusoidal intensity modulation onto

the pump pulse train for lock-in detection. The pump pulses are modulated at several MHZ to

allow for detection of the signal through lock-in detection at an offset frequency where intensity

noise fluctuations from the laser are low. The AOM in probe arm is left passive and is required

to balance the spectral dispersion in the two interferometer arms. The pump and probe pulses

are recombined with a second low-dispersion polarizing beam splitter. A reflective optical delay

line in the pump pulse arm is used to control the relative arrival time, τ , of the pump and probe

pulses. The pump-probe delay is rapidly scanned with a resonant scanner delay line (Peregrine,

Mesa Photonics) that is capable of performing 20 ps delay scans at 60 Hz. The full delay is

scanned with a triangle pattern that produces full ϕ-ISRS signal traces at a rate of 120 Hz. A

full Raman spectrum is obtained in ∼8.3 ms. The Raman spectrum is obtained from the temporal
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trace by either estimating the spectrum of the temporal trace with a fast Fourier transform through

linear prediction singular value decomposition. [19, 49, 53] Defining a signal to noise ratio (SNR)

metric that accurately captures the details of the data in the frequency domain is difficult. Because

our interest is ultimately in the ability to resolve Raman vibrational modes, the SNR metric uses

the root mean square value of the power spectral density for each BGO vibrational mode as the

“signal”. For the noise metric, a high frequency region > 600 cm−1, that is known to be devoid

of any spectral information, was selected and the root mean square (RMS) noise is computed for

a suitable spectral interval to estimate the noise level. The SNR values quoted in the paper are

from the ratio of the RMS value of a given Raman vibrational mode to the RMS value of the

well-separate high-frequency spectral region.

To enable ϕ-ISRS detection, the probe pulses are temporally split into a pair of orthogonally-

polarized probe and reference pulses. The probe and reference pulses are created by sending the

linearly polarized probe pulse into the birefringent crystal (10mm thick calcite, Newlight Photon-

ics) with the crystal rotated so that the axis of the linear polarization of the probe pulse is at 45

degrees with respect to the eigen-polarization axes of the ordinary and extraordinary polarization

directions. [17, 19, 20, 24, 46–48, 52] The group velocity of the pulses that are projected onto the

ordinary and extraordinary polarization directions differ, leading time delay accumulated through

propagation through the uniaxial birefringent crystal. The rotation angle of the optical axis of the

crystal can be adjusted to fine-tune the relative delay and the relative phase between the probe and

reference pulses. Then the probe-reference pair is combined with the pump pulse in the polarizing

beam splitter, the pulses are projected on the same linear polarization with equal amplitude. The

pump pulse is orthogonally polarized to the probe-reference pair. An identical birefringent crystal

is placed in pump arm to mach the dispersion between the arms.

The combined and orthogonally polarized pump and probe-reference pulses are focused into

the with a low-dispersion aspheric lens (40x/0.6 NA, Newport). Typical pump/probe powers at

the focus are ppu = 38 mW, ppr = 19.5 mW, and pref = 19.5 mW. After passing through

the sample, the beams are collimated with a matching asphere. Once the probe-reference pulse
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Figure 4.5: Experimental layout. a) Pump-probe experimental layout with an ultrafast pulse laser, and

ultrafast pulse shaper, and a orthogonal, linearly polarized Mach-Zehnder interferometer. b) Illustration of

the oriented uniaxial crystal that is used to produce a very stable probe-reference pulse pair from a single

probe pulse. The pulse pair never propagates in free space ans are only delayed by a few picoseconds. Thus,

the relative phase stability is extremely robust. c) When the pump pulse and probe-reference pulse pair are

recombined on the output polarizing beam splitter, the probe-reference pulses are projected onto the same

linear polarization direction that is perpendicular the the linearly polarized pump pulse direction. d) After

the probe and reference pulses are re-timed, we have a set of three pulses, where the middle pulse comes

from the interference of the probe and reference pulses and the two satellite pulses are the residual pulses

projected onto the analyzer polarization direction. e) A zoomed-in view of the probe pair overlap where the

temporal spacing has been exaggerated. The relative delay τpr is adjusted by manually tuning the azimuthal

angle of the calcite crystal used for recombining the probe pulses.
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pair is isolated with a polarizer, the time-delay is collapsed with a birefringent crystal oriented

in the opposite direction of the original probe-reference pulse pair generator. The relative delay

between the pulses is set to zero by adjusting the crystal angle to tune the relative delay to zero.

The crystal angle is fine-tuned to adjust the relative phase so to π/2 or −π/2 to provide optimal

sensitivity to the small phase shift accumulated by the probe pulse. After passing through an

analyzing polarizer, the pulses interfere and convert the phase shift accumulated by the probe pulse

to an amplitude modulation of the pulse interference. Note that because the probe and reference

pulses were polarized along the same direction, each pulse is projected onto the ordinary and

extraordinary polarization directions, so that half of the field amplitude for each pulse is further

delayed in time. This is illustrated in Fig. 4.5d). The ϕ-ISRS signal is detected by an amplified

photodiode (Thorlabs, PDA36A2) that is directed into a lock-in amplifier (Zurich Instruments,

HF2LI).
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Figure 4.6: a) Three zones of probe-reference pulse delays pump probe interferometry. In zone I, the probe

and the reference pulses arrive before the pump pulse. Thus the probe and reference beams experience

the same thermal equilibrium phase, so there is zero phase difference between these pulses, and thus no

signal. In zone II, the reference pulse arrives before the pump pulse. Next the pump pulse arrives and

excites the Raman vibrational coherence that are probed by the probe pulse. Thus, the phase difference

that produces the signal is from non-equilibrium phase perturbation induced by the pump pulse. Finally,

in zone III, both the reference pulse and the probe pulse arrive after the pump pulse. The phase difference

depends on the difference in the non-equilibrium phase probed by reference and probe pulses. b) The power

spectrum estimated from Zone II gives the Raman spectrum. The upper power spectrum was determined

using a multi-taper spectral decomposition in Matlab while the lower power spectrum was obtained using

LPSVD. The probe and reference pulses are linearly polarized along the same direction and perpendicular

to the linear pump polarization. c) Illustrates Zone I where both probe and reference pulses arrive before the

pump pulse. d) Illustrates Zone II where the pump pulse arrives in-between the probe and reference pulses.

e) Illustrates Zone IIII where the probe and references pulses arrive after the pump pulse.
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Chapter 5

Radio Frequency Doppler Raman

Optical microscopy is a key tool in many applications, and is particularly valuable in biology

where the fate and interaction of specific biomolecules must be tracked to understand processes

that control the behavior of cells, tissues, and organisms. Fluorescent microscopic imaging using

molecule-specific tags enables an astonishing range of biomedical studies [32]. However, many

fluorescent tags are large compared to their target molecules and will modify diffusion proper-

ties and binding interactions with other molecules. Fluorescent probes face other issues such as

photobleaching and technical difficulties in delivering tags to target molecules. Challenges faced

by labeling and fluorescent molecule stability have stimulated intense development of label-free

molecular imaging techniques [12] 3.

