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Résumé

La vision est habituellement considérée comme étant sensible au nombre de
photons, mais pas à leur phase respective. Cependant, les experiénces réal-
isées sur le retinal en solution ont montré que la première étape de la vision
consiste en une isomérisation très rapide (de l'ordre de 200 fs), qui peut être
controlée en modi�ant la phase des impulsions femtosecondes, et plus spéci-
�quement dans un régime d'intéraction à plusieurs photons. Le lien entre les
expériences en solution et les processus biologiques permettant la vision ne
sont pas triviaux et n'ont pas été démontrés. Dans le but de réunir ces deux
points de vue, j'ai réalisé un système permettant de mesurer les signaux élec-
triques émis par la rétine à partir de l'absorption de lumière femtoseconde.
Les expériences ont été réalisées en partie ex-vivo (c'est-à-dire sur des rétines
extraites de l'oeil), et en partie in-vivo (sur des souris anesthésiées).

Sur les rétines ex-vivo, j'ai étudié le signal physiologique produit par l'absorption
de deux photons dans la rhodopsin, et en particulier l'e�et de la durée
d'impulsion de l'impulsion femtoseconde, le diamètre du faisceau et son én-
ergie. J'ai mesuré la réponse rétienne émise à partir d'une expérience du
type pompe-sonde, en utilisant une pompe d'excitation visible et une sonde
infrarouge.

Dans les souris vivantes, j'ai investigué l'e�et d'une impulsion femtoseconde
infrarouge, dans laquelle a été introduite une phase en forme de marche
d'amplitude pi. La réponse charactéristique obtenue est en bon agrément
avec les calculs. Finalement, j'ai mesuré la réponse rétinienne provenant des
souris vivantes dans deux expériences: une première dans laquelle j'utilise
une impulsion femtoseconde dont la forme temporelle a été modi�ée, et une
seconde expérience de type pompe-sonde/re-pompe. Les résultats montrent
que le signal electrophysiologique est en e�et sensible à la phase spectrale,
c'est-à-dire à la manipulation de la lumière à l'échelle femtoseconde. Le
mécanisme de contrôle repose sur de multiples intéractions avec la lumière
autour de l'intersection conique, comme le pompe-sonde (interruption de
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l'isomérisation) ou pompe-repompe (isomerisation inverse). Cette interpréta-
tion des résultats experimentaux est appuyée par des simulations quantiques.

Ensemble, ces observations constituent une démonstration de contrôle co-
hérent d'une fonction biologique dans un animal vivant, à des niveaux de
lumières physiologiques.



Abstract

Vision is usually assumed to be sensitive to the light intensity and spectrum
but not to its spectral phase. However, experiments performed on retinal pro-
teins in solution showed that the �rst step of vision consists in an ultrafast
photo-isomerization of the retinal moiety that can be coherently controlled
by shaping the phase of femtosecond laser pulses, especially in the multi-
photon interaction regime. The link between these experiments in solution
and the complex biological process allowing vision is not trivial, and has not
been demonstrated. In order to unify the two points of view, I used a system
to measure the electrical signals emitted by retina, which was probed using
several femtosecond beams.
The experimental part was carried out partly ex-vivo (i.e., on extracted reti-
nas), and partly in-vivo (i.e., on anesthetized mice).

On ex-vivo retinas, I studied the physiological signal produced by the ab-
sorption of two infrared photons in rhodopsin, in particular the e�ect of the
pulse duration of the femtosecond pulse, the diameter of the beam and its
energy.

In living mice, I investigated the e�ect of a pi-step in the spectral phase of
an infrared femtosecond pulse. The characteristic response is qualitatively
in good agreement with the calculations. Finally, I measured the retinal
response from living mice upon femtosecond pulse-shaped light excitation
and pump-dump/re-pump stimulation. The results show that the electro-
physiological signaling is indeed sensitive to the spectral phase, i.e., to the
manipulation of the light excitation on a femtosecond time scale. The mech-
anism relies on multiple interactions with the light pulses close to the coni-
cal intersection along the retinal isomerization coordinate, like pump-dump
(photo-isomerization interruption) and pump re-pump (reverse isomeriza-
tion) processes. This interpretation of the experimental results is supported
by dynamics simulations.
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Combined, our observations constitute a demonstration of coherent control
of a biological function in a living animal at physiological light excitation
levels.
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Introduction

The eye is a wonderful organ, designed to see the world, and communicate
with the others. The most prominent part of the eye is the retina, where the
receptors turns photons into an electrical signal, which, after being processed
by the brain, de�nes the vision process.
The understanding of the visual system has tremendously advanced since the
work of Kepler1. He demonstrated that, unlike previous theory, the eye was
receiving light, instead of emitting it to scan the object surrounding us. He
explained the formation of the image on the light-sensor at the back of the
eye called the retina. Later on, it was discovered that the retina encompasses
multiple layers of cells, from the light-sensitive, called rods and cones, to the
ganglion cells, which compose the optical nerve, transmitting information to
the brain. Rods are the detectors of the retina optimized for dim light, while
the vision in bright and colorful daylight requires cones.
The key-component of this thesis lies in the sensitive part of the rods and
cones. Inside these photoreceptors are proteins called opsins, and embed-
deded in the middle of them, lies the retinal. This protein, a form of vitamin
A, initiates the �rst step of a long biological chain which results in vision.
The measurement of the speed of this �rst step is directly associated with
the advent of femtosecond lasers.

The theory for laser, such as absorption, spontaneous and stimulated emis-
sion, was set by A. Einstein in 19172. However, it was only in 1960 that
the �rst laser was invented, using a ruby crystal as the gain medium, and
pumped by a high power �ash lamp.
Since its introduction sixty years ago, the laser has been developed and per-
fected for reaching high energy and femtosecond pulse duration. In the mid-
1980s, the CPA (Chirped Pulse Ampli�cation) technique was invented by G.
Mourou and D. Strickland3, for which they won the Nobel Prize in 2018. As
a result, they obtain short (<100 fs), high energy pulses (mJ per pulses),
suitable for non-linear e�ects. The latter allows for wavelength-tuning, pulse
duration reduction, and white-light generation among others, which are use-
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ful for probing vision.

It was demonstrated twenty years ago that the absorption of a photon by
the retinal changes its conformation in less than 200 femtoseconds4. More
recently, the complete isomerization of the retinal was time-resolved5. Both
these experiments, among others, were based on the transient absorption of
rhodopsin, the opsin located inside rods. In these experiments, a �rst fem-
tosecond laser pumps the rhodopsin from its ground state to an excited state,
and a broadband light pulse probes the absorption in the visible at several
delays after the pump pulse. The study of the transient spectrum of the
broadband pulse at di�erent delays makes it possible to collect information
on the energy states of the rhodopsin. It was also demonstrated during the
last decade that it is possible to modulate the isomerization e�ciency with
one temporally shaped femtosecond pulse only6. These measurements were
performed on molecules in solution.
One study7 revealed that channelrhodopsin, a speci�c type of opsin and a key
tool in optogenetics, could be controlled by two-photon absorption in a living
brain tissue. This extremely interesting result on channelrhodopsin however
bears some di�erence with the case of vision. In fact, rhodopsin needs to be
coupled to a G-protein8. Channelrhodopsin is a direct light-gated channel,
and is therefore more robust for optogenetics, but still far from a vision study.

My work reports the achievement of the �rst coherent control of the vision
process in living mice. The manuscript is structures in fours chapters.
In the �rst chapter, I give a general introduction of the background concepts
of non-linear optics and of the vision process. I pay a particular attention to
the characterization of femtosecond pulses, including the measurement of its
spectrum and spectral phase and their relationship with the pulse duration.
I also explain how to modify them, using di�erent techniques, such as pulse
shaping. In the second part, I describe the anatomy of the eye and the pho-
tophysics of vision. In particular, I explain the potential energy surfaces of
rhodopsin (Figure 1), and the associated wavepacket dynamics. This expla-
nation naturally leads to the description of the electroretinogram, the main
experimental observable used in this work.
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Figure 1: Sketch of the energy level of rhodopsin.

In the second chapter, I present the laser system used during this study, and
describe the experimental set-up and detail the di�erent experiments I set-up
and performed. The �rst experiment is a two-photon absorption experiment
with photons outside the linear absorption band of rhodopsin. For this, I as-
sessed the electroretinogram measured upon two-photon absorption. Then,
the spectral phase of the pulse leading to two-photon absorption was modi�ed
and the e�ect on vision monitored via the same pulse shaping system used in
the intra-pulse coherent control measurements. The second experiment con-
sists in an intra-pulse coherent control approach, where a 535 nm femtosecond
pulse illuminates the retina of anaesthetized mice. The pulse is chirped both
positively and negatively, using a pulse shaper in a zero-dispersion 4f-line,
while keeping the energy of each pulse constant. The last experiment is a
pump-dump/re-pump experiment, where a quasi Fourier transformed 535 nm
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pulse excites the rhodopsin, and an 800 nm pulse interacts on an ultrafast
time-scale with the molecule in its excited state by dumping the rhodopsin,
via di�erent processes, to avoid the landing on the isomerized con�guration
and hence the vision process. Finally, the complete procedure regarding the
anaesthesia of the mice, the detection of the retinal signal, both ex-vivo (i.e.,
on extracted retinas) and in-vivo (i.e., on anesthetized mice) is explained.

I present in the third chapter the results obtained ex-vivo, while the results
obtained in-vivo are displayed in the last chapter.
In ex-vivo experiments, I addressed infrared vision using two-photon absorp-
tion, more precisely using a 960 nm femtosecond pulse. I could demonstrate
that the vision from the retina can indeed be triggered upon two-photon
absorption and that no damage was induced at these intensity levels. I
speci�cally studied the in�uence of energy, pulse duration and beam size on
the electroretinogram upon infrared femtosecond pulse.
In living mice, I went a step further compared to the experiments carried out
ex-vivo. In the �rst part of the chapter, I investigated the e�ect of a pi-step in
the spectral phase of an infrared femtosecond pulse, and observed the charac-
teristic response that is observed in molecular dyes. This is also in agreement
with calculations. In the second set of experiments, I observed that a longer
pulse decreases the retinal response, despite constant pulse energy, in the
single photon absorption regime. The mechanism underlying these observa-
tions is explained as follows. After excitation to the S1 state, the rhodopsin
either undergoes through a stimulated emission process or absorbs a photon
after crossing the conical intersection and returns to its fundamental state. I
developed an ad hoc rate equation model to study the e�ect of intensity, the
quantum yield and the dynamics of the system. This interpretation used a
pump-dump/re-pump experiment, with a 535 nm pump and a 800 nm pulse,
using long and short pulses (compared to the dynamic of the isomerization).
This experiment demonstrates that excited rhodopsin can indeed be forced
back to the ground state via stimulated emission or re-absorption in the
trans-ground state (reverse isomerization). Both intra-pulse and multi-pulse
experiments have been con�rmed by ab-initio calculations from the group of
U. Roethlisberger at EPFL. I also applied the experimental protocol to the
medium opsin, demonstrating that control is possible in multiple photore-
ceptors.



Chapter 1

General concepts

In this chapter, we introduce concepts useful to understand the work per-
formed during this thesis. In the �rst section, dedicated to optics, we will
introduce the femtosecond laser and how its temporal pro�le is tailored to
control the isomerization of the rhodopsin, by pulse shaping or modi�cation
of pulse duration by �lamentation processes. We describe the characteris-
tics of the pulses amplitude and phase in time and frequency space, as well
as optical parametric ampli�cation, both subjects being widely used along
this work. The second section, which is focused on biology, describes how
the vision process works, and how, from the light being transmitted and fo-
cused trough the eye, it is absorbed by retina photoreceptors and generates
a measurable electrical signal.

1.1 Non-linear optics

The only light-dependent step of the vision process is the ultrafast isomeriza-
tion of rhodopsin, happening at the femtosecond scale5. The most adapated
tool for studying this process is therefore time-resolved spectroscopy with
femtosecond resolution. We will describe in this section basic concepts of
ultrafast laser pulses, from their generation to their measurement, and how
to tailor them to our needs to study the vision process.

1.1.1 Femtosecond laser pulses

We use a chirped pulse ampli�ed (CPA) system composed of an oscillator, a
pulse stretcher, a regenerative ampli�er and a pulse compressor (Coherent As-
trella). The oscillator uses a Titanium doped Sapphire crystal (Ti:Sa), with a
Kerr-lens mode-locked cavity. 800 nm pulses are generated with a repetition
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16 CHAPTER 1. GENERAL CONCEPTS

rate in the 100 MHz range, with less than 20 femtosecond pulse duration. To
amplify these pulses, a regenerative ampli�er is used: a nanosecond pump
laser creates the population inversion inside a second Titanium:Sapphire crys-
tal in a cavity. The oscillator pulses are directed through the cavity and are
ampli�ed by stimulated emission. However, at these peak intensities and
repetition rate, the crystal would get damaged instantaneously. Therefore, a
stretcher elongates the pulses to the nanosecond scale, and Pockel cells are
used to control the number of round trips a pulse can do inside the regenera-
tive ampli�er cavity (Figure 1.1). Each passage in the crystal corresponds to
an ampli�cation of the pulse. This in turn entails a decrease of the repetition
rate to the KHz level. When the energy is high enough, the pulse is directed
through a compressor, to obtain a high energy, low pulse duration beam.
However, the repetition rate is reduced to the kHz regime.