Other optical interactions have long been pursued for imaging the behavior of biological molecules.

Of particular interest is Raman spectroscopy, which distinguishes molecules based on the in-

tramolecular vibrational frequencies in the spectrum of inelastic light scattering from molecules

in the specimen. Raman scattering is generally safe for biomedical imaging, as the visible or

near infrared light used for measurements is non-ionizing, though low-level multiphoton ioniza-

tion imposes an upper limit on optical peak intensity [54] and therefore limits sensitivity to low-

concentration analytes. Use of visible and NIR light also enables excellent spatial resolution with

Raman microscopy due to the short light wavelength and the abundance of high-quality microscope

objectives.

Conventional Raman microscopy based on spontaneous Raman scattering has been widely

used for cellular, tissue, in vivo, and plant imaging [2, 3]. However, spontaneous Raman faces

severe limitations. Light interacts weakly with Raman vibrations, which is represented by the

small Raman cross section per molecule – on the order of σR ≈ 10−30 cm2. This weak cross

3This chapter has been adapted from "Phase noise limited frequency shift impulsive raman spectroscopy". APL Pho-

tonics, 6(2):026107, 202, with the permission of AIP Publishing.
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Figure 5.1: (a) A short laser pump pulse excited coherent vibrational motion leading to a time-varying

perturbation of the optical susceptibility δχ(1)(t; τ) ≈ 2nprδn(t; τ), where npr is the refractive index expe-

rienced by the probe pulse at equilibrium. A time-delayed probe pulse arriving at a delay τ after the pump

pulse experiences a time-varying linear phase modulation of ϕmod(t; τ) ≈ kpr δn(t; τ)ℓf . (b) The centroid

of the power spectrum of the probe pulse train is shifted by an amount given by the local slope of the accu-

mulated phase modulation δω(τ) ∝ −∂ϕmod/∂t at the pump-probe pulse delay τ .

section translates into low scattering rates. For example, illumination of a molecule with a 1

Watt light beam focused to a diameter of 150µm leads to less than one photon scattered by the

spontaneous Raman process every hour. A Raman microscope with a high numerical aperture (NA)

objective produces an intense focus that increases the illumination flux in a diffraction-limited

focal spot, thereby increasing the rate of Raman scattered photons measured from that volume.

Still, since the focused intensity must be kept below the damage threshold, integration times of

seconds to minutes are necessary to acquire Raman images. In addition, Raman spectra are usually

contaminated by fluorescence emission, which further limits the ability to extract signals above

the noise level. Fluorescent background interference is particularly problematic when studying

plant-derived specimens [2].These challenges prevent the observation of many molecules with

spontaneous Raman techniques.

The limitations of spontaneous Raman scattering motivated the development of other Raman

spectroscopy techniques. Resonant Raman scattering can probe Raman spectra of weak and low

concentration molecules but employs UV light that can be toxic to cells, and the signal-to-noise

ratio (SNR) is still limited by the fluorescent background. Large enhancements from surface en-
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hanced Raman scattering (SERS) based on field enhancements near the surface of structured metals

enables single molecule detection of Raman scattering [55]. Unfortunately, applications of SERS

methods are quite limited because analyte molecules must be less than a wavelength away from

the metal surface.

Coherent Raman scattering (CRS) microscopy provides a substantial increase in the rate of the

scattering of incident light from the Raman interaction by coherently driving vibrational motion in

a stimulated Raman process [56]. By sending in pump and Stokes light fields that are separated by

a frequency of a target Raman vibration, the beat frequency of the fields drives strong vibrations

in the molecule, producing an amplitude significantly larger than thermally excited vibrations.

CRS scattering rates are orders of magnitude higher than spontaneous Raman scattering rates.

Efficiently driving CRS processes often requires phase matching, which dissuaded early efforts

at CRS microscopy [56]. After the demonstration that phase matching automatically occurs in

the focus of a high NA objective [57], CRS microscope technology has flourished [11]. A set

of powerful label-free imaging methods with excellent chemical specificity have emerged. Large

pump and Stokes field intensities boost the CRS SNR in the recorded image [11]. This SNR

enhancement permits low pixel integration times – thereby enabling high-speed dynamic chemical

imaging that has opened new applications.

However, the weak intrinsic scattering rate of Raman vibrations still prevents Raman spec-

troscopy and imaging in low concentration scenarios. While CRS signal strength can be increased

with high intensity pump and Stokes fields, damage from the intense lasers prevents further scaling

of the intensity [58]. Biological applications of CRS have mostly been limited to lipids, proteins

(amide band), and DNA because these are the materials with the highest concentrations in cells.

Molecules with low Raman scattering cross sections and concentrations fall below the limit of

detection for CRS microscopy and cannot be observed. Many important biologically relevant

molecules fall into this category, such as cytochromes, metabolites, and neurotransmitters.

Resonant Raman scattering is able to probe Raman spectra of weak and low concentration

molecules, but employs UV light that can be toxic to cells, and the SNR is still limited by the fluo-
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rescent background. Large enhancements from surface enhanced Raman scattering (SERS) based

on field enhancements near the surface of structured metals enables single molecule detection of

Raman scattering [55]. Unfortunately, applications of SERS methods are quite limited because

analyte molecules must be in close proximity to the metal surface.

We demonstrate a new technique for measuring stimulated Raman spectroscopy whereby the

amplitude of a coherently stimulated Raman signal is increased by an independent optical system.

Our approach is based on impulsive stimulated Raman scattering (ISRS), in which a short pump

pulse, with a duration τpu, efficiently excites coherent molecular vibrations in Raman-active modes

with vibrational periods, Tv = 2π/Ωv, that are longer than the pulse duration [59]. After the

arrival of the pump pulse at τ = 0, the impulsively excited coherent molecular vibrations produce

a time-varying perturbation to the effective linear optical susceptibility, δχ(1)(t; τ). The Raman

vibrational coherence can be probed by measuring the transient change in optical susceptibility

with a time-delayed probe pulse. Several techniques for measuring the coherent Raman spectrum

based on the time-varying perturbation in refractive index (RI) have been established. ISRS spectra

have been detected through Kerr lensing [21], diffraction [59], an accumulated phase shift [17–20,

44, 50], or a shift in the center frequency of the probe pulse spectrum [24, 60], i.e., a coherent

Raman response-induced Doppler shift of the probe pulse spectrum, as illustrated in Fig. (5.1).

When τpr is long compared to the vibrational period, the periodic phase modulation accu-

mulated by the pulse produces equal-amplitude Stokes and anti-Stokes sidebands on the probe

pulse spectrum [50, 61]. A number of methods have been adopted to measure the Raman spec-

trum by recording pump-probe delay traces of the power transmitted through a spectral filter

[16, 24, 30, 41, 62] or through subsequent nonlinear signal generation [63, 64]. In particular, the

method of recording the Raman spectrum with probe pulse transmission through a spectral filter

is routinely used for measuring low-frequency optical phonon vibrational spectra [41]. The phase

shifting, frequency shifting, and nonlinear frequency conversion methods are all time-domain Ra-

man techniques, so that the complex Raman spectrum is obtained by Fourier transforming the

recorded probe pulse signal. All these previous methods convert the change in RI or the frequency

69



shift to a change in optical power that is detected to record a Raman spectrum. As a result, all

these measurements are limited by noise in light power detection. RFDR spectroscopy allows us

to break free of this limitation in detecting Raman vibrational coherence-mediated Doppler shifts,

opening the potential for much more sensitive Raman spectroscopy detection.

5.1 Radio frequency Doppler Raman (RFDR) spectroscopy

A quantitative understanding of RFDR spectroscopy requires a model for the excited, time-

varying optical susceptibility and subsequent probe pulse interaction. For a single vibrational mode

with frequency Ωv, the time-varying optical susceptibility takes the form [20, 65] δχ(1)(t; τ) =

δχ
(1)
0 Fv(t−τ), where δχ

(1)
0 is the peak change in susceptibility , Fv(t) = Θ(t) exp(−Γvt) sin(Ωvt+

ϕv), Γv is the linewidth of the vibrational resonance, ϕv is a phase shift imposed by ISRS, and Θ(t)

is the Heaviside step function that enforces causality. The expression for the optical susceptibility

perturbation assumes a laser pulse with a peak pump pulse intensity, I0,pu, and a pulse duration,

τpu, shorter than the excited vibrational modes.

Raman spectra are acquired following ISRS by the pump pulse by scanning the arrival time,

τ , of a probe pulse. The probe pulse propagating through the Raman-excited medium at a delay

time τ accumulates a phase shift given by δϕ(τ) = δϕ0Fv(τ), where the peak phase shift, δϕ0 =

kpr ℓf δn(0; τ), imparted onto the probe pulse for the Gaussian pump pulse model reads [65]

δϕ0 = − 2

Ω̃vfR
βISRE g Im{χ(3)(Ωv)} ppu (5.1)

with pump probe beam focusing conditions given by

g =
6π

npu npr Af c ϵ0

(
ℓf
λpr

)
(5.2)

Here Ω̃v =
√

Ω2
v − Γ2

v is the reduced vibrational frequency, χ(3)(Ωv) is the third order non-

linear susceptibility evaluated at the resonance frequency of the molecular vibration, βISRS =

Ω̃vΓv exp[−(Ωvτpu/2)
2] is the ISRS parameter, and fR = 1/TR is the repetition rate of the pump

70



and probe pulse trains. We have denoted the pump pulse train average power, interaction length of

the focused probe beam, cross sectional focal beam area, and pump pulse refractive index as ppu,

ℓf , Af , and npu, respectively, and npr and λpr are the refractive index and the center wavelength

of the incident probe pulse. Near the center of the probe pulse at a delay (t − τ), there is a linear

phase ramp that imparts a generalized Doppler frequency shift, moving the centroid of the optical

power spectrum by δω ≈ δω0 Gv(τ). The peak frequency shift is δω0 = δϕ0 Ωv and the delay de-

pendence of Gv(τ) ≈ exp(−Γvτ) cos(Ωvτ+ϕv) is used to obtain the time-domain Raman spectral

signal [1, 25].

To motivate the need for small frequency shift detection, we note that the Doppler frequency

shifts due to ISRS increase in direct proportion to the third-order Raman susceptibility, δω0 ∝

Im[χ(3)(Ωv)]. The third-order optical susceptibility scales with the number density of molecules,

N , as χ(3)(Ωv) = N ⟨γ(3)(Ωv)⟩/ϵ0. Here ϵ0 is the dielectric permittivity of free vacuum and

⟨γ(3)(Ωv)⟩ is the orientational averaged second hyperpolarizability at the resonant vibrational fre-

quency [17, 66]. The second hyperpolarizability γ(3)(∆Ω) = γ
(3)
NR + γ

(3)
VR fv(∆Ω) exhibits a non-

resonant electronic contribution to the second hyperpolarizability γ
(3)
NR and a vibrational Raman re-

sponse with an amplitude γ
(3)
VR(Ωv) = −(12 iΓv Ωv)/(∂α/∂Qv)0 at resonant vibrational frequency,

Ωv, and a resonant spectral response of fv(∆Ω) = −2 iΓv Ωv/(Ω
2
v −∆Ω2 + 2 iΓv∆Ω) [13]. The

magnitude of the Raman response is characterized by the derived polarizability, (∂α/∂Qv)0, of a

vibrational mode. From the model, it is clear that the frequency shifts (δω) are linearly propor-

tional to the molecular concentration. To reach improved Raman detection sensitivity, we leverage

advances in the measurement of timing jitter from precision optical metrology [67, 68] to detect

small ISRS-induced Doppler frequency shifts on the probe spectrum by converting kilohertz opti-

cal frequency shifts into nanosecond-scale pulse timing shifts through a dispersive element [69].

To apply precision metrology methods to ISRS detection, we convert the optical Doppler fre-

quency shift imparted to the probe pulse train, (δω), into a time shift using the technique illustrated

in Fig. (5.2). We pass the probe pulse train that has accumulated a frequency shift (δω) through an

optically dispersive system with a group delay τg that can be approximated as τg ≈ τg0 + φ2 δω,
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Figure 5.2: (a) A dispersive optical system maps the frequency shift of the probe pulse to a change in transit

time through the optical fiber due to group delay dispersion GDD = φ2. The probe pulse optical pulse train

(b) accumulates a frequency shift (c) due to propagation through the vibrational coherence prepared by the

pump pulse. (d) The frequency shift is converted to a change in time of flight through a length of multimode

fiber (MMF) whereupon a photodiode (f) converts the optical pulse train to an electronic pulse train. The

mth harmonic of the pulse repetition frequency (e) is isolated electronically and a phase detector is used to

record the RF phase shift (g), which is the measurement of the Raman excitation.

where φ2 is the group delay dispersion (GDD) and τg0 is the transit time through the dispersive

optical system for probe pulses at the original center frequency ω0. A change in the center fre-

quency of the probe pulse is thus converted into a change in transit time through the dispersive

optical system, ∆τ = τg − τg0 = φ2 δω. In RFDR, the energy of the pump pulse is sinusoidally

modulated with an acousto-optic modulator (AOM) at a frequency fm, which also modulates the

pump-induced Doppler frequency shift. After passing through the dispersive system, the Doppler

frequency shift is encoded in the probe pulse train as a sinusoidal timing jitter. The pulse train

field is modeled as Ẽpr(t) =
∑

Epr(t − j TR − ∆τ sin(fm t) + δτ). Here TR is the laser pulse

spacing and δτ is a random variable denoting the laser oscillator pulse train timing jitter. The rms

timing jitter noise, δτrms =
√∫ f2

f1
Sδτ (f) df , depends on the timing jitter power spectral density

(PSD), Sδτ , integrated over the detection bandwidth, ∆f = f2 − f1. The timing jitter noise sets

the limit on how small of an RFDR-induced timing jitter can be detected, from which we define

SNR = ∆τ/δτrms. By inducing a periodic RFDR-induced timing jitter, the RFDR signal can be

detected with high sensitivity using a lock-in amplifier at large offset frequencies that exhibit low

noise using a system adapted from methods for precision timing jitter noise characterization [67].