P
ul

se
 in

te
ns

ity

After stretcherAfter oscillator After compressorAfter amplifier

Figure 1.1: Sketch of the pulse as a function of time after di�erent
component of the CPA system

1.1.2 Time bandwidth product

To obtain a femtosecond pulse duration, the beam must support a certain
bandwidth. A laser pulse of a �xed duration is characterized by a minimum
frequency bandwidth due to the fact that these quantities are related via a
Fourier transfom. We derive here the relationship between bandwidth and
pulse duration for Gaussian pulses.
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The intensity of the simplest Gaussian pulse is de�ned with respect to time
is:

I(t) = I0e
−αt2 (1.1)

Therefore, the time for any value of the Gaussian is de�ned as:

t =

√
1

α
ln

(
I0

I(t)

)
(1.2)

As the Gaussian is symmetric, and the FWHM is taken at half the value of
the maximum (i.e., I(t) = 0.5I0), we obtain:

∆t = FWHMt = 2

√
1

α
ln (2) (1.3)

The Fourier transform of the Gaussian pulse is:

I(ω) =
1

2π

∫ ∞
−∞

I(t)e−iωtdt =
I0√
2α
e−

ω2

4α (1.4)

The same calculations gives

ω =

√
1

4α
ln

(
I0√

2αI(ω)

)
(1.5)

At FWHM (i.e. I(ω) = 0.5 I0√
2α
), we obtain:

∆ω = FWHMw = 2
√

4α ln (2) (1.6)

As ω = 2πν, ∆ω = 2π∆ν. Therefore:

∆t∆ν = 2

√
1

α
ln (2) · 1

2π
·
√

4α ln (2) (1.7)

∆t∆ν =
2 ln (2)

π
= 0.441 (1.8)

The last equation is the time bandwidth product for a Gaussian pulse. To
obtain the same relationship as a function of the wavelength ∆t∆λ, we use
the relation λν = c, which gives dν

dλ
= −c

λ2 . Therefore:

∆t∆λ =
2 ln (2)

π

λ2

c
(1.9)
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Figure 1.2: Left: Pulse duration vs wavelength, for a bandwidth of 20 nm.
Right: Pulse duration vs bandwidth, for a central wavelength of 800 nm.

1.1.3 Temporal and spectral phase

The Equation 1.9 sets the lower limit of the pulse duration corresponding
to the Fourier transform-limited pulse. The di�erent frequency components
arrive at the same time, and have zero relative phase. By applying chromatic
dispersion, the pulse duration increases, and this e�ect is represented in the
electric �eld by the spectral phase.

The electric �eld can be de�ned in either time-domain or frequency domain:

E(t) =

∫ ∞
−∞

E(w)eiωtdω = A(t)eiφ(t) (1.10)

E(ω) =
1

2π

∫ ∞
−∞

E(t)e−iωtdt = A(ω)eiψ(ω) (1.11)

Where φ(t) and ψ(ω) are respectively the temporal and spectral phase of the
electric �eld.
The instantaneous frequency is de�ned as:

ω(t) = ω0 −
dφ(t)

dt
(1.12)
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Where ω(t) is the instantaneous frequency, and ω0 the central frequency of
the pulse, leading to new frequencies in the spectrum if the phase varies with
t.
The spectral phase is often expressed with its corresponding Taylor expan-
sion:

ψ(ω) = ψ0 + ψ1
(ω − ω0)

1!
+ ψ2

(ω − ω0)2

2!
+ ... =

∞∑
n=0

ψn
(ω − ω0)n

n!
(1.13)

Where

� The �rst term, ψ0 = ψ(ω0) is the absolute phase between the carrier
and the envelope of the electric �eld. As in this work we consider pulses
of several optical cycles, this term is not relevant.

� The second term, ψ1 = dψ(ω)
dω

∣∣∣∣
ω0

, is the group delay. It's measured in

femtosecond, and correspond to the displacement of the pulse in time.

� The third term, ψ2 = d2ψ(ω)
dω2

∣∣∣∣
ω0

, is the derivative of the group delay. It

is the group delay dispersion (GDD). It is measured in fs2/rad.

This last term can be associated with a linear "chirp", meaning the rate of
change of the instantaneous frequency is linear.

1.1.4 Pulse shaping

Pulse shaping is a technique used to modify the spectral amplitude and phase
of an electric �eld, changing its pro�le in the time-domain.
As the response time of any electronic device is hardly below the nanosecond
regime, an optical modulator intensity cannot modify electric �elds in the
time-domain. Pulse shaping consists of applying a time-delay to the di�er-
ent frequency components of the beam9.
The standard 4f optical setup of pulse shaping is displayed in the Figure 1.3.
The wavelength components of the pulse are dispersed spatially by a di�rac-
tion grating, and collimated using cylindrical optics. The recombination is
performed by the symmetric reverse optical system, �rst the cylindrical optic
and last the di�raction grating.
A spatial light modulator (SLM) is aligned in a 4f-line at the Fourier Plane
(FP), i.e. at the focal plane of the cylindrical optics. Di�erent technology
exists to build a SLM, such as liquid crystal modulators, or MEMS mirror
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arrays10;11.
Liquids crystals used in SLM use anisotropic elongated crystals. The orien-
tation of the crystals can be controlled by an electric �eld. Therefore, the
phase acquired by the frequency component of the pulse are controlled using
transparent electrode in Indium Tin Oxide.

Figure 1.3: Spatial light modulator inside a 4f-line, from Monmayrant et
al.12

1.1.5 Characterization techniques

The autocorrelation is based on a non-linear interaction between the pulse
and itself. It is used daily to retrieve the intensity pro�le in the time domain.
Other techniques, such as the FROG (Frequency Resolved Optical Gating),
developed by Trebino's group13 measures the phase and the spectrum of the
pulse, which cannot be retrieved by autocorrelation, due to di�erent temporal
shapes inducing the same autocorrelation traces.

1.1.5.1 Autocorrelation

The simplest device used to measure a femtosecond pulse is a second har-
monic generation (SHG) autocorrelator. The pulse is split in two parts, and
recombined on a non-linear crystal in a non-collinear way. A mechanical de-
lay changes the arm length di�erence. SHG is performed for both pulses, but
the process of sum frequency generation generates a third pulse in the middle
for momentum conservation (Figure 1.4) at zero optical delay between the
two arms.
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Figure 1.4: Schematic of an second harmonic generation autocorrelator.
BS: Beamsplitter, M: Mirror, L: Lens, DL: Delay Line, NLC: Non-Linear

Crystal, PD: Photodiode.

The measure of the sum frequency generation (SFG) pulse as a function of
the optical delay between the arms is a convolution of two Gaussian, and is
given by the Equation 1.14.

SPD(τ) ∝
∫ ∞
−∞

I(t)I(t− τ)dt (1.14)

Let's consider a Gaussian input pulse with a FWHM τ . The convolution of a
Gaussian with itself is a Gaussian with a FWHM

√
2τ . Therefore, the pulse

duration of a Gaussian input pulse is easily retrieved.
This technique has a few drawbacks:

� Di�erent temporal shapes may result in the same autocorrelation curve.
Therefore, some assumptions have to be made on the input temporal
shape, i.e. using Gaussian beams.

� For very short pulse (∆t < 50 fs), the GDD induced by the crystal
itself is becoming non negligible, and elongates the pulses, increasing
the actual pulse duration of the input pulse.

� It is not suitable for UV pulses, as direct second harmonic generation of
UV pulses is experimentally hard because of the lack of suitable mate-
rials. One should therefore use other second non-linear order processes
like di�erence frequency generation.

� The direction of time cannot be retrieved. Indeed, a change of variable
t′ = t + τ show that SPD(τ) = SPD(−τ). Therefore, this technique
cannot distinguish for instance between a positive and a negative chirp.
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� The spectral phase and the spectrum of the input pulse cannot be
retrieved.

1.1.5.2 Frequency resolved optical gating

The FROG technique is an extension of the autocorrelation. The FROG
uses the autocorrelation scheme of the Figure 1.4. However, the measure-
ment is performed by a spectrometer. Therefore, a three-dimensional graph
of the signal as a function of the wavelength and the optical delay is obtained.
An algorithm13 is used to retrieve the spectral phase and the corresponding
spectrum. These are su�cient to calculate the electric �eld. Any arbitrary
temporal input shape can be used.
However, the inherent drawbacks of the SHG process, such as the complex-
itity of generating SHG of UV pulses, and the lack of time direction cannot
be avoided. One would require either to interact with an already known
pulse using a χ2 process, or one would require a χ3 process, such as third
harmonic generation, self di�raction, or polarization gating process, which
would decrease the sensitivity of the measurement.

Figure 1.5: Second Harmonic Generation FROG. Phase and spectrum are
retrieved, but positive and negative chirp are identical. Figure adapted

from Trebino's course14.

For su�ciently chirped pulses, it is possible to retrieve the direction of time by
using any transparent media which add a positive GDD. Indeed, a negatively
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chirped input pulse would see its pulse duration decreased, while a positively
chirped pulse would see its pulse duration increased.

1.1.6 Compression of pulse duration

1.1.6.1 Chromatic dispersion and chirped mirrors

Pulses acquire positive chirp (longer wavelengths come �rst) in most trans-
parent media, due to chromatic dispersion (i.e., refractive index is wavelength
dependent), and therefore increase their pulse duration.
However it is possible to apply negative GDD, to compensate a positive chirp,
with either pulse shaping technique, compressors or chirped mirror. The lat-
ter use a spatial variation of di�erent thickness dielectric re�ective layer. The
interference pattern resulting of the mixture between the two can result in
negative GDD, and can force the pulse to return to its transform limited
pulse duration.

1.1.6.2 Filament-based pulse compression

The isomerization of rhodopsin is achieved under 200 fs (see subsection 1.2.3).
Therefore shorter pulses are needed to measure and study it. As described
in the subsection 1.1.2 and subsection 1.1.4, a decrease of a pulse duration
can be achieved if three basic principles are followed:

1. The GDD of the pulse is compensated.

2. The bandwidth is increased.

3. The whole spectrum is coherent.

The �rst requirement can easily be reached with either chirped mirror for
positive GDD, or by any transparent media for negative GDD. The second
requirement often relies on non-linear interaction. Self phase modulation (a
χ(3) process) generates, via the temporal Kerr-e�ect, more optical bandwidth.
The third requirement is ful�lled if the broadening process is coherent.
The �lamentation technique can be used to generate the intensity required
for self phase modulation.
The non-linear refractive index of a medium is proportional to the intensity
of light:

n(I) = n0 + n2I(t) (1.15)
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Where n(I) is the refractive index, n0 the refractive index for linear propa-
gation, and n2 the non-linear refractive index.
Self-focusing is obtained for pulses with high intensity. As the refractive in-
dex increases with intensity it becomes larger in the center of the beam than
on the edges. This distorts the wavefront, and acts like a lens (Figure 1.6).
This e�ect competes with the natural di�raction. If the pulse power is larger
than a critical power (about 6 GW in air15), self-focusing overcomes the
di�raction and the beam size drastically reduces, until the intensity is high
enough to ionize the air by multi-photon or tunnel ionization. The latter pro-
cess generates plasma, which has a defocusing e�ect. Therefore, self-focusing
and plasma generation enter a balance which creates a �lament (Figure 1.6).
The intensity reached during the �lamentation process allows self phase mod-
ulation, which creates more optical bandwidth.

Figure 1.6: (a)- Kerr self focusing, increasing the intensity. (b)- Defocusing
from the plasma generated from multi-photon ionization. (c)- The dynamic
between plasma generation and Kerr e�ect generates a �lament. Figure

from Mitryukovskiy16.

Pulse compression is needed after the spectral broadening by �lamentation.
Chirp mirrors assisted by a SHG frog measurement allows for recompression
of the pulse, as low as sub-10 fs17. This technique was used in this work for
an easy way of obtaining 10 fs pulses (seesubsection 2.4.2).

1.2 The eye and the vision process

We describe in this section how the eye, and more speci�cally how a mouse
eye, focuses light and absorbs a photon, generating a nerve impulse to the
brain.
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1.2.1 Anatomy of the eye

An eye is composed of a cornea, a pupil, a crystalline lens, a vitreous humour
and a retina (Figure 1.7).
The cornea-crystalline lens form a two-lens system. The light is �rst focused
by the cornea, and then by the crystalline lens. It propagates in the vitreous
humour, and forms an image on the retina.
The iris is an aperture that can be changed, which blocks the light from
illuminating the retina. This is one of the features that allows the eye to
work in completely di�erent regimes of light intensity.
To focus the light correctly on the retina, the crystalline's curvature can be
modi�ed by the ciliary muscle.
The retina itself consists of a set of cells which generate an electrical impulse
encoding the visual information which travels through the optical nerve. The
nervous signal is then decoded through a complex series of steps by the brain
to form the time series of images we associate with the vision process.

Figure 1.7: Anatomy of an human eye, from Mauser18.

The retina is organized in three cellular layers: the photoreceptor cells, the
bipolar cells and the ganglion cells (Figure 1.8). Photoreceptor cells are
classi�ed in two categories: rods and cones. Rods are very sensitive to visible
light, and are mainly used for night or dim light vision (scotopic vision). The
cones have di�erent absorption spectra, and are used for day vision (photopic
vision). In human, three types of cones co-exist: S-,M-, and L-cones, in which
the absorption is centred respectively at 420, 530 and 560 nm. Rods are
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instead sensible mostly around 500 nm due to the presence of a high density
concentration of a single photosensitive membrane complex, rhodopsin.
Cones are mostly concentrated in the center of the retina (called the fovea),
while rods are more or less homogeneously spread out in the retina, except in
the fovea (Figure 1.9). This con�guration improves acuity in the fovea (i.e.,
the capacity to distinguish between two objects) and sensitivity elsewhere.

Figure 1.8: Layer of the retina, adapated from Van Gelder et al.19. RPE:
Retinal pigment epithelium

Photoreceptors are connected to the bipolar cells. To increase sensitivity,
multiple photoreceptors can be connected to one bipolar cell via the horizon-
tal cells. However, to increase acuity (i.e., in the fovea), the photoreceptors
are often connected to one single bipolar cell. The bipolar cells are them-
selves connected to the ganglion cells20. Together, the ganglion cells forms
the optical nerves.
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Figure 1.9: Photoreceptor density as a function of the eccentricity, data
from Purves et al.21. The density of cones is high in the fovea, but is almost
null in the rest of the retina, while the rods have the highest concentration
at non-zero eccentricity. The density of photoreceptors drops to zero at the

optical nerve position.

The retinal pigment epithelium (RPE), located at the back of the eye, be-
tween the choroid and the retina, has multiple functions. Its blackness helps
avoiding light re�ection back to the photoreceptors. The RPE also nourishes
the retina, giving access to ions (necessary to the signal �ring described in
subsection 1.2.4) and regeneration of the retinal for the visual cycle22.

1.2.2 Di�erence between human and murine eye

The eye of a mouse is smaller (approximatively 3 mm diameter) compared
to a human eye (approximatively 24 mm diameter )23. The lens occupies a
larger fraction of the eye of a mouse than a human (Figure 1.10).
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Figure 1.10: Left: Schematic of a human eye, right: schematic of a mouse
eye, from Skeie et al.24.

Regarding the composition of the retina, the mouse photoreceptor cells are
mainly rods22 with the absorption spectrum centred at 500 nm, and two
types of cones, namely S- and M-cones, which absorb at 370 nm and 535 nm,
respectively (Figure 1.11).
Contrary to the human, the mouse does not have a fovea, where all the cones
are speci�cally concentrated25. The mouse retina is similar to the peripheral
part of the human eye, where one can easily distinguish motion, but without
perception of details.
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Figure 1.11: Top: Absorption spectrum of photoreceptors in a human eye,
bottom: Absorption spectrum of photoreceptors in a mouse eye, data from
Kojima et al.26. The S-,M- and L-cones absorption spectra correspond
respectively to the blue, red and green curve. The rhodopsin absorption

spectrum is represented by the black curve.
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1.2.3 The photophysics of vision

We will concentrate here on the rod signalling, as it is the most studied (due
to the fragility and rarity of the cones in mouse retina22). However, the cones
pathway is similar27. A schematic view of a rod is shown in Figure 1.12. The
outer segment part of the rod contains many disks, which themselves con-
tain the embedded rhodopsin proteins. The rest of the rod cell contains the
nucleus and other organelles necessary for its survivability. The synaptic re-
gion �res neurotransmitters. This process is discussed in the subsection 1.2.4.

Figure 1.12: Structure of a rod, adapted from Meister et al.28
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Inside rhodopsin is located the retinal moiety, the photo-sensitive part of the
protein. A photon is absorbed by the retinal. It undergoes a conformation
change: from an 11-cis to an all-trans con�guration, meaning the elbow at
the 11th carbon unfolds in a straight line. We de�ne here the energy levels
of the retinal as follow:

� Cis-ground corresponds to the S0 ground state, the retinal being in the
11-cis-state (initial conformation).

� Cis-excited corresponds to the S1 excited state, the retinal being in the
11-cis-state (initial conformation).

� Trans-ground corresponds to the S0 ground state, the retinal being in
the all-trans state (�nal conformation).

� Trans-excited corresponds to the S1 excited state, the retinal being in
the all-trans state (�nal conformation).

The retinal follows then the following pathway, after photon absorption:

1. Retinal is promoted from cis-ground to-cis excited

2. The dihedral angle changes progressively at the femtosecond scale, until
it reaches the conical intersection, in 80 fs.

3. With a yield of 37% , the retinal returns to the cis-ground29.

4. For the other 63 %, the retinal isomerizes into the all-trans ground
state in 200 fs (from the cis-excited state).
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Figure 1.13: Sketch of the energy level of the retinal in rhodopsin.

This pathway, described in the Figure 1.13, has been �rst demonstrated in
vitro by Schoenlein et al.4;30;31 using transient absorption spectroscopy. More
recently Polli et al.5 and Schnedermann et al.32 brought more evidence re-
garding the dynamics at the conical intersection, which is crossed after 80 fs,
and the retinal reaching the all-trans ground state after approximatively 200
fs (Figure 1.14). Brie�y, they excite the retinal with a 500 nm pump beam.
A white-light is delayed and illuminates the sample after the pump. The
spectrum of the white light is analyzed at varying delay, with and without
pump. During the �rst 80 fs, the white light stimulates the emission (stimu-
lated emission in Figure 1.15). After 80 fs, the white light is absorbed to the
trans-excited state (photoinduced absorption in Figure 1.15). Furthermore,
the blue and red traces are tilted, giving a strong evidence of the conical
intersection.
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Figure 1.14: Transient absorption results from Polli et al.5. a-c:
Experimental data ,b-d: Simulation. the blue part corresponds to

stimulated emission, while the red part part corresponds to absorption.

Smitienko et al.33 have demonstrated a scheme for reversing the isomerization
of rhodopsin (from bathorhodopsin to rhodopsin, see Figure 1.16 and Fig-
ure 1.17). Once the rhodopsin is in the trans-excited state, it returns through
the conical intersection, and therefore, ending either in the cis-ground state
(reverse photo switch) or in the trans-ground state. The possible pathway
described by this two experiment is depicted in the Figure 1.15.
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Figure 1.15: Sketch of the rhodopsin energy level, with corresponding
pathway.

The trans-ground state is also called photorhodopsin. After several ps, it re-
laxes in bathorhodopsin, lumirhodopsin and metarhodopsin-I. (Figure 1.17).
These are all thermal conversion products34. They di�er mainly from one
another by their absorption spectrum, shown in Figure 1.16. The complete
rhodopsin cycle is showed in Figure 1.17.
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Figure 1.16: Rhodopsin (black), photorhodopsin (red) and bathorhodopsin
(blue) absorption spectrum. Data from Kandori et al.35

Figure 1.17: Rhodopsin cycle, from Shichida et al.36
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1.2.4 Electroretinogram

We describe in this section a way to measure the electric signal generated
from the isomerization described in the subsection 1.2.3.

As long as no light is absorbed by the retinal, the channels between the inside
of the outer segment and the outside of the cell are constantly open, allowing
the in�ux of sodium ions. The depolarization due to the incoming of positive
ions let the synaptical part of the rhodopsin �re glutamate, a neurotransmit-
ter, to the bipolar cells.
However, when photons isomerizes the retinal inside the rhodopsin, a cas-
cade of biological processes closes channels of the outer segment, decreasing
the neurotransmitters �ring to the bipolar cells. Interestingly, the lack of
neurotransmitter acts as a light detector for the brain.
The isomerization from 11-cis to all-trans is the only light dependent process
during the whole visual pathway. A few milliseconds after isomerization,
after the all-trans ground state, the rhodopsin is promoted to a conforma-
tional state called metarhodopsin II, which can activate a G-protein called
transducin (Tαβγ, where αβγ are subunit of the transducin). The activation
consists in a conformational change once the metarhodopsins binds to a re-
ceptor on the G-protein37. In its inactive form, the transducin binds to GDP
(guanosine diphosphate). However, once activated, the transducin exchanges
its GDP to GTP (guanosine triphosphate) and loses the two subunits βγ.
The metarhodopsin II can activates hundreds of transducin, therefore am-
ply�ng the signal.
The GTP-Tα binds to and activates the phosphodiesterase (PDE) enzyme.
This latter catalyses the hydrolysis of cGMP (Cyclic Guanosine MonoPhos-
phate). Inside the cell, cGMP maintain open the channels between the outer
segment and the outside of the cell. The hydrolysis of cGMP reduces the
number of channels opened, inducing an hyperpolarization20;22;38. This bio-
logical cascade decreases the number of glutamate transmitted to the bipolar
cell, as shown in Figure 1.18. Bipolar cells respond to graduated potentials
from the photoreceptor cell, instead of the traditional action potential. The
decrease of neurotransmitters depolarises retina bipolar cells, which let it
transmit the signal to the retinal ganglion cells, which form the optical nerve.
The ganglion cells turn the signal into action potential, instead of the grad-
uated potential the rods and the bipolar cells use. This action potential is
later interpreted by the brain.
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Figure 1.18: Schematic of the rods visual phototransduction, from Purves
et al.20. A. Structure of rhodopsin embedded inside the disk of the rods of

Figure 1.12. B. Phototransduction pathway.

It is possible to measure the changes of electrical potentials the retina un-
dergoes. The hyperpolarization caused by the closure of channels in rods is
measured at the level of the cornea, and its expression is measured as the
A-wave in Figure 1.19. The depolarization of the ganglion cells is associated
with the B-wave origin. Together, they form an electroretinogram (ERG).
This electroretinogram is the main observable used in this work to correlate
the visual response to speci�c photo-excitation conditions.
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Figure 1.19: Electroretinogram of a mouse, in dark conditions. The A-wave
is the hyperpolarization in the red curve. The B-wave is the depolarization

measured in the green curve.

1.2.5 Genetic modi�cations of vision photo-receptors

For the experiments discussed in the chapter 2, one of the main concerns is
the possible overlap of the excitation with di�erent types of photo-receptors.
For speci�c cases, it is possible to reduce the signal coming from cones and
increase the one coming from rods by measuring under scotopic conditions
(i.e., the threshold below which cones do not participate to the visual pro-
cess). However, for other experiments, it is useful to modify genetically the
mouse, i.e. to selectively prevent S-, M- cones or rods.
The CRISPR-Cas9 technique39;40 has been used in this study by our col-
leagues at the biology department (Prof. I. Rodriguez) to produce mice with
speci�c modi�cations in the receptor population. Speci�cally, we used four
genomes: Rhodel/del, Rhodel/wt, Opn1mwdel/Y and Opn1mwwt/Y :

� Rhodel/del: Rhodopsin deletion/deletion, the gene that codes the rhodopsin
phenotype is removed from both alleles. The mouse shows no rhodopsin
phenotype. Both S- and M-cones are present.

� Rhodel/wt: Rhodopsin deletion/wild type, the gene is recessive. There-
fore, the mouse's retina is the same as the wild type mouse.
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� Opn1mwdel/Y : Opsin 1 medium wavelength: deletion/Y: the gene cod-
ing for the M-cones is present only on the X chromosome. As the mouse
used in this work are only male, deleting its gene from the only X chro-
mosome is enough to delete the corresponding phenotype. The retina
displays functional rhodopsin and S-opsin proteins only.

� Opn1mwwt/Y : Opsin 1 medium wavelength: wild type/Y: the mouse's
retina is the same as the wild type mouse.

Rhodel/wt and Opn1mwwt/Y genotypes exhibit the same genotype, containing
both rods and cones.



Chapter 2

Experimental techniques and data

analysis

In this chapter, we discuss the experimental setups used in this work. We
�rst detail the lasers characteristics, such as the Ti:Sapphire regenerative
ampli�er system and the non-collinear parametric ampli�er. In a second part,
we discuss the experimental setup designed to investigate the retina response,
whether using an intra-pulse or multi pulse approach. Finally, we'll discuss
the procedure and tools used to perform measurements on living mice.

2.1 Laser Sources

The laser used for this work is a femtosecond ampli�ed system coupled with
an optical parametric ampli�cator41. The basic principle of chirped-pulse
ampli�cation system is detailed in the subsection 1.1.1.
The Astrella laser system, manufactured by Coherent, is the chirped pulse
ampli�cation system used in this work. It consists of a Ti:Sa oscillator,
ampli�ed by a regenerative ampli�er. Its mains characteristics are displayed
in Table 2.1.

Central wavelength 800 nm
Bandwith 25 nm

Pulse duration 35 fs
Pulse energy 7 mJ
Repetition rate 1 KHz

Table 2.1: Astrella's characteristics

40
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2.1.1 Non collinear parametric ampli�er

We use the non-collinear parametric ampli�cation (NOPA) system TOPAS-
White produced by Light Conversion. Its mains characteristics are displayed
in Table 2.2.

Tuning range 500-700 nm, 850-1000nm
Pulse duration between 30 and 80 fs
Pulse bandwidth ∼1.8 transform limit
Pulse energy 10-60 µJ

Table 2.2: TOPAS 's characteristics

The beam adaptation to pump the TOPAS consists in a beamsplitter to re-
duce the pulse energy to 1 mJ, and a re�ective beam size reducer (f1 = 1 m
and f2 = −33 cm) to obtain a 9 mm diameter beam.
The TOPAS-white is a two-stage non-collinear parametric ampli�er, pumped
by pulses of 1mJ and central wavelength 800 nm. A small fraction is used
to generate white-light via self-phase modulation. The white light is com-
pressed via a grating compressor and focused in a non-linear crystal. The
main part of the 800 nm pulse energy is doubled via SHG, split in two, and
pumps the same non-linear crystal twice. By controlling two delay stages,
the white light is ampli�ed twice, and the wavelength is tuned by controlling
the phase-matching and the delays between the pumps and the white light.
The pulse is compressed by controlling two wedged windows before the out-
put of the system. A more theoretical explanation of the optical parametric
ampli�cation process is detailed in the Appendix, section 4.5.1.