The induced sinusoidal probe pulse timing jitter is detected by an RF phase shift of a harmonic of

the pulsed electronic signal that is produced in a photodiode (PD) [70].
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Whereas RFDR records Raman spectra through measuring timing jitter, other CRS methods

record Raman spectra by detecting a change in optical probe power relative to the average probe

pulse power. Both methods are subject to shot noise, but with distinct scaling characteristics.

The SNR of CRS, including stimulated Raman scattering (SRS) and RFDR, scales as SNR =

ρj g ppu Im
[
χ(3)
]√

∆t. For an equivalent optical experimental setup, differences in detection

sensitivity arise from the term ρj . The shot noise in SRS and spectral filter detection of ISRS

scales as ρSRS ∝ √
ppr, whereas shot noise in RFDR scales linearly in power, ρRFDR ∝ ppr

because the relevant shot noise in the RF signal used for timing jitter detection is determined by

the RF signal power. Thus, RFDR offers a favorable SNR scaling that outperforms SRS.

SRS is also subject to laser relative intensity noise (RIN), and for a large enough probe pulse

average power the SRS noise is proportional to ρRIN ∝
√
2 β 10−

σRIN
20 , however, RIN can be

mitigated by balanced detection strategies. RFDR is not susceptible to RIN fluctuations to first

order because the Raman spectroscopy information is encoded in the arrival time of pulses in the

pulse train, rather than in power fluctuations as with SRS. In this first demonstration of RFDR,

the timing jitter is limited by shot noise that appears in the electronic RF phase detection. The

sensitivity of RFDR is ultimately limited by the mode-locked oscillator timing jitter noise, which

is significantly lower than the timing jitter noise imposed by electronic RF phase detection.

5.2 Methods

The Raman signal is transformed from a generalized Doppler frequency shift of the probe

pulse that arises from ISRS-induced time-dependent effective optical susceptibility perturbation.

A dispersive element converts this generalized Doppler shift into an ISRS-induced timing jitter on

the probe pulse train. The DR timing jitter is extracted using direct electronic detection by com-

paring the RF probe signal phase to a reference RF signal phase obtained from a reference pulse

train [67]. A schematic of the RFDR experimental system is shown in Fig. (5.3). Pulses from

a mode-locked Ti:sapphire laser (KM Labs) are sent through an ultrafast pulse shaper to ensure

the delivery of transform-limited pulses in the experiment. The pulses exiting the shaper are di-
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rected into a polarization-based Mach-Zehnder interferometer with a scanning mirror delay line

to produce pump and probe pulses with controllable relative pump-probe delay τ . The intensity

of the pump pulse train is modulated with an acousto-optic modulator (AOM, Brimrose) at the

modulation frequency fm. The pump and probe pulses are recombined with orthogonal linear po-

larizations using a polarizing beam splitter (ATF, PBS1005-GVD). The pump-probe pulse pair is

focused into a cuvette with an aspheric lens (Newport New Focus. The pump and probe pulses

are compressed to the transform limit by optimizing the intensity of two-photon absorption fluo-

rescent emission from a bath of yellow highlighter ink diluted in water and placed in the cuvette.

The pulses are recollimated with a matched aspheric lens, then passed through a polarizer to reject

the pump pulses. The probe pulse train is coupled into a gradient index MMF (Thorlabs, GIF625)

with fiber length Lfiber with ≈ 35% coupling efficiency and is detected with a fiber-coupled PD

(Thorlabs, DET02AFC) on the distal end of the fiber. The recorded RFDR signal results from

detection of modulations to the probe pulse timing delay created by the DR frequency shift-to-

timing delay converter (dispersive system). Electronic-based timing jitter measurements work by

carefully conditioning two RF signals to implement a RF double balanced mixer as a RF phase

detector. A RF double balanced mixer can be operated as a phase detector when two RF signals

of the same frequency are injected into the mixer with sufficient RF power to drive the mixer into

saturation. RF phase detection is accomplished by measuring the relative RF phase shift between

the probe-generated RF signal with Raman vibrational coherence-induced timing jitter and a sta-

ble RF reference local oscillator (LO). To create an appropriate RF signal for phase detection, the

mth harmonic of the laser oscillator repetition rate (fR) is isolated by passing the electronic signal

generated by the PD through a high-quality RF bandpass filter centered at a frequency νm = mfR.

The RF local oscillator (LO) is derived from a small portion of light from the laser that is detected

with a matched PD, filtered, amplified (Holzworth, HX2400 ), and then injected into the LO port

of the mixer (Minicircuits, ZX05-1MHW-S+). To ensure the mixer operates as a phase detector,

the filtered RF harmonic power is tuned with an adjustable RF attenuator and low phase noise

amplifiers.

74



Figure 5.3: Experimental setup for RFDR spectroscopy.

To first order, the saturated RF mixer (phase detector) reduces RF amplitude fluctuations, which

rejects RIN. While no RF phase detector is ideal, modern phase detectors perform exceptionally

well in this regard, exhibiting very low amplitude-to-phase noise conversion. In addition, the RIN

incident on each PD in the RFDR experiment will lead to fluctuations in the photocurrent that are

correlated between each detector. Thus, any residual RIN noise will be cancelled in the phase

detector. To ensure maximum phase-to-voltage sensitivity, a passive RF phase shifter is used to

adjust the input RF and LO signals to be in quadrature. The intermediate frequency (IF) output of

the mixer is low-pass filtered, preamplified, and connected to a lock-in amplifier.