2.2 Two-photon vision control set-up

In this experiment, we performed a spectral phase control of an infrared
pulse, to probe the two photon absorption of the rhodopsin.
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Figure 2.1: Experimental setup for two-photon vision control set-up. BS:
Beamsplitter, NOPA: Non Collinear Optical Parametric Ampli�cation, SM:
Spherical Mirror f = 2m, BBO: Beta Barium Borate non-linear crystal

(Cutting angle for both: 29.2◦, Thickness 2 mm, Eksma), F: Longpass 800
(FELH800 - Thorlabs), DM: Dichroic Mirror, HWP: Half Wave Plate,
POL: Polarizer, S: Shutter, BSR: Transmissive Beam Size Reducer

(f1 = 50 cm and f2 = −20 cm), ADC: Analog to Digital Convertor, PD:
Photodiode, ERG: Electroretinogram

The output from the Ti:Sapphire ampli�er is split in two pulse trains. The
�rst one pumps the NOPA producing output pulses of 80 fs at 960 nm, with
a corresponding energy of 7 µJ. The pulse shaper induces signi�cant loss
of energy, due to the grating e�ciency, and no ERG could be measured at
this energy level. To circumvent this problem, we mounted an additional
home-made OPA stage to increase the �nal output, which is pumped by the
second part of the ampli�ed system (Figure 2.1). With this con�guration,
the output reaches 40 µJ, 120 fs pulse duration.
The beam is spectrally shaped by the pulse shaper, using a spatial light
modulation (SLM-S640, by Jenoptik) in a 4f-line. The 4f-line is wrapped
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under a X-geometry, as shown in Figure 2.2. Its con�guration allows for
easier alignment and less aberration from the beam, such as spatial chirp42.
The grating disperses the spectrum on a �at mirror, directed to a cylindrical
mirror (f = 55 cm). The beam path is reversed after the passage through
the SLM.

GR
M

CyM GR
M

CyM

Figure 2.2: Pulse shaper in X-Geometry. CyM: Cylindrical Mirror, M:
Plane mirror, GR: Grating. The pulse shaper is placed in the middle. This

corresponds to the more convenient alignment42.

After being spectrally shaped by the pulse shaper, the divergence of the beam
is modi�ed using the beam reducer (by optimizing the position of the last
lens with the ERG signal). A fast silicon photodiode (SM05PD28) combined
to a gated integrator (SR280 - Stanford Research Systems) measures the en-
ergy of each pulse, and a combination of a half wave plate and a polarizer
mounted on a computer-controlled motorized rotational stage (PRM1/MZ8 -
Thorlabs) are used to modify the pulse energy. Five pulses of 5µJ illuminates
the eye every two seconds.
For this experiments we �rst compressed temporally the pulse to its transform-
limit via a genetic algorithm43, and then applied a step of amplitude π on
the spectral phase, and scan the position of the pi-step inside the spectrum.

2.3 Intra-pulse coherent control
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2.3.1 Set-up
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Figure 2.3: Experimental setup for intra-pulse coherent control. NOPA:
Non Collinear Optical Parametric Ampli�cation, HWP: Half Wave Plate,
POL: Polarizer, BSa: Beam Sampler, BG40: Color glass bandpass �lter
(FGB37M - Thorlabs), S: Shutter, PD: Photodiode, ADC: Analog to

Digital Convertor, ERG: Electroretinogram

The NOPA output (50 fs, 535 nm central wavelength ∆λ = 30 nm FWHM)
is temporally shaped by a spatial light modulator (SLM-S640 by Jenoptik)
in a 4f-line. A fast silicon photodiode (SM05PD28 - Thorlabs) combined
to a gated integrator (SR 280 - Stanford Research Systems) measures the
energy of each pulse, and a combination of a half wave plate and a polarizer
mounted on a computer-controlled motorized rotational stage (PRM1/MZ8 -
Thorlabs) allows maintaining a constant average pulse energy while varying
the SLM settings. For each setting, the chirp is measured by taking a SHG
FROG (APE PulseCheck). A fast electronic shutter (Newport model 76992)
allows �ve pulses of 3 nJ each to illuminate one eye of the mouse under study
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with a two seconds dark period in each cycle.

2.3.2 Energy correction

The pulse shaper is calibrated prior to the experiments. It is therefore nor-
mally su�cient to apply a phase function (Equation 2.1), which is subse-
quently converted into volts by the control software, and applied to each
pixel.

P (p) = α(p− γ)2 + δ (2.1)

Where p stands for pixel (there are 640 pixels) and α the linear wanted chirp.
γ is used to correct for the position of the beam, as it might not be centred on
the pulse shaper. δ is a �ne-tuning parameter for the temporal pulse shape.
The pulse shaper, at 535 nm, cannot apply a phase di�erence greater than
7π. It is therefore necessary to wrap the phase. However, wrapping the phase
induces abrupt discontinuities. Indeed, as there is always a small calibration
error, the phase is no longer continuous. These jumps are also refractive
index jumps, which can change the spectrum and spatial shape of the beam.
Therefore, we should apply as little wrapping as possible to maintain the
same spectrum to each pulse.
The pulse shaper can also uniformly reduce the spectral intensity, and there-
fore modify the energy between the di�erent phase-conditions used. It is
therefore necessary to correct for this modi�cation, so that each pulse has
the same energy. This is achieved by inserting a combination of a polarizer
and a half-wave plate.The calibration of the half-wave plate for the correc-
tion is achieved prior to the experiment. The two seconds delay, necessary
to avoid the bleaching of the photo-receptors between each excitation con-
dition tested on the animal is used for changing the phase function and for
correcting for energy di�erences.

2.4 Multipulse coherent control

The multipulse coherent control experiment is a pump-dump/re-pump scheme,
where a �rst pulse excites the rhodopsin, and a second controls the isomeriza-
tion depicted in the subsection 1.2.3 via stimulated emission or re-pumping.
It is realized with pulses of both long and short duration.
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2.4.1 50 fs-pulse pump probe set-up
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Figure 2.4: Experimental setup for long multipulse coherent control. BS:
Beamsplitter, NOPA: Non Collinear Optical Parametric Ampli�cation,

HWP: Half Wave Plate, POL: Polarizer, BSa: Beam Sampler, BG40: Color
glass bandpass �lter (FGB37M - Thorlabs), BSR: Transmissive Beam Size
Reducer (f1 = 50 cm and f2 = −20 cm), S: Shutter, PD: Photodiode, ADC:

Analog to Digital Convertor, ERG: Electroretinogram

The output from the Ti:Sa ampli�er is split in two pulse trains: one pumps
the NOPA and its 50 fs, 535 nm output is kept unchirped (pump pulse). It
is attenuated to 3 nJ. The other (dump pulse: 800 nm, 1 µJ, 50 fs) is delayed
by a computer-controlled motorized linear stage (PI model M-505.4DG).
Finally, both beams are recombined with a temporal delay, measured by sum
frequency generation in a BBO non-linear crystal.
The pulses are coupled onto the mouse eye in the same fashion as in the
intra-pulse experiment: the fast shutter allows �ve pump-dump pulse pairs
to illuminate one eye.
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One should be careful to not induce any measurable signal with the 800 nm
pulse. Indeed, even so the absorption of rhodopsin at 800 nm is low compared
to the absorption at 535 nm, the energy of the dump pulse is magnitude
higher than the energy of the pump pulse. At 1 µJ, no measurable signal
was recorded with the 800 nm pulse only.

2.4.2 25 fs-pulse pump probe set-up
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Figure 2.5: Experimental setup for long multipulse coherent control. BS:
Beamsplitter, NOPA: Non Collinear Optical Parametric Ampli�cation, SM:

Spherical Mirror f = 2m, BSR: Transmissive Beam Size Reducer
(f1 = 50 cm and f2 = −20 cm), CM: Chirped Mirror (Layertech, -120 fs2,

oscillation compensated), Filter: Bandpass 850-40 nm (FB850-40 -
Thorlabs ) , HWP: Half Wave Plate, POL: Polarizer,S: Shutter, BSa: Beam
Sampler, BG40: Color glass bandpass �lter (FGB37M - Thorlabs), ADC:
Analog to Digital Convertor, PD: Photodiod, ERG: Electroretinogram
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Short pulses are key to observe details of the isomerization of rhodopsin, as
the conical intersection is crossed in less than 80 fs5. An improvement of the
experiment described in the subsection 2.4.1 is therefore useful:

� The NOPA system was improved to output 25-30 fs, centred at 550
nm.

� To reduce the pulse duration, the bandwidth must be increased. We use
the �lament-based pulse compression technique to obtain 11 fs beam
centred at 800 nm (Figure 2.6). However, the new bandwidth overlaps
more with the absorption spectrum of rhodopsin. A pulse energy of
1µJ now induces a measurable signal. A compromise must therefore be
found between pulse duration, bandwidth and energy.
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Figure 2.6: Left: measured FROG after pulse duration reduction by
�lamentation. Right: retrieved pulse of 11 fs, centred at 800 nm

To avoid this issue, we added a color �lter (FB850-40 - Thorlabs) 850-40 nm.
This optical component solves the problem but it entails an increase of pulse
duration from 11 fs to 30 fs due to the decrease of bandwidth as seen in the
Figure 2.7.
The rest of the setup is similar to the long pulse pump-dump/re-pump. (sub-
section 2.4.1).
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Figure 2.7: Blue: Spectrum of the pulse after �lament, without �lter. Red:
Spectrum of the pulse after �lament and the color �lter.

2.5 Detection System

2.5.1 Illumination method

A standard ERG, as displayed in the Figure 1.19, requires a short illumina-
tion time compared to the length of the ERG signal, typically around 300
ms.
A fast electronic shutter (Newport model 76992) allows �ve pulses each to
illuminate one eye of the mouse under study with a two seconds full cycle.
A triggering software controls both the illumination event and the ERG ac-
quisition: the di�erential bio-electric signal from the two retinas is ampli�ed
by 5000 and bandpass-�ltered with a pre-ampli�er (SR560 by Stanford Re-
search System, inc., between 0.3 and 3000 Hz) working on battery power.
The ex-vivo system/anaesthetized mouse and the pre-ampli�er are enclosed
in a custom-made Faraday cage to reduce the 50 Hz noise pickup. The ana-
log signal is digitized by an analog to digital converter (ADC- PCI-6220 by
National Instruments) with a sampling frequency of 25 kHz connected to a
computer and controlled by a dedicated acquisition software. During a data
acquisition run, the ERG signal is typically sampled a few milliseconds before
and after a single illumination event.
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2.5.2 Animal handling techniques

For both ex-vivo and in-vivo experiments, mice are dark-adapted for two
hours prior to experiments. They are anaesthetized with an intraperitoneal
injection of ketamine (90 mg/kg) and xylazine (10 mg/kg) solution under
dim red light (PF712 Dr FISCHER).

2.5.2.1 Ex-vivo acquisition of electroretinogram

During a part of this work, the ERG was acquired directly on mouse retinas,
in an ex-vivo setup, purchased from Ocuscience (USA). In this con�guration,
after the sacri�ce of the mouse, the eye is gently detached from the optical
nerve, and dissected, to extract the retina. The use of pentobarbital to
euthanize the animal is not advised in this case, as it is reported that this
drug strongly perturbs the ERG traces44. The whole procedure is realized in
the dark, using only a dim red light. The eye is detached in Ames' medium
(Sigma Aldrich) mixed in distilled water, suitable for maintaining the cell
alive. The retina is afterwards attached to the holder, in Figure 2.8. Note
that the holder is designed to acquire the signal from two retinas, although
in this work we limited the acquisition to a single retina at a time.

Figure 2.8: Left: Picture of the holder. One can see the two retinas
position. Each retina is deposed on a 0.45 um nitrocellulose �lter. The
electrolyte solutions lies between the electrode and the retina. The
perfusion, �lled with Ames' medium, �ows on the top of the retina.
Right:Schematic of the holder. Figure adapted from Vinberg et al.45

The signal is acquired via an electrode embedded in a bath of electrolyte so-
lution (NaCl 140 mM, KCl 3.6 mM, MgCl2 2.4 mM, CaCl2 1.2 mM, HEPES
3.0 mM and EDTA 0.01 mM) in contact with the bottom of the retina. The
other electrode is connected to the perfusion, which �ows on the retina at a
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low �ux (around 50 mL/hour). The two electrodes are connected to a dif-
ferential ampli�er. The perfusion itself consists in an heated Ames' medium
(37◦, oxygenated using a 95%5% CO2/ O2).
Prior to the experiment, to insure the electrolyte solution is correctly set,
the perfusion and the electrolyte channel are both �lled with electrolyte so-
lution, and the resistance between the two is measured. A value below 200
kΩ is su�scient for performing the acquisition, but a typical working value
is approximately 40 kΩ.
This approach presents several di�erences compared to the in-vivo measure-
ments:

� The physiological noise (respiratory rate, heart rate) is not present,
increasing the signal over noise ratio.