To record Raman spectra, data reporting the amplitude of the modulation of the RF phase shift

imparted by the modulated pump pulse energy that varied the excitation strength of the vibrational

coherence are directly acquired from the lock-in amplifier (Zurich Instruments) as a function of

pump-probe delay. At a fixed pump-probe time delay, τ , the time-varying strength of the excited

vibrations caused a time-varying center frequency shift, and thus a time-varying change in the tran-

sit time of the probe pulse train through the optical fiber, which is finally reflected as a sinusoidal

modulation of the RF harmonic phase.
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5.3 Results

The electronic RF phase measurement of the DR-induced timing jitter detected at the mth har-

monic of the laser repetition rate frequency, fR, introduces several noise sources that degrade the

minimum detectable timing jitter value [70]. Through careful choices of RF electronic compo-

nents, we operate at the RF phase noise detection limit set by the photodetection process. The

lowest measurable timing jitter PSD, Sδτ , with electronic phase noise detection is set by the shot

noise-induced RF phase noise that is determined by the average RF power generated in the PD by

the probe pulse. With a given probe pulse-generated RF power, pRF, at the frequency mfR, the

timing jitter PSD is given by Sδτ = hν/2 pRF (πmfR)
2
. Here h is Planck’s constant and ν is the

center optical frequency. As the dispersion (parameterized by φ2) of the frequency-to-time delay

converter is increased to increase the RFDR signal, the increased probe pulse duration produces

a nonlinear drop in RF power with increasing harmonic order m. As a result, the shot noise, and

commensurately Sδτ , increases nonlinearly with increasing harmonic order. Thus, even though

the RF phase shift (δϕRF) scales linearly with harmonic order m, δϕRF = 2πfRmφ2δω, there is

diminishing returns in terms of SNR when moving to high harmonics because the phase shot noise

level rises nonlinearly while the signal is increasing linearly, provided that we operate at the shot

noise limit.

The 500 m segment of MMF used for most measurements imparted a GDD of φ2 = 22.5 ps2

onto the probe pulses. This value of φ2 produces a frequency shift to transit delay mapping of

∆τ = 0.14 fs/MHz. The minimum detectable frequency shift, δνmin, and thus the minimum

detectable molecular concentration, is computed by setting the SNR to unity, giving δνmin =
√

Sδτ (fm)/2φ2

√
2∆t. Here, we assume that the timing jitter noise PSD, Sδτ , is approximately

constant across the detector bandwidth ∆f = 1/(2∆t), which is characterized by the integration

time ∆t for the offset frequencies centered at the AOM modulation frequency (fm) imparted onto

the pump pulse train. The first and second harmonics performed similarly, and most measurements

were recorded at m = 2. The minimum detectable frequency shift for our experimental scenario is

δνmin = 1.2 MHz s0.5/
√
∆t. In our experiments we find that, averaging over 7 scans, we measure
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a minimum frequency shift of δνmin = 9.08 MHz compared to the estimated minimum value of

8.54 MHz determined by the shot noise floor – demonstrating operation of RFDR spectroscopy

within 6% of the shot noise limit for electronic RF phase noise detection.

Fig. (5.4) shows a typical time-resolved response recorded with RFDR for dimethyl sulfoxide

(DMSO). Raman spectra are recovered from the time-resolved Raman response by estimating the

signal power spectrum using multitaper PSD estimation or using linear prediction singular value

decomposition (LPSVD); the power spectrum is shown in the inset of Fig. (5.4). The excep-

tional dynamic range of the RFDR system is demonstrated in the system’s ability to resolve the

large cross phase modulation signal at τ = 0 while the upper inset shows the exponentially de-

caying Raman response of the sample and the lower inset shows the measured Raman spectrum of

dimethyl sulfoxide (DMSO). The cross-phase modulation peak to the system noise floor represents

a dynamic range of more than 5 orders of magnitude.

Figure 5.4: Time Resolved signal from 200mM DMSO. The large cross phase modulation peak is visible

with the Raman response (upper inset), highlighting the dynamic range of the measurement system. The

Raman spectrum recovered using multitaper PSD estimation (time-half bandwidth product, TW = 2.25,

samples N = 2114, and 3.5 Slepian tapers) is shown in the lower inset.
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The detected RF phase shift signal in RFDR is given by the simple formula,

δϕRF = 2πfrmφ2δω, that shows the signal is linearly proportional to the detected phase shift with

harmonic order m and the GDD (φ2). We confirmed the linear scaling of with these quantities

experimentally. The RF phase measurements also depend on the parameters of the RF mixer used

as a phase detector and details of the RF power levels used to saturate the mixers. Linearity of the

scaling with harmonic order was verified by operating with a single mixer with carefully adjusted

RF power levels to ensure similar mixer saturation conditions across harmonics. Furthermore,

the optical Doppler frequency shift, δω ∝ [C], is expected to scale linearly with the molecular

concentration, [C]. The expected linearity of the scaling of the RFDR spectroscopy signal with

concentration is shown in Fig. (5.5 a). To establish the sensitivity limit of the current RFDR spec-

troscopy system, concentration studies with DMSO were performed. DMSO was selected because

it is easily diluted with deionized (DI) water, which lacks a detectable Raman response with RFDR

spectroscopy. A series of dilutions were prepared using neat DMSO and DI water to obtain DMSO

concentrations from 200 mM to 0.5 mM. A flow-through quartz cuvette was mounted in the spec-

imen plane of the spectroscope. A syringe with 15 mL of DMSO solution was flushed through the

flow-through cuvette hosing lines, filling the cuvette with the solution. Data was recorded before

repeating the solution flushing three times for each concentration. The syringe volume was suffi-

cient to fully flush the previous solution from the flow-through cuvette before each data run. 15

mL of DI water was plunged through the cuvette between each concentration to prevent contami-

nation from prior solutions. Further, the concentration study started from the lowest concentration

(0.5 mM) to further mitigate the potential of contamination from prior solutions. The pump and

probe powers for the concentration study were 80 mW and 49 mW respectively. The time-resolved

data was processed using LPSVD to recover the peak amplitude for the 667cm−1 mode of DMSO.

The rms noise floor shown with the dashed line in Fig. (5.5 a) was measured by performing a

data run with DI water in a flow-through cuvette, and these values are consistent with independent

measurements of the shot noise limited timing jitter noise shown in the Supplemental Information.

Fig. (5.5 b) shows LPSVD-derived Raman spectra for a concentration study with the metabolite
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flavin adenine dinucleotide (FAD). Raman spectra for several metabolites, which have relatively

weak Raman cross sections, are shown in Fig. (5.6) and show excellent agreement with Raman

spectral peaks previously reported in the literature [71–77], which are marked with an asterisk.

Figure 5.5: (a) Scaling of the RFDR signal strength of the 667 cm−1 mode of DMSO with concentration.

The dashed line represents the current system noise floor. (b) Flavin adenine dinucleotide (FAD) spectra are

shown as a function of concentration.

RFDR spectroscopy was used to observe differences in redox states of the biologically sig-

nificant molecule nicotinamide adenine dinucleotide (NAD+) prepared in DI water. In Fig. (5.7

a) significant differences in the spectra are seen, particularly the presence of the 1038cm−1 mode

with (NAD+). This result agrees well with previous studies [74]. Fig. (5.7 b) shows RFDR spectra

from 2mM cytochrome c in phosphate buffered saline (PBS) where peaks that agree with previ-

ous literature have been marked [78]. Fig. (5.7 c) shows the spontaneous Raman spectrum from

the same cytochrome c sample. The spontaneous Raman spectrum was recorded using a home-

built spontaneous Raman microscope with pump wavelength λpump = 532 nm λpump = 785 nm.
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Figure 5.6: Time-resolved Raman spectra of biological molecules measured with RFDR spectroscopy.

Signals with linear prediction singular value decomposition (LPSVD) model estimates are shown at left. The

scale factors shown indicate by how much the time-resolved signal was scaled for plotting on a consistent

axis. Raman spectra reconstructed using LPSVD are shown at right where peaks corresponding to previously

reported literature values are marked. (a) 100mM flavin adenine dinucleotide (FAD) in PBS. (b) 100mM

adenosine triphosphate in DI water. (c) 100mM nicotinamide adenine dinucleotide (NADH) in PBS. (d)

0.5M L-alanine in PBS. (e) 1M L-cysteine in PBS.
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Figure 5.7: (a) DR spectra for NAD+ and its reduced form, NADH, are shown with a DI water background.

(b) DR spectra from 2mM cytochrome c in phosphate buffered saline (PBS). (c) Spontaneous Raman spec-

trum of 2mM cytochrome c in PBS.
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The spontaneous Raman spectrum is dominated by fluorescence background from the fluorescent

oxidized form of cytochrome c, masking any Raman peaks. RFDR spectroscopy is immune to

the fluorescence background that can be prohibitive with spontaneous Raman and similar to other

ISRS-based systems, RFDR readily detects low frequency Raman modes that can be difficult to

record with spontaneous Raman and other coherent Raman techniques. For this initial experimen-

tal implementation, acquisition speed is not representative of the ultimate potential because we

are using stepper motors to take a full time-domain pulse delay scan. With the current system, a

single 8 ps delay scan with full Raman vibrational information takes ≈ 1.8 s. The data presented

in the paper was taken with either 7 ps or 8 ps delay scans, corresponding to spectral resolutions of

4.77cm−1 and 4.17cm−1, respectively. There are straightforward paths to much faster acquisition

times with voice-coil based rapid scan delay lines capable of scanning 20 ps+ at 30 Hz [79].

5.4 Discussion

The motivation of RFDR spectroscopy is to boost the SNR of Raman spectroscopy measure-

ments to push to lower concentration detection limits and to detect molecules with very weak

Raman cross sections. RFDR spectroscopic detection offers a unique pathway for ultrasensitive

Raman detection because of two primary benefits. Firstly, the Raman signal is amplified in a dis-

persive medium when the small optical center frequency shift (δω) accumulated by a probe pulse

is converted into a timing shift (∆τ ) by the applied dispersion. By leveraging dispersion, the co-

herent Raman signal is optically amplified beyond the limits set by damage at the focus, where

other coherent Raman techniques are constrained. The second major advantage is more favorable

detection SNR compared to conventional methods as the conversion of the optical frequency shift

to a timing shift opens a new possibility for very low noise measurements because mode-locked

ultrafast oscillators display exceptionally low timing jitter noise. The noise floor (and thus min-

imum molecular concentration) for RFDR measurements is the mode-locked pulse train timing

jitter PSD, rather than the shot noise intensity and RIN that set the noise floor for all other CRS

methods, such as SRS [14] and spectral filter detection of ISRS. Extremely low molecular con-
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centration detection through RFDR spectroscopy is feasible because mode-locked laser oscillators

exhibit extraordinarily low levels of timing jitter, δτrms (and thus phase noise at harmonics of the

repetition rate of the laser).

To appreciate the advantage of the amplified time delay measurement of RFDR over con-

ventional measurements that detect CRS signals through a change in probe power, we consider

noise levels of various experimental systems. At the limiting value of GDD, where the probe

pulse temporal duration reaches the pulse train separation f−1
R , then φ2 = τ0/fR, and we reach

a maximum SNR = δωτ0
√
2∆t/fR

√
Sδτ (fm). Mode-locked oscillator timing jitter PSDs of

Sδτ ∼ 10−b fs2/Hz with b > 10 have been measured at offset frequencies > 1 MHz where the

timing jitter PSD can be approximated as constant over the detector integration bandwidth [67,80].

Under typical conditions, the equivalent RIN required, σRIN ≈ −200 dBc, is orders of magni-

tude lower than RIN levels of any laser source. Mode-locked lasers with high stability achieve

σRIN ≈ −150 dBc, which for an integration time of ∆t = 300 µs, conventional CRS methods

based on probe power pulse changes, such as SRS and spectral filter detection ISRS, are limited

to a concentration limit of detection of approximately [CCl4]min ≈ 5 mM. In contrast, RFDR

accesses the low timing jitter noise floor, and for the same integration time, concentrations below

µM may be accessible.

5.5 Conclusion

We have demonstrated a new concept for coherent Raman spectroscopy that optically ampli-

fies the Raman signal by converting the generalized Doppler Raman (DR) frequency shift into a

timing jitter modulation. The transformation of the Raman signal into a timing jitter allows access

to lower noise levels than is possible with the conventional optical power perturbation detection

techniques for CRS. While the measurements presented in this work are limited by the style of

electronic RF phase noise detection, this work demonstrates the potential of RFDR spectroscopy

for unprecedented low concentration Raman detection by exploiting the exceptionally low tim-

ing jitter of mode-locked ultrafast lasers. Improved RFDR phase detection methods will open the
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possibility unprecedented low molecule concentration detection without the need for local field en-

hancements. Moreover, RFDR spectroscopy, unlike spontaneous Raman, is not strongly impacted

by fluorescent emission and is thus useful for label-free spectroscopy in environments with high

levels of autofluorescence, such as plants. In this Article, we have shown the ability to record Ra-

man spectra from a range of molecular components, some of which are involved in plant metabolic

activity, and also demonstrated the ability to differentiate the redox state of NADH/NAD+ with

RFDR spectra.

5.6 Supplements

RFDR spectroscopy relies on the generalized Doppler frequency shift that arises from the

time-varying refractive index (RI), nmod(t), that is produced in a Raman-active medium by the

vibrational coherence that is prepared by a short pump pulse. The Doppler shift derives from a

time-dependent change in optical path length (OPL), OPL = n ℓ, the product of the RI, n, and the

propagation length, ℓ. Due to the time variation in OPL, the optical phase, ϕ(t) = k0 OPL(t), accu-

mulated by the propagating light is phase-modulated. Here k0 = ω0/c is the free space wavenum-

ber, ω0 is the optical frequency, and c is the speed of light. The time-varying phase modulation

leads to a change in the wave (here light) frequency, δω = −∂ϕ/∂t − ω0 = −k0 ∂OPL(t)/∂t.