� The signal can be measured for up to 10 hours.

� The retina can be stored at 4◦ C in an Ames medium and used up to
12 hours.

� The cornea and the crystalline lens are no longer part of the beam path.
Indeed, their presence can have an e�ect on the pulses' characteristics,
such as divergence or pulse duration.

� The signal is approximately 10 times smaller, and therefore the 50 Hz
noise signal must be �ltered out more e�ciently to keep the same signal
over noise ratio.

� As the retinal pigment epithelium is no longer attached to the retina,
the recycling from the all-trans to the 11-cis of the retina is lowered46,
and the signal decreases over time.

2.5.2.2 In-vivo acquisition of electroretinogram

45 min after the primary injection and every 40 min, a solution of ketamine
(15 mg/kg) and xylazine (3 mg/kg) is injected to maintain anesthesia, for a
total duration of 2h30 of anesthesia. The temperature of the mice is main-
tained using a hand warmer and a cover. After the initial anesthesia, one
drop of mydriatic (Mydriaticum Dispersa 5 mg/ml, Omnivision) is deposited
on each eye. Electrodes are then applied on both eyes. To improve the con-
ductance of the signal between the eyes and the electrodes, and to maintain
moisture, drops of 2% hydroxypropyl-methylcellulose (Methocel 2%, Omnivi-
sion) are regularly casted.
To detect the ERG response we followed di�erent approaches depending on
the speci�c experiment.



52CHAPTER 2. EXPERIMENTAL TECHNIQUES ANDDATAANALYSIS

� In the case of intra-pulse coherent control experiment, a small tube
�lled with methylcellulose is apposed to the stimulated eye (Figure 2.9),
with a �at glass window on the laser side of the tube. This arrangement
prevented focusing of the beam on the retina, since the methylcellulose
solution has the same refraction index as the cornea, and since the en-
trance pupil was �at. A tinned copper ring (3 mm diameter) connected
to an electrical wire is centered and put in contact with each of the eyes
of the animal.
We show in Figure 2.10 the e�ect of the index matcher on the spot size
of an eye. For this control experiment, the cornea, crystallines lens and
vitreous humour are detached from the rest of the eye, and put on a mi-
croscope. The focus of the microscope is set at the retina's level, and a
camera record the images, with and without index matcher. Similarly,
we perform ray tracing (Figure 2.11a and Figure 2.11b) of the beam in
the eye using the ray-tracing software Code V. The results are similar,
the index matcher greatly reduces the focussing of the beam.

� In the case of the multipulse and two photon coherent control exper-
iments, small contact lenses (Figure 2.9 - OcuScience), with a 3 mm
diameter, attached to a small silver lead, are a�xed on both eyes. This
arrangement allows for a better signal acquisition, and an increased in-
tensity at the retina level. This is fundamental to obtain a two-photon
absorption ERG.

Figure 2.9: Left: Silver-embedded lens - OcuScience, of 1.5 mm radius of
curvature, in Aclar, a Polychlorotri�uoroethylene homopolymer �lm. Right:
Silver-embedded lens - OcuScience, of 1.5 mm radius of curvature, in Aclar,

a Polychlorotri�uoroethylene homopolymer �lm.
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Figure 2.10: Measured beam size at the retina with (black curve - 130 µm
radius) and without (red curve - 33 µm radius) the index-matcher. The
blue line corresponds to the beam pro�le before entering the eye (207 µm
radius). For these ex vivo measurements, the retina and the retinal pigment
epithelium were delicately detached from the rest of the eye, leaving intact
cornea, crystalline lens, and vitreous humour. Not actually performed by

the main laser.
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(a) Ray tracing of a 450 µm input beam propagating through the

mouse eye in absence of an index-matcher layer

(b) Ray tracing of a 450 µm input beam propagating through the

mouse eye in presence of an index-matcher layer

Figure 2.11: Ray tracing of a 450 µm input beam propagating through the
mouse eye in absence (a) or presence (b) of an index-matcher layer. The
calculated spot size on the retina is 250 µm, and 5 µm, with and without
index matcher, respectively. Values for the radii of curvature, indices of

refraction, and thicknesses of the various eye components (cornea,
crystalline lens and retina) are taken from Remtulla et al.47
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2.6 Data analysis

For each experiment carried out during this work, a series of ERGs is mea-
sured after a light excitation. For each ERG, a linear regression is performed
on the �rst 100 sampled points collected before each illumination event to de-
termine the di�erential baseline. The signal is subsequently Fourier-�ltered
(Low pass at 50 Hz, �nite order response of order 1501). This way, the
amplitudes of the A- and B-waves are directly measured from the minimum
and maximum values of the ERG. For each datasets, outliers are removed
following the Chauvenetâ��s criterion48. An example of Fourier analysis is
shown in Figure 2.12.
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Figure 2.12: Fourier Analysis of the ERG. Left (top to bottom): top:
average of 200 traces of ERG, middle: average of the �ltered traces

(between 0 and 50 Hz), bottom: average of the �ltered traces between 50
Hz to 12500 Hz. Right: average of FFT of the same traces, between 0 and

50 Hz, and between 50 and 200 Hz).

The high frequency components are called the oscillatory potentials (OP).
Although commonly observed in ERGs, their origin is not clearly identi�ed49,
and is probably not linked to a single type of cell. They likely originate from
the cells located between the photoreceptors and the ganglion cells50.
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The appearance of a frequency peak at 50Hz is due to poor contact between
the electrodes and the retina, which changes the impedance of the electrodes.
Removing this spurious component is one of the major advantages of Fourier
analysis for this signal.



Chapter 3

Ex-vivo experiments

This chapter focuses on the experiments carried out ex-vivo, i.e., the char-
acteristics of the two-photon absorption in retina. This assessment was es-
sential to perfect the ERG detection for the following experiments in-vivo
(at one and two photons) and to investigate the excitation of the retina with
femtosecond pulses.

3.1 Characterization of two-photon vision

Visual response upon two-photon absorption (TPA) on human volunteers
was demonstrated in 2014 by Palczewska et al.51. In the same work, it was
also con�rmed on ex-vivo mice retinas. In our study, the ex-vivo approach
was applied to perform a complete characterization of the e�ect of pulse du-
ration, focal spot size and energy dependence upon excitation by infrared
femtosecond pulses.

In this assessment of the two-photon absorption, we use an infrared pulse
(960 nm) generated within the set-up described in section 2.2. The �rst part
of the experiment consists in verifying that the response observed is actually
compatible with a two-photon process, and therefore by de�nition, on the
energy, the pulse duration and the diameter of the beam. For this study,
the ex-vivo system is ideal, as it presents the advantage of working without
the crystalline lens in the beam path. In the near infrared, the optical and
spectroscopic characteristics of the mouse eye are not well established. It is
also useful to prevent any chromatic dispersion, which temporally stretches
the pulse, and therefore decreases the two-photon absorption.

We proceed to three experiments:

57
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� Energy dependence: the pulse energy is freely adjusted by a combina-
tion of a motorized half wave plate and a polariser, for both a 960 nm
and a 480 nm (obtained using the SHG of the infrared pulse). Results
are shown in Figure 3.1.

� Pulse duration dependence: we applied a negative chirp using a com-
mercial prism compressor (BOA - Swamp Optics), and measured the
ERG as a function of the pulse duration of the infrared pulse. In the
successive analysis, we renormalized the B-wave amplitudes with the
energy used to generate them. Results are shown in Figure 3.1.B.

� Beam diameter dependence: we focused the infrared light using a f=35
mm lens, and measured the ERG as a function of the position of the
lens. The size of the beam is measured using a beam pro�ler. Results
are shown in Figure 3.1.C and D.
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Figure 3.1: Ex-vivo characterization of the retinal response upon 960 nm
femtosecond pulses. A: B-wave response upon 480 nm (green dots) and
upon 960 nm (red dots) excitation. Blue lines: spline interpolation. B:

B-wave amplitude as a function of the pulse duration. C: B-wave amplitude
(red) and beam diameter (blue) as a function of the lens position (Z-scan).

D: B-wave amplitude as a function of the beam diameter.

We clearly observe the following trends:

� In Figure 3.1.A, an ERG can easily be measured upon 960 nm ex-
citation. We also notice that substantially more energy is needed to
measure a B-wave at 960 nm (uJ) than at 480 nm (pJ). This is consis-
tent with a response produced by an infrared pulse outside the linear
absorption band of rhodopsin.

� In Figure 3.1.B, the B-wave decreases as the pulse duration increases
at 960 nm, as would be expected from a two-photon process.
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� In Figure 3.1.C and D, the B-wave also decreases as the beam diameter
increases at 960 nm, which is also expected from a two-photon process.
Note that the beam diameter was kept below 250µm throughout the
experiment. This was done to ensure that the density of the receptors
in the region probed was su�ciently homogeneous to perform the com-
parison.

The di�erent dependencies of the B-wave on the di�erent variables (energy,
pulse duration and size of the beam) show that the retinal response does not
come from a linear absorption (e.g., from the tail of the rhodopsin absorption
spectrum), but rather a two-photon process.

In the next paragraphs, we will consider in detail the dependencies of the
B-wave with respect to each of the experimental variable.

3.2 ERG energy, pulse duration and beam di-

ameter dependence upon two-photon ab-

sorption

The response of the B-wave can always be splitted into two parts: a photo-
molecular part, allowing the isomerization of rhodopsin, and a physiological
part, which allows the transition from isomerization to the B-wave, which
is the response of the system. In the case of single-photon absorption, the
number of isomerization is linearly dependent on energy, and not dependent
on pulse duration or beam size. However, at two-photon, the number of
isomerized rhodopsin increases quadratically with energy, but decreases with
pulse width and beam diameter. The response of the system, due to the
physiological response, remains independent from the excitation mechanism
part (i.e., single-photon or two-photon absorption, wavelength), and depends
only on the number of isomerization.
We �rst detail the photo-molecular part.
The simple rate equations model (i.e., not taking in account stimulated emis-
sion) for single and two-photon absorption, for a two-state model is as follows:

dN2

dt
= σ1N1(A)I(A, t) (3.1)

dN2

dt
= σ2N1(A)I(A, t)2 (3.2)
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Therefore, the number of molecules excited state, in the case of two photon
absorption, becomes:

N2 = σ2

∫
t

N1(A)I(A, t)2 dt (3.3)

To perform this integral, we used a Monte-Carlo code to simulate the re-
sponse of an array of 500x500 i.d. (intermolecular distance) of equally spaced
rhodopsin proteins molecule for two-photon absorption. Each square repre-
sents one rhodopsin, which has a probability σ2I

2 to be excited. We designed
a 2D Gaussian beam of varying pulse duration ∆T , diameter σ and energy,
centered at x0 = y0 = 250.

f(x, y, t) = A0 · e
−
(

(x−x0)2

2σ2 +
(y−y0)2

2σ2

)
· e−4 ln 2( t

∆T )
2

Note that for these calculations, the value of σ2 is chosen as to not saturate
the response (i.e., less than 1% of rhodopsin are excited).
The simulation is repeated multiple times for various sizes of the Gaussian
beam, pulse duration and energy and the results are shown in Figure 3.2.
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Figure 3.2: Simulation of two-photon absorption in molecules. In every
�gures, the blue curves represents the best �t using the function

f(x) = axn + y0. A: Simulated number of excited molecules as a function of
the energy, n = 1.98. B: Simulated number of excited molecules as a

function of the beam diameter, n = −1.99. C. Slice of the Monte-Carlo
simulation at t = 0, using a Gaussian beam, with diameter σ = 50i.d.

(intermolecular distance). Black dots represent the excited molecules. D:
Simulated number of excited molecules as a function of the pulse duration,

n = −0.98.

Using the �t function f(x) = axn + y0, we see that the number of excited
molecules increases with the energy (n = 1.98), decreases with the beam
diameter (n = −1.99), and decreases with the pulse duration (n = −0.98).

We now discuss in more details the mechanism leading from molecular isomer-
ization to the ERG. The response of the system is �rst measured upon visible
excitation (Figure 3.1.A). Indeed, as the dependence of the single-photon ab-
sorption on the pulse energy is linear, we directly obtain the response of the
system.
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One should however note the di�erent saturation levels of the B-wave of one
and two photons. Indeed, in Figure 3.1.A, we see that the B-wave amplitude
upon 960 nm excitation saturates at 13 µV , without reaching the level of
the B-wave upon 480 nm, at 34 µV. This is because, in this ex-vivo system,
the retinal inside the rhodopsin is not recycled to the cis-ground state fast
enough, as it would be in the eye. Indeed, the RPE (retinal pigment epithe-
lium) is the primary way of recycling rhodopsin, and it is removed from the
eye for this system52. As the time delay between each experiment realized
on this retina is di�erent, the bleaching level of the retina is also di�erent.
It is therefore very complicated to compare a calculated B-wave using the
dependencies of two-photon absorption and the response system of the retina
and the measured B-wave upon two-photon absorption.

However, it is possible to compare the rates of Equation 3.1 and Equation 3.2,
using the values found in the literature. The single-photon absorption cross-
section σ1 for the cis-ground state can be calculated from the molar extinction
coe�cient (ε = 40200 cm−1M−1)53.

σ = ln (10)
103

NA

ε (3.4)

And we �nd σ1 = 1.5 · 10−16 cm2 at 500 nm.
The two-photon absorption cross-section σ2 was calculated by Palczewska et
al.51: σ2 = 10−50cm4s. The pulses characteristics are detailed in Table 3.1.
The intensity is calculated as I = Number of Photons

A·∆T . Note that this equa-

Single Photon Two Photon
Pulse Duration ∆T (s) 10−13 10−13

Diameter (µm) 100 100
Area A(cm2) 7.85 · 10−5 7.85 · 10−5

Energy (J) 8 · 10−12 4 · 10−7

Number of Photons 1.9 · 107 1.9 · 1012

σ1I|σ2I
2 3.7 · 108 6.06 · 108

Table 3.1: Pulses characteristics used in ex-vivo experiment.

tion assumes that the pulse is squared, instead of Gaussian. We found
σ1I = 3.7 · 108 and σ2I

2 = 6.06 · 108 for single and two-photon absorp-
tion respectively. Therefore, the pulses used for each experiment isomerizes
almost the same number of molecules, considering they illuminates the same
number of rhodopsin, inducing therefore the same B-wave amplitude. Note
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that this simpli�ed approach does not take in account that the process could
be single photon absorption from the tail of the rhodopsin absorption spec-
trum. This direct infrared absorption was ruled out by Palczewska et al.51,
where they determined that, using ex-vivo system, the ERG upon infrared
femtosecond light (from 800 nm) is generated from two-photon absorption
processes.

In conclusion, we used infrared femtosecond light to generate an ERG in
ex-vivo system. All the evidence tends to show that this is a two-photon
process. In fact, all the dependence on the parameters (energy, pulse dura-
tion and beam diameter) are consistent with such an excitation mechanism.
Moreover, the simple calculation of excitation probability using cross-section
from the literature is fully consistent with the ERG we observed. Finally, this
assessment allows us to conclude that the excitation settings are compatible
with the maintain of the physiological response over long term.



Chapter 4

In-vivo experiments

This chapter focuses on the experiments carried out in-vivo, i.e., in living
anaesthetized mice. In a �rst part, we measured the energy response of cones
and rods combining visible excitation light and genetically modi�ed mice.
We also replicated the energy response upon two-photon absorption already
measured ex-vivo and went one step further, using shaped infrared pulses
(π-step in the spectral phase). In a second part, we carried out intra-pulse
and multi-pulse coherent control in living mice.

4.1 Light energy response of the retina using

an ERG

In the series of measurements described in this section, �rst we characterized
the response of the retina as a function of the energy for di�erent photore-
ceptors. These measurements relied on the use of genetically modi�ed mice,
as explained in subsection 1.2.5. The aim was to identify which energy level
is necessary to excite the rods without saturating the response and without
having any contribution from the cones. A measurement consists in sequen-
tially increasing and decreasing the energy, and compare the two curves, to
obtain information regarding bleaching and damage to the retina. In these
traces, both curves were similar. In Figure 4.1, we show the A-wave (top)
and B-wave (bottom) amplitude as a function of pulse energy at 535 nm. We
can see the following characteristic:

� The A-wave in the trace of the genetically modi�ed mice Rhodel/del is
negligibly small over the entire energy range, while the B-wave starts
rising after 3 nJ per pulse.

� The response curve of the genetically modi�ed mice Rhodel/wt, Opn1mwdel/Y

65
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and Opn1mwwt/Y are similar, as they all possess the rods. Note that
Opn1mwdelt/Y exhibits the same signal, even so it does not possess
cone, indicating a response dominated by the rods.

� At 3 nJ (the limit at which the cones' response is measurable in our
setup), the B-wave is saturated. The A-wave saturates above 20 nJ.
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Figure 4.1: Top: A-wave amplitude as a function of the energy per pulse for
di�erent mice's genome. Bottom: B-wave amplitude as a function of the
energy per pulse for di�erent mice's genome. The number of animals used
is n=2 for all genome, except Opn1mwdel/Y , where n=1. The contact lens

electrode was used for this measurement.
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These results ensure that wild type mice can be used to probe the response
of rhodopsin as long as the energy per pulse is kept below 3nJ. Indeed, only
signal coming from rhodopsin is measured below this threshold, and the A-
wave is not saturated. On the other hand, any measurement related to the
B-wave becomes more complicated, as the response curve is already saturated
at 3 nJ.
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Figure 4.2: Top: A-wave amplitude as a function of the energy per pulse for
di�erent mice's genome. Botton: B-wave amplitude as a function of the
energy per pulse for di�erent mice's genome. n=1 for all genome. Copper

ring electrodes was used for this measurement.
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These results obtained with contact lens electrodes were also con�rmed using
copper wire ring electrodes, as displayed in Figure 4.1. The signal measured
with the copper ring is lower, even in absence of index matcher (not shown).
This is due to the position of the electrode: the electrode lens features a thin
silver lead at the apex of the eye, where the measurable signal is stronger
compared to the periphery of the eye.
We explain the di�erence between Opn1mwdel/Y and Opn1mwWT/Y by varia-
tions associated to the small number of independent measurements. Indeed,
the anaesthesia in�uences greatly the absolute value of the signal54, as well
as the contact between the electrode and the cornea (change of impendance).
As the anaesthesia is deepened, the B-wave disappear �rst, then the A-wave.
This explains why the A-wave amplitude is similar in both genome, but the
B-wave is smaller in the �rst one. This is also a good argument in favour of
the choice of the A-wave as observable.
We notice that the signal measured with the lens electrode is also more sta-
ble shot-to-shot than the signal measured with the copper ring electrode.
Changing the copper electrode to platinum electrode did not improve the
signal value nor its stability.

4.2 Two-photon absorption control

In this section, we replicate the measurement upon two-photon absorption
already performed ex-vivo. Successively, we use spectrally shaped pulses (π-
step in the spectral phase) to modify the two-photon absorption.

4.2.1 Two-photon energy dependence

The pulse energy is freely adjusted by a combination of a motorized half
wave plate and a polariser. A typical one-photon (at 480 nm, obtained using
the SHG of the infrared pulse) and two-photon ERG curves are shown in
Figure 4.3.
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Figure 4.3: Left: one-photon B-wave response in-vivo upon 480 nm
excitation. Right: two-photon B-wave response in-vivo upon 960 nm
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Note that the saturation levels of the B-wave are not the same under the two
excitation. The B-wave in the two-photon response does not even comes to a
saturation for the energy levels tested. Unlike the ex-vivo system, this cannot
be ascribed to the absence of RPE, not recycling rhodopsin. However, the
amount of anesthesia55;56 and the temperature of the mice57 are both known
to a�ect the values of the A and B-waves.

The energy required to obtain a signal is on average ten times greater in-vivo
than ex-vivo. This is due to better signal to noise ratio (no hindrance by the
electro-physiological response from the mouse itself, as the signal background
induced by the respiratory motion). However, because the retina is not in
its natural environment, the ex-vivo response is drastically reduced as com-
pared to the in-vivo, leading to an an approximately ten-folder weaker signal.

The rate σ1I and σ2I
2 (from Equation 3.1 and Equation 3.2) should now be

re-calculated, as the energy is increased, and as the absorption of the eye
component itself in the infrared should be taken in account. As previously,
we use the literature values σ1 = 1.5 · 10−16 cm2 and σ2 = 10−50cm4s for
one and two-photon absorption (see section 3.2). We consider the absorption
coe�cient of water, measured by Hale et al.58 at 475 nm and 960 nm are
respectively 0.000247 and 0.42 cm−1. Considering the size of the eye of a
mouse (3mm in diameter59), and using the Beer-Lambert Law, the transmis-
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sion of the eye (assuming the absorption coe�cient of water) is T = 1.0 and
T = 0.88, for 475 and 960 nm respectively. All the parameters are resumed
in the Table 4.1.

Single Photon Two Photon
Pulse Duration ∆T (s) 10−13 10−13

Diameter (µm) 100 100
Area A(cm2) 7.85 · 10−5 7.85 · 10−5

Energy (J) 8 · 10−11 4 · 10−6

Number of Photons 1.9 · 108 1.9 · 1013

Transmittance 1.0 0.88
σ1I | σ2I

2 3.7 · 109 4.71 · 1010

Table 4.1: Pulses characteristics used in two-photon absorption in-vivo
experiment.

We found σ1I = 3.7 · 109 and σ2I
2 = 4.71 · 1010 for single and two-photon

absorption respectively. The one order of magnitude di�erence may come
from the dispersion and the in�uence of the various physiological parameters
on the ERG.

4.2.2 In�uence of a π-phase step in the spectral phase

on the response of rhodopsin

In this part, we would like to probe the e�ect of the spectral phase on the
two-photon retinal response. In order to modify the spectral phase of an
infrared pulse, we use the set-up described in section 2.2.
The experiment is carried out in two steps on rhodamine 6G and on living
mice:

1. Reduce the pulse duration using a genetic algorithm.

2. Scan the π-phase step jumps along the spectrum, and measure the
response.

We use a genetic algorithm43 to reduce the pulse duration, as the dispersion is
not only of second order, due to the generation process. Brie�y, sixteen phase
functions are applied to the pulse, and the �uorescence of the rhodamine is
measured for each of them. By optimally mixing the phase functions (using
the genetic algorithm), we can reduce the pulse duration to its minimum.
In the second part, we apply a pi phase-step: the phase of the blue part of
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the spectrum is unchanged, while the phase of the red part of the spectrum
is set at π. We then scan the position of the step. The result of this scan
on rhodamine 6G with a temporally compressed pulse and an unoptimized
pulse is shown in Figure 4.4.
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The normalized two-photon excited �uorescence presents the lowest intensity
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value when the π-step is located at the center of the laser spectrum. When a
compressed pulse is used, the di�erence in �uorescence with or without steps
is even greater (Figure 4.4, black and blue curve). Note that �uorescence is
normalized to the average �uorescence acquired when the π-step is located
before 936 nm.
These observations are consistent with what was previously observed for π-
step scans on molecules with large absorption bands (Coumarin 6H60), and
the physics will be discussed more in details in the subsection 4.2.3.

The same procedure is now performed on mice.
An ERG is measured every 2 seconds from 5 pulses. Every 2 ERGs, the pi-
phase step is moved by a few pixels (10 pixels, 2.3 nm for mouse 1, 15 pixels,
3.4 nm for mouse 2 ) on the pulse shaper. The amplitude of the B-wave is
averaged for the two ERGs, then on the total number of scans performed
(Between 9 and 15). This procedure takes approximately 45 minutes, and is
repeated 3 times, with an anaesthesia between each measurement. The total
average for each mouse is shown in Figure 4.5.
Note that here we decided to use the B-wave as observable, as the A-wave
is now almost non-existent, while the B-wave is not saturated. Indeed, as
shown in Figure 4.3, the energy involved in-vivo is not su�cient to sature
the B-wave. Moreover, as shown in Figure 4.1 using visible excitation, at
energies where the B-wave is not saturated, the A-wave is relatively small.

We observe the same trend as rhodamine. When the π phase-step is located
at the center of the pulse spectrum, the response is weaker. However, while
the response decreased by about 50% for rhodamine, it only decreased by 10
to 15% in the eye of the mouse. The comparison with the theory is done in
the next paragraph.
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4.2.3 Calculation of the in�uence of the π-phase step

upon two-photon absorption

The phenomenon observed in subsection 4.2.2 can be explained by calculat-
ing the intensity pro�le I(t) of a pulse depending on the location of the step.
In a �rst step, we can generate a pulse centred at 960 nm, with a 20 nm
bandwidth with a step-phase of pi in the center. The time pro�le of such an
pulse is shown in red in the Figure 4.6, top part, while the time pro�le of
a Fourier-limited pulse is shown in blue. We observe that the center of the
pulse disappears, because of destructive interference.
Because our measurement involve a two-photon absorption process, we pro-
ceed in calculating the squared intensity of the pulse, and then integrating
it over the time (800 fs). By repeating this procedure for pi phase-steps lo-
cated between 920 and 1000 nm, every 4 nm, and by normalizing with respect
to a Fourier limited pulse, we obtain the trace in the Figure 4.6, bottom part.
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As expected, the two-photon absorption decreases drastically when the lo-
cation of the pi phase-step is at the center of the pulse. The spectral phase
modulation therefore corresponds in this case to an intensity modulation.
We can thus reduce the absorption with two photons by 70% this way. We
see in the Figure 4.4 that only 50% of the �uorescence was suppressed. This
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is due to the non-Gaussian, asymmetric shape of the spectrum.