There are two origins of this effect that follow from applying the chain rule to a time-derivative

of the time-varying OPL, ∂OPL(t)/∂t: 1) the conventional Doppler shift arising from the relative

motion of a source (either a primary source or scattered light) from n ∂ℓ/∂t and 2) the generalized

Doppler shift that results from a time-varying change in RI, ℓ ∂n/∂t. The generalized Doppler

shift was first observed and reported in the 1960s following deployment of communications satel-

lites. While the conventional Doppler shift was observed due to the orbital velocity of the satellite,

there was a persistent additional, and random, contribution to the Doppler shift that was observed.

This “extra” term in the Doppler shift arises from turbulent atmospheric fluctuations that lead to

a time-varying accumulated path length for the propagating pulses and is called the "generalized
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Doppler shift" [81–88], in this case of microwave radio pulses. Both of these Doppler shift terms

originate from a time-varying change in the optical path length.

The generalized Doppler shift that we exploit in this Article occurs due to the rapid change in

RI experienced by a probe pulse propagating in a medium at a pump-probe time delay, τ , following

the passage of a short pump pulse that has excited coherences of Raman vibrational modes (at delay

times shorter than the dephasing time scale). The generalized Doppler frequency shift imparted

to the probe pulse in the experiment depends on the arrival time of the probe pulse, τ , and takes

the form δω(τ) = −kpr ℓ ∂ δn(t; τ)/∂ t, where kpr = 2 π/λpr is the wavenumber of the probe

pulse, with λpr denoting the wavelength of the probe pulse center frequency. The RI perturbation

induced by ISRS takes the form δn(t; τ) ≈ 2δχ(t; τ)/2. In the case of RFDR, this generalized

Doppler shift is uniform for every pulse in the laser pulse train for equivalent ISRS conditions

because the molecular system relaxes back to thermal equilibrium between each pump pulse. The

modulation of the pump pulse energy makes the imparted Doppler Raman optical frequency shift

vary sinusoidally, permitting lock-in detection.

5.7 The Noise Floor for RFDR Spectroscopy

A comprehensive discussion of noise for RFDR spectroscopy is beyond the scope of this Ar-

ticle. However, we will discuss the primary conclusions that show the superior scaling of RFDR

spectroscopy SNR compared to other CRS methods that rely on measuring power fluctuations from

scattered optical power or changes in probe power. The two biggest sources of noise in mode-

locked ultrafast lasers are intensity fluctuations that vary slowly (compared to the pulse spacing)

called relative intensity noise (RIN), and noise in the relative arrival time of the pulses in the pulse

train, which is called timing jitter. In addition, all optical measurements are subject to counting

statistics, or shot noise. Coherent spectroscopes that detect a signal based on a change in the probe

pulse optical power are primarily subject to RIN and shot noise. By contrast RFDR detection is,

to first order, immune to RIN, but is limited by laser oscillator timing jitter and shot noise. We

consider the impact of these noise sources on CRS measurements. To compare similar coherent
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Raman measurements, we consider the SNR between different methods under identical experi-

mental conditions. The limit of detection for measurements occurs when the SNR reaches ∼ 1.

Noise depends on the detection bandwidth, or is inversely proportional to the integration time of

the measurement, ∆t and the nonlinear susceptibility, χ(3), so that we adopt the following notation

for the SNR given by

SNR = κ Im{χ(3)}
√
∆t. (5.3)

Here the parameter κ is determined by the experimental setup, including the particular type of

CRS spectroscopy, be it CARS, SRS, or RFDR, for example. We further note that each of these

methods depends on the average pump power, p1 and focusing conditions that are wrapped up in

the coefficient hCRS, leading to a coefficient ρ = κ/hCRS p1.

For the conventional intensity-based CRS measurements, we consider the two limiting cases

where RIN dominates, giving an SNR coefficient of ρRIN = βRIN 10−σRIN/20, where β is a coeffi-

cient that varies for each style of coherent Raman and depends on the coherent excitation process.

The SNR coefficient for shot noise is ρshot = βshot
√
p2, where p2 is the probe pulse average power.

The relative contribution of shot noise to the SNR decreases as the average probe power increases,

and at high enough power, the RIN dominates the SNR of the measurement. Note, however, that

since RIN is correlated in the signal measured by two independent detectors, RIN can be largely

suppressed by balanced optical detection [89]. A typical RIN value of σRIN = −150 dBc leads to

a value of ρRIN = 1.4 × 1012, whereas at an average probe power of 10 mW, the SNR parameter

for shot noise is ρshot = 5.6× 1012, and is still the dominant noise process under these conditions.

In the RFDR experiments, the intrinsic rms timing jitter from the laser pulse train near the lock-

in amplifier modulation frequency is much lower than the rms timing jitter from the phase noise

introduced by shot noise in the optical detector. The shot noise-limited RF phase noise PSD scales

with the RF signal power, rather than the the average power of the probe pulse beam. This leads to

a SNR coefficient that scales linearly with the average probe pulse power, with a expression giving

ρRFDR = βRFDRp2. This is in stark contrast to the scaling of
√
p2 for shot noise of measurements
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of changes in optical power incident on the photodiode. For our experimental configuration with

10 mW of probe average power, the SNR parameter is ρRFDR = 6.8× 1013, or roughly 10× higher

than for SRS. The saturation power of our high-speed photodiodes is 10 mW, whereas by contrast

SRS experiments use detectors with saturation powers exceeding 20 mW [89]. Implementation of

higher saturation power detectors for RFDR will further improve detection sensitivity by lowering

the shot noise-limited phase noise.

We note that many groups have demonstrated shot noise detection with SRS. The shot noise

detection for RFDR is not equivalent to what has been performed with SRS. Here, we demonstrate

shot noise-limited phase noise detection for RFDR. In fact, we show that RFDR can perform

better than SRS at the shot noise limit. The difference between the two arises from the fact that

the signals are different in each case, i.e., a change in probe average power is detected in SRS,

whereas a change in arrival time (measured as an RF phase) is detected in RFDR. In the case of

RFDR, the timing delay (and thus RF phase) can be amplified by a dispersive system, independent

of the sample, whereas this is not possible with SRS.

Using the RFDR dispersive system the ISRS-induced optical frequency shift is transformed

into a quantity that can be measured with more precision, namely a timing jitter on the probe pulse

train. In fact, mode-locked ultrafast lasers can exhibit extremely low timing jitter, well below

the level that can routinely be detected with the purely electronic RF phase detection strategy

outlined here. The timing jitter PSD in the neighborhood of some offset frequency from the AOM

modulation, fm, can be written in the form Sδτ = 10−b fs2/Hz. Assuming that the timing jitter

PSD dominates the noise in the measurement (i.e. surpassing the electronic RF phase limits), the

SNR parameter reads ρlim =
√
2 βlim 10b/2 fs−1. In SI units, for the experimental conditions in this

Article, we obtain a value of ρlim ≈ 8 × 1016, or more than three orders of magnitude higher than

the shot noise limit for SRS. Thus, the RFDR strategy of converting an optical frequency shift into

a timing delay has the potential to scale in sensitivity by several more orders of magnitude.
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5.8 Verification of RFDR Shot Noise-Limited Timing Jitter

Figure (5.8) shows timing jitter PSDs of the RFDR system for the first three RF harmonics from

offset frequencies, foff , of 500kHz to 10MHz. The dashed lines shown for each of the harmonics

represent the shot noise-limited timing jitter PSD expected based on the RF power generated by

the PD.

To measure the timing jitter PSD of the RFDR system, first the sample cuvette was removed

from the spectroscopic system. The RF signals were carefully conditioned for RF phase detection

as discussed in the manuscript. With no Raman-active sample in the spectroscope, the output of

the RF frequency mixer/phase detector determines the RFDR experimental system noise floor. To

measure the phase noise PSD, the phase detector output is low-pass filtered, preamplified, and

then connected to a spectrum analyzer (Signal Hound). The noise PSD measured by the spectrum

analyzer can be converted to single sideband phase noise using the conversion factor, Kφ, specific

to the RF mixer being used. The conversion factor of the mixer/phase detector was measured using

the well-known beat-note method.

Once the single sideband phase noise, Sδφ, has been measured, it is straightforward to convert

this to a timing jitter PSD, which are related by Sδτrms = (2πmfR)
−2Sδφ. As can be seen in Figure

(5.8), when the RFDR system is running with the m = 2 and m = 3 RF harmonics it is close to the

calculated shot noise-limited level. The separation between the measured noise floor for m = 1

and the shot noise-limited level can most likely be attributed to some amplitude-to-phase noise

conversion in the fiber-coupled PDs. Our measurements of the timing jitter PSD at the various RF

harmonics confirm that we are running RFDR spectroscopy at the lowest possible timing jitter for

electronic phase detection of RF signals synthesized from standard fiber-coupled PDs.

Under conditions of the lowest noise operation, we produced RF powers of 117, 4.17, and 0.50

µW for the m = 1, 2, 3 harmonics, respectively, in our system. For these RF powers, the effective

timing jitter PSD is Sδτ = 0.020, 0.058, 0.30 fs2/Hz, respectively for increasing harmonic order.

In the form Sδτ = 10−b fs2/Hz, we find b = 1.7, 1.2, 0.53, respectively. The rms timing jitter that
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sets our detection limit in a ∆t integration time is δτrms = {0.10, 0.17, 0.39}/
√
∆t fs s−1/2, for the

three ascending harmonics.

The second and third order harmonics both exhibited a noise floor within < 0.5 dB of the

calculated shot noise limit, whereas the first order harmonic was 2.2 dB higher than the shot noise

limit. Detection with lower harmonic orders produces a higher SNR because the highly chirped

pulses lead to a nonlinear reduction in RF power with harmonic order, causing a commensurate

nonlinear increase in the phase noise floor. The current experiment is limited in sensitivity by

the RF power generated in the probe pulse PD. This RF power can be scaled to produce a lower

detection timing jitter PSD as generated in experiments carried out at NIST, where a high power

diode detected microwave tones from mode-locked oscillators with a phase noise down to -179

dBc/Hz [90]. Further, alternative methods of phase detection promise to reduce the timing jitter
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PSD noise floor by several orders of magnitude, offering a path to improved detection sensitivity

using the principles of RFDR spectroscopy.
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Chapter 6

Summary and Conclusions

The work in this thesis has successfully pushed forward the practicality and utility of ISRS

for microspectroscopy and its applications to complex biological samples. Split spectrum ISRS

successfully overcomes many of the limitations of the simple spectral filter detection technique.

Rather than the typical experimental setup that relies on orthogonally polarized pump and probe

beams and a linear polarizer to reject the pump beam after the sample, split spectrum ISRS lever-

ages the high extinction capabilities of dichroic filtering which remain robust through birefringent

and scattering samples. Careful analysis of the split spectrum technique showed that it is a viable

method for ISRS and is capable of exciting Raman vibrational modes well into the biomolecular

fingerprint region. We find that while the very highest vibrational frequencies are mildly atten-

uated in the signal and SNR, the vast majority of the low frequency vibrational spectrum can be

interrogated with nearly the same fidelity as in a conventional ISRS pump probe scenario. Finally,

a stage-scanning hyperspectral image of a complex sample was obtained.

While ISRS can access mid-band Raman frequencies (i.e., the fingerprint region) with careful

control over the pulse shape, the unique ability of ISRS to probe low frequency vibrational modes

was explored. We have developed a new and versatile method for low-frequency coherent Raman

imaging. ϕ-ISRS is a phase sensitive detection scheme for ISRS that more closely resembles the

inherent excitation profile of impulsive excitation. By employing a phase-stable probe/reference

pair, we were able to significantly increase the robustness of phase sensitive ISRS and demon-

strate low-frequency Raman excitation through multiple scattering layers and demonstrated hyper-

spectral imaging using ϕ-ISRS. These developments open avenues to use low-frequency Raman

vibrational spectroscopy in complex systems and samples.

We have also demonstrated a new concept to enhance the sensitivity for coherent Raman spec-

troscopy that optically amplifies the Raman signal by converting the generalized Doppler Raman

(DR) frequency shift into a timing jitter modulation. The transformation of the Raman signal into a
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timing jitter allows access to lower noise levels than is possible with the conventional optical power

perturbation detection techniques for CRS. We have shown the ability to record Raman spectra

from a range of molecular components, some of which are involved in plant metabolic activity,

and also demonstrated the ability to differentiate the redox state of NADH/NAD+ with RFDR

spectra. Increasing the sensitivity of coherent Raman to sub-mM concentrations is an important

step towards achieving the long term goal of label-free detection of low concentration analytes in

cells and tissues.

Challenges remain with the development of ISRS for biomedical applications. Because ISRS

is fundamentally a pump/probe technique, acquisition times are limited by how quickly the pump

and probe pulses can be scanned in time. Use of a voice-coil based pulse scanner has enabled high-

speed pump/probe scanning, the acquisition times for stage-scanning images must be improved for

high throughput applications or studying dynamic biological systems. We wish to develop ISRS

into a high-speed imaging modality that can be paired with other label-free techniques to provide a

more comprehensive study of biology. Split spectrum ISRS and ϕ-ISRS are more experimentally

simple than Doppler Raman, but are still challenging due to the difficultly of maintaining short

optical pulses after traveling through dispersive materials. Balanced detection could eliminate the

need for the acousto-optic modulator for beam intensity modulation, which will drastically reduce

the spectral dispersion burden of the system. Such an approach would allow for easier use of high

numerical aperture objective lenses that also carry a high dispersion. Future work will explore

additional strategies to simplify these ISRS techniques in order to progress from development to

a more user-friendly system intended to use low to mid-frequency Raman vibrations as a com-

plement to other modalities when studying dyanmic biological questions such as cell metabolism,

protein deformation [6], and virus capsid vibrations, [5].
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