The e�ect is di�erent if the system used has broad or narrow absorption
bands compared to the pulse spectrum, as demonstrated by Meshulach et
al.60;61. For a narrow-band absorption spectrum (comparatively to the pulse
bandwidth), the �uorescence can be completely cancelled, except when the
pi phase-step is located exactly at the center, and the �uorescence is at max-
imum again, even though the pulse intensity is lower, and the pulse duration
longer than the Fourier-limited pulse. This is due to the self-interference be-
tween the pulses during the absorption. Indeed, even though the spectrum
of the electric �eld remain constant over the whole scan (as it should, be-
cause the pulse shaping is phase-only), the Fourier transform of the squared
electric �eld is greatly modi�ed, as shown in Figure 4.7. The interference is
constructive at twice the central wavelength of the pulse, and destructive in
the rest of the spectrum. This leads to the same two-photon absorption e�-
ciency as an unshaped pulse, as shown in the Figure 4.8, in which Meshulach
et al.60 performed the experiment in Cesium gas. Indeed, as the pi-phase
step is closer to the central wavelength, the central wavelength is depleted.
Only the wings of the spectrum can therefore be absorbed by two-photon
absorption. However, very close to the center, the central wavelength is now
constructive, and the �uorescence increases again.
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Experimental data in Cesium. Figure adapted from Silberberg.61

This e�ect is obviously not applicable in system with broad absorption bands,
because all the spectrum can e�ciently absorb two-photon. Therefore, only
the intensity of the pulse is needed to explain the observed process here, and
not the phase. Regarding the experiment on mice, we see that the decrease
is only 10 to 15%, compared to the experiment in rhodamine, where a 50%
decreased was observed. This question remains unanswered.

4.3 Intra-pulse coherent control of vision

In this section, we will show that the spectral phase allows us to modulate
the response of the retina. The experimental results are supported by rate
equations and ab initio calculations.
The retina is commonly known to respond only to the energy of light, i.e., the
number of photons62;63 and to the frequency of the said photons. However,
previous experiments in solution demonstrated that the rhodopsin's response
can be controlled by femtosecond laser (see subsection 1.2.3). These experi-
ments demonstrate that the phase of light plays a role in the isomerization,
and that coherence is maintained in this protein in solution. In our exper-
iment, we applied, on the retina, positive and negative chirped laser pulses
with 535 nm central wavelength as described in (section 2.3, and we mea-
sured the response of the retina.
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4.3.1 Measurement of the pulses used in the experiment

We show in Figure 4.9 the spectra corresponding to the 5 phase functions
tested in this experiment (FWHM = 30 nm). The corresponding linear chirps
are: -2800, -1400, 300, 1300 and 3100 fs2. The aucorrelations are shown in
Figure 4.10. The experiment is carried out at two di�erent energies.

560520
Wavelength (nm)

560520560520 560520 560520

Figure 4.9: Spectrum integrated (black) and phase retrieved (red) from the
FROG measurement for each phase function.
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Figure 4.10: Autocorrelation of the �ve pulses used in the experiment.

4.3.2 Pulse duration dependence

The datasets presented here were obtained under the following conditions.
Each experimental session corresponds to 45 minutes corresponding to the
duration of the e�ect of anaesthesia on the animal (see subsection 2.5.2).
Since we acquire a curve every two seconds, each dataset comprises 1000 to
1400 ERG. Since there are 5 di�erent phase functions, there are therefore
between 200 and 280 ERG per phase function.
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Figure 4.11: Intra-pulse control of the �rst step of the vision process.
Measured normalized A-wave amplitude extracted from the ERG signal for
�ves values of the pulse chirp (with d2φ

dω2 = -2800, -1400, 300, + 1300, and +
3100 fs2/rad), modulating the ordering and delays of the frequencies in the

pulse (linear chirp) and for two pulses energies (0.3 and 3 nJ).

Figure 4.11 shows the dependence of the A-wave in living mice on the phase
function, and accordingly on the pulse duration.
Data are normalized to the maximum values corresponding to the shortest
pulse. The results shown for the 3 nJ case is the average over 7 animals (11
data sets of 45 min), while the experiment at 0.3 nJ is the average over the
results on 4 animals (7 data sets of 45 min). The error bars in all experimen-
tal plots correspond to the standard error of the mean.
For the high energy measurements, the p-value calculated between the short-
est pulse and the other conditions is always below 10−10. For the low energy
measurements, the p-value between the shortest pulse and the other condi-
tions is always below 0.09, except for the point at +1300 fs2. (p=0.21). All
the p-value calculated by a T-test are displayed in Table 4.2 and Table 4.3.
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Chirp (fs2/rad) -2800 -1400 300 1300 3100
-2800 0 0.0415 1.7437e-17 0.2721 0.0936
-1400 0.0415 0 1.0678e-10 0.3242 2.7077e-04
300 1.7437e-17 1.0678e-10 0 1.3132e-13 1.2607e-22
1300 0.2721 0.3242 1.3132e-13 0 0.0074
3100 0.0936 2.7077e-04 1.2607e-22 0.0074 0

Table 4.2: Ttest Wave A High Energy

Chirp (fs2/rad) -2800 -1400 300 1300 3100
-2800 0 0.7659 0.0985 0.6806 0.7677
-1400 0.7659 0 0.0567 0.4700 0.9738
300 0.0985 0.0567 0 0.2128 0.0360
1300 0.6806 0.4700 0.2128 0 0.4603
3100 0.7677 0.9738 0.0360 0.4603 0

Table 4.3: Ttest Wave A Low Energy

The A-wave amplitude, which is related to the number of isomerized rhodopsin,
is clearly maximized for the �at phase, i.e., d2φ

dω2 = 300 fs2/rad, while both
negative and positive chirp functions reduce the eye response.
These results reveal that the rhodopsin-mediated retina response is sensitive
to the spectral phase of light pulses as short as 50 fs. In particular, the eye
sensitivity is highest when the wavelength all are ordered such that the pulse
is the shortest. Unexpectedly, the associated higher instantaneous intensity
does not produce a decrease of the retina response, as expected for non-linear
e�ects such as saturation or excited state absorption in a higher lying state
Sn 6;64. On the contrary, short pulses yield the maximal photo-isomerization.
We will try �rst to provide an intuitive explanation of our results, which will
be further supported by numerical studies.
In subsection 1.2.3, and particularly in connection to Figure 1.15, we ex-
plained that, in vitro, Smitienko et al.33 demonstrated a scheme for revers-
ing the isomerization of rhodopsin. They used two lasers, one delayed with
respect to the other by 5 ps, and showed that it is possible to reverse the
rhodopsin isomerization to its cis-ground state. In this experiment, we show
that it is possible, by the same mechanism, to reverse the isomerization us-
ing a single pulse. In fact, the longer the pulse duration, the easier it let the
rhodopsin switch back to its 11-cis con�guration. This can be achieved by two
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pathways: stimulated emission before the conical intersection of re-excitation
after the conical intersection. The following conditions are necessary for this
phenomenon to occur:

1. The probability that the all-trans rhodopsin absorbs another photon
and the probability that the wavepacket returns to the 11-cis con�gu-
ration must be higher than the probability of 11-cis rhodopsin to absorb
a photon.

2. The stimulated emission from the excited 11-cis to the ground state of
11-cis and the absorption of from the all-trans ground state to the all-
trans excited state have to be demonstrated in vivo, as it is not obvious
such e�ects around a conical intersection could happen in a biological
system as complex as the eye.

We also observe that this e�ect is more pronounced at 3 nJ than at 0.3 nJ.
However, we could not increase the energy further as this would lead to a
signal coming from the cones, as demonstrated in Figure 4.1.

In the following we will show using rate equations that this interpretation
is plausible. It is then con�rmed by ab initio simulations using the multi-
con�gurational time-dependant Hartree approach performed by the group of
Prof. U. Roethlisberger at EPFL.

4.3.3 Rate equations

We �rst de�ne the states involved in the dynamics, as well as their dynamics,
in Figure 4.12. This is an extended version of the rate equations de�ned by
Yan et al.65.
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Figure 4.12: De�nition of the di�erent step in the dynamics of the
rhodopsin intra-pulse control.

The states Si respectively have a population Ni. S1, S2, S3, and S4 corre-
spond respectively to the cis-ground, cis-excited, trans-ground, and trans-
excited. The processes included in this calculation are:

� the absorption from S1 to S2,

� the stimulated emission from S2 to S1,

� the absorption from S3 to S4,

� the stimulated emission from S4 to S3.

Note that our de�nition of states here as Si should not be confused with the
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di�erent singlet excited state potential sheets. The rate equations are:

dN1

dt
=−σ1N1I + σ1N2I +

N7

τ3

dN2

dt
=σ1N1I − σ1N2I −

N2

τ1

dN3

dt
=η1

N5

τ2

− σ2N3I + σ2N4I + (1− η2)
N6

τ2

dN4

dt
=σ2N3I − σ2N4I −

N4

τ1

dN5

dt
=
N2

τ1

− N5

τ2

dN6

dt
=
N4

τ1

− N6

τ2

dN7

dt
=η2

N6

τ2

+ (1− η1)
N5

τ2

− N7

τ3

(4.1)

With:

� τ1 = 8 fs

� τ2 = 192 fs

� τ3 = 3000 fs

� η1 = 0.67

� η2 = 0.5

We assume the population in the state S2 relaxes in the S5 location in
τ1 = 8 fs. This fast dynamics was necessary to prevent the stimulated emis-
sion after a time τ1. Indeed, the pulses used in this experiment are not
broadband enough to induce a stimulated emission on a longer time scale,
as the wave packet evolves from the cis-excited to the conical intersection.
The wavepacket reaches the conical intersection in 80 fs5;32. At t0, the more
e�cient wavelength to dump it down is 500 nm. At 80 fs, it is superior than
800 nm. We therefore make the assumption that there is a stokes shift of
300 nm in 80 fs. As the spectrum of the laser is 30 nm, this corresponds to
τ1 = 80 fs·30 nm

300 nm
= 8 fs.

At the conical intersection, the wavepacket splits between S7 and S3. The S7

state holds the wavepacket for 3 ps, before returning to the cis-ground state
S1

31;65.
Finally the wavepacket in the trans-excited state (S4) is �rst transmitted
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to a S6 state because the pulses used in this experiment are not broadband
enough to induce a stimulated emission on a longer time scale, as S2 decays
in S5. The time decay is also �xed as τ1.
The states S5 and S6 could have been joined together if the quantum yield
was the same whether the wavepacket originates from the cis-excited of the
trans-excited. Because this value cannot be �xed, as the literature value
measured/calculated span from 0.15 to 0.566;67;33, we decided to test the rate
equation with a reverse quantum yield η2 = 0.5.
The direct quantum yield is known η1 = 0.635;29.
The absorption cross-section for the cis-ground state can be calculated from
the molar extinction coe�cient (ε = 40200 cm−1M−1)53.

σ = ln (10)
103

NA

ε (4.2)

And we �nd σ1 = 1.5 · 10−16 cm2 at 500 nm.

We now take into account the wavelength dependence of the cross-section,
as well as the Gaussian temporal shape of the pulse.
We �rst generate the Wigner-Ville distribution for each pulse. The Wigner-
Ville distribution is a signal analysis method to generate a time-frequency
matrix. The Wigner-Ville distribution is calculated from the theoretical elec-
tric �eld. Example of are shown in Figure 4.13 and Figure 4.14.
We then normalize this matrix by the number of photons per cm2 (for Fig-
ure 4.13 and Figure 4.14, I = 4.4 · 1015 photons/cm2), to which we multiply
the absorption spectrum of rhodopsin or photorhodopsin. This produces a
vector A(t) = σ(ω)I(ω, t), which is used in the Equation 4.1. It also has the
advantage of taking into account the sign of chirp. This method can also
simulates any phase, and therefore any temporal pulse shape.
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Figure 4.13: Top: Wigner-Ville matrix for a chirp d2φ
dω2 = 500 fs2,

λ = 540 nm and ∆λ = 30 nm. Bottom: Product of σ(ω) and I(ω, t) for
rhodopsin and photorhodopsin
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Figure 4.14: Top: Wigner-Ville matrix for a chirp d2φ
dω2 = −500 fs2,

λ = 540 nm and ∆λ = 30 nm. Bottom: Product of σ(ω) and I(ω, t) for
rhodopsin and photorhodopsin

We already see from these �gures that positive and negative chirps pro-
duces di�erent e�ects: with the positive chirp, the maximum probability for
rhodopsin to be excited from the cis-ground state to the cis-excited state
occurs after the maximum of the probability of transition from the trans-
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ground state to the trans-excited state. This is the opposite of what happens
with the negative chirp, which should further decrease the number of �nal
rhodopsins in the trans-ground state.

We solve the Equation 4.1 system numerically for pulse durations ranging
from 50 to 1000 fs, with a positive or negative chirp. We then perform a
parametric study with the following parameters independently: the number
of photons (Figure 4.15), the reverse quantum yield η2 (Figure 4.16) and the
allowed stimulated emission time τ1 (Figure 4.17).
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Figure 4.15: Normalized population of the trans-ground state N3 after 20
ps, while varying the number of photons/cm2.

The number of photons/cm2 in the eye is calculated as:

N

A
=

hc

λA
= 2.5 · 1013 photons/cm2 (4.3)

Where the spot radius on the eye was set to 100 µm (FWHM approxima-
tion from Figure 2.10). If the radius is decreased to 20 µm (i.e. with-
out index matcher), then the number of photons/cm2 increases to 6.4 ·
1014 photons/cm2.
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Figure 4.16: Normalized population of the trans-ground state N3 after 20
ps, while varying the reverse quantum yield η2.
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Figure 4.17: Normalized population of the trans-ground state N3 after 20
ps, while varying the allowed stimulated emission time τ1.

From the Figure 4.15, we can say that increasing the number of photons/cm2
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accentuates the di�erence between a short pulse and a long pulse.
From the Figure 4.16, we can say that if the reverse quantum yield increases,
then the di�erence between a long pulse and a short pulse is also accen-
tuated. However, the longer pulse becomes more e�ective if η2 < 0.8 for
positive chirp and η2 < 0.5 for negative chirp. From the Figure 4.17, we see
that if it is possible to induce stimulated emission from the cis-excited to cis-
ground state (and to a lesser extent from the trans-excited to trans-ground
state) for longer times, then the di�erence between shorter and longer pulses
decreases. If τ1 increases even more, then the di�erence changes sign, and a
long pulse becomes more e�ective than a short pulse.
There is therefore a competition between two e�ects: the stimulated emis-
sion, which decreases the signal for short pulse durations, and the reverse
photoisomerization, which decreases the signal for long pulses.
The results of the rate equations con�rms thus the same trend as the exper-
iment (Figure 4.11), especially the di�erence between short pulses and long
pulses is increased when the number of number of photons/cm2 increases.
For the same pulse duration, a positively chirped pulse induces a smaller dif-
ference than a negatively chirped pulse. This is explained by the wavelength
shift of the absorption spectrum between rhodopsin and photorhodopsin.
This is not observed in the experiment.
Note that the central wavelength for this experiment (535nm) was selected
to maximize the absorption of both rhodopsin and photorhodopsin (see Fig-
ure 1.16). This seemed the most reasonable choice to exert an e�ect on the
photo-dynamics by single pulse excitation.
However, it would appear that the number of photons/cm2 required to pro-
duce a signi�cant di�erence between a short pulse and a long pulse is one to
two orders of magnitude higher than the approximate value in Equation 4.3.
These �gures con�rm the results obtained in Figure 4.11 under the following
conditions: the real number of photons/cm2 is su�ciently high, the reverse
quantum yield η2 is greater than 0.5, and the stimulated emission is no longer
possible after τ1 = 4− 8 fs.

4.3.4 Results of ab initio simulation

Ab initio simulations were performed by the Laboratory of Computational
Chemistry and Biochemistry at Ecole Polytechnique FÃ©dÃ©ral de Lausanne,
using the multi-con�gurational time-dependant Hartree approach. We thus
explain here only brie�y the Hartree-Fock approximation, extending to the
multi-con�guration time-dependent Hartree.
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The time-dependent SchrÃ¶dinger equation writes:

i~
d

dt
|ψ(t)〉 = Ĥ(t) |ψ(t)〉 (4.4)

and the time-independent SchrÃ¶dinger equation is:

Ĥ |ψ〉 = E |ψ〉 (4.5)

By the very essence of the problem we want to solve, i.e. applying an exter-
nal electromagnetic �eld, we have to �nd a way to solve the time-dependent
equation. It is a question of solving the SchrÃ¶dinger equation for a sys-
tem with several atoms and several electrons. The �rst approximation is the
Born-Oppenheimer approximation. This de�nes that, since atoms are much
heavier than electrons, then the motion of electrons and the motion of atoms
can be decoupled. These are motions on di�erent time scales.
Despite this approximation, the motion of the electrons still depends para-
metrically on the motion of each of the other electrons around it. And it is
still not possible to solve analytically the SchrÃ¶dinger equation for more
than a single electron.
We now consider the known wave functions of each electron independently.
They satisfy Schrodinger's equation. The Hartree-Fock method68 uses an
ansatz consisting in the product of the wave functions of each independent
electron (the Hartree product) as an approximation of the wave function. By
using variational method on the SchrÃ¶dinger equation (Equation 4.4), it is
possible to generate an approximate wavefunction. During the propagation,
one could �nd that solving the Schrodinger equation in this way is equivalent
to taking into account, for each electron, only the average Coulomb repulsive
force from all the others electrons.
The accuracy of the approach can be increased by taking in account multiple
levels of freedom, decreasing at the same time the numerical e�ciency. This
is the multi-con�guration time-dependent Hartree.
For this work, the time dependent SchrÃ¶dinger equation was solved for the
time dependent Hamiltonian including the light matter interaction term in
the dipole approximation. The model Hamiltonian includes two electronic
states and two vibrational modes within a linear vibronic coupling scheme69.
The light pulses used in the simulations have been assumed to have a Gaus-
sian envelope with central wavelength of 530 nm and a spectral bandwidth of
100 nm. This is relatively more than the bandwidth used in the experiment,
because in the model used for this simulation, the absorption bandwidth of
both 11-cis and all-trans ground state are quite narrow. Chirps have been
introduced within -1000 to 1000 fs2/rad which e�ectively provides pulse du-
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rations similar to the experiments. The EPFL performed two sets of sim-
ulations di�ering in the amplitudes of the chirped pulses used. The lower
amplitude ones have a maximum amplitude of 0.005 au, while the higher
ones are three times larger, giving rise to approximately the experimental
condition of increasing the energy by one order of magnitude.
The wave packet was positioned in the cis-excited state at the beginning of
the dynamics, to amplify the e�ect of stimulated emission and photo-induced
absorption.
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We observe in Figure 4.19 the same trend as in Figure 4.11, that is to say that
a long pulse leads to less rhodopsin in the trans-ground state than a short
pulse, thus leading to a decrease in the electrical signal from the retina. This
di�erence is explained by the reverse photo-isomerization.
However, the signal di�erence between the experiment and the simulation is
relatively large (8% maximum for the experiment, compared to 30% for the
simulation). This is because the simulation initially places all wavepackets
in the cis-excited state, rather than in the cis-ground state. All photons are
therefore used for stimulated emission and photo-induced absorption, and no
longer for absorption from the cis-ground state to the cis-excited state. This
approach therefore only shows that the stimulated emission, which should
increase the transfer from the cis-excited to the cis-ground while decreasing
the pulse duration, is not strong enough compared to the photo-induced ab-
sorption and the return to the cis-ground state.
This is therefore not su�cient in itself to prove that the e�ect observed in
Figure 4.11 actually comes from the reverse photo-isomerization.
It is however not possible to put the system in the cis-ground state at the
start. The absorption spectrum of the molecule in the calculations is here
relatively narrow, centred around 500 nm for the transition from the cis-
ground to cis-excited state. Using a positive chirp, the red part (low energy)
is therefore completely une�ective.
Finally, as expected, the number of rhodopsins in the trans-ground state
is lower for a negatively chirped pulse than for a positively chirped pulse,
because of the stimulated emission. This e�ect is not observed in the exper-
iment, as the signal to noise ratio may be too small to detect it.

4.4 Multi-pulse coherent control of of rhodopsin

In this section we will focus on multi-pulse control of the dynamics.
The two approaches are pump-probe experiments, as pioneered by Tannor
Koslo� and Rice70 , with a pump in the visible range and a probe in the
near infrared range. We tested two conditions of pulse duration. In the
�rst case, the pulse duration of each pulse is relatively long (50 fs for the
two pulses) compared to the time necessary to reach the conical intersection
upon visible excitation (80 fs). In the second case, the pulse durations are
reduced (pump: 25 fs, probe: 30 fs) with the goal of better discriminating
between the stimulated emission from the photo-induced absorption.
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4.4.1 ERG power dependence

To set the optimal conditions for the pump-probe experiments, we initially
performed a power-dependence of the excitation pulses monitoring their e�ect
on the ERG traces. In particular, we wanted to avoid direct excitation, by
the 800 nm pulse, which was meant to interact only after the dynamics was
triggered by the 535 nm pulses.
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Figure 4.20: Electroretinograms obtained upon 3 nJ excitation at 535 nm
(green) and 1 µJ at 800 nm (red). The curves correspond to the average of
176 and 27 ERG traces, obtained at 535 and 800 nm excitation respectively.

The upper limit value of 1 µJ was selected to increase the stimulated emission
while preventing direct excitation of the ERG response by 800 nm, which can
occur by two photon absorption or by one-photon excitation by the blue tail
of the pulse spectrum. As reported in the Figure 4.20, which compares on
the same scale the ERG induced by the green pulse at 3 nJ and that of
800 nm at 1 µJ, the 800 nm pulse induces only a weak response visible as a
tiny bump between 0 and 0.1 s. This 800 nm-only contribution, for stronger
800 nm excitations, would count as an increase in the visual e�ciency in
the pump-dump/re-pump trace, decreasing the overall stimulated emission
e�ect. The value of 1 µJ for 800 nm was the best trade-o� we found under
our experimental conditions between these two opposing e�ects.
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4.4.2 Multi-pulse coherent control using long pulse on

rhodopsin
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Figure 4.21: Measured normalized A-wave amplitude at di�erent delays.
Positive delays refer to green pulse preceding NIR pulse. The p-value

associated with this measurement is 0.04 (one-sided ANOVA). The shaded
area represents the standard error of the mean. Data are normalized to a

reference taken as the average over the negative pump dump delays
(infrared pulse preceding the green pump). Average of 6 data sets

conducted on 3 mice

As observed in Figure 4.21, no di�erence in the ERG signal is observed when
the NIR pulse precedes the visible pulse (negative delays), con�rming that
the 800 nm pulse has no e�ect on the rhodopsin molecules in their ground
state. Conversely, when the 535 nm pulse �rst generates a vibro-torsional
wavepacket in the S1 excited state, the visual response is found to be mod-
ulated by the interaction with the NIR probe pulse. More precisely, a �rst
decrease of the A-wave occurs for a delay around 50-100 fs. This decrease is
attributed to the dumping of the wavepacket down to the 11-cis-ground state
by the 800 nm pulse, before it reaches the conical intersection, which reduces
the 11-cis to all-trans photo-isomerization in the retinal moiety. Previous
transient absorption measurements on solvated bovine rhodopsin showed that
the time required to cross the conical intersection is approximately 80 fs5;32,
which is in good agreement with our measurement in-vivo. Interestingly, a
further decrease occurs at longer time delays, around 150 fs. At the conical
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intersection, the wavepacket splits between the di�erent potential surfaces
and a fraction of it propagates towards the all-trans ground state. We at-
tribute the decrease around 150 fs to the re-pumping of molecules from the
transient all-trans ground state to the all-trans excited state, which leads to
reverse isomerization by re-crossing the conical intersection in the opposite
direction. After 200 fs delay, the molecule relaxes in the all-trans ground-
state, and re-pumping by the 800 nm laser pulses is not possible anymore.
Consequently, the retina response e�ciency returns to its nominal value.

However, in the Figure 4.21, we cannot distinguish between stimulated emis-
sion before and absorption after the conical intersection, as, contrary to the
transient absorption experiment from Polli et al.5, both e�ects are associ-
ated to the same signs. There is two explanations. The most straightforward
one related to the relatively long pulse duration used for this measurement
(pump and probe: 50 fs), contrary to the transient absorption's pump and
probe (pump: 10 fs, probe: 13 fs). The second one is related to the sign of
absorption and stimulated emission in transient absorption. Having a null
value at 80 fs does not necessarily mean that none of the processes takes
place, but it can also mean that the two contributions compensate for each
other.
It is therefore necessary to use shorter pulse durations, to show that the two
e�ects are well separated in time (see subsection 4.4.4).

4.4.3 Results of ab initio simulation

In the following, we describe the application of the computational approach
detailed in subsection 4.3.4 to the pump-dump/re-pump experiment described
in subsection 4.4.2.
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Figure 4.22: Ab initio simulation of the pump-dump/re-pump experiment.
a: Normalized A-wave amplitude measured in the pump-dump/re-pump
experiment. - b: Corresponding results obtained by quantum dynamics
simulations. The shaded region represents the standard deviation of the

mean of the all trans ground population calculated in the time span de�ned
from 0.5 to 4 ps. - c:Transient populations of the rhodopsin states as a

function of pump-dump/repump delay.

In our model, the pump is parametrized to have a central wavelength of 500
nm and spectral bandwidth of 10 nm. The dump/re-pump pulse, on the
other hand, has a central wavelength of 800 nm with a spectral bandwidth
of 20 nm.
Figure 4.22.b depicts the trans-ground state population as a function of
pump-dump/re-pump delay normalized to one at zero delay. The trans-
ground state population as a function of pump-dump/re-pump delay follows
qualitatively the experimental trend shown in Figure 4.22.a with an initial
decrease, a minimum around 100fs and a subsequent increase at longer time
delays. The characteristics of the underlying quantum dynamics in these dif-
ferent regimes are illustrated for selected pump-dump/re-pump delays of 0,
50 and 150 fs in Figure 4.22.c. When the dump/re-pump pulse overlaps with
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the pump pulse (Figure 4.22.c, red line), the dump/re-pump pulse does not
have any signi�cant e�ect on the overall dynamics since, right after photoex-
citation, the wavepacket is still close to the Franck-Condon zone. When the
delay between pump and dump/re-pump is 50 fs (Figure 4.22.c, blue line),
we observe a dump/re-pump pulse-induced resonant dumping of the wave
packet from the cis-excited to the cis-ground state occurring after 40 fs once
the dynamics started. As mentioned above, it is well known that the excited
wavepacket in rhodopsin takes approximately 80 fs5;32 to reach the conical
intersection. Therefore, the simulation is consistent with the cis-excited state
and the cis-ground state being resonant with an 800 nm photon shortly before
the wavepacket crosses the conical intersection thereby lowering the overall
trans-ground population. After 100 fs, a signi�cant portion of the wavepacket
moves through the conical intersection to the trans-ground state. Shortly
after the crossing through the intersection, the wavepacket can resonantly
absorb an 800 nm photon to be re-excited to the trans-excited state. This
is illustrated by the 150 fs pump-probe delay simulations in Figure 4.22.c,
green line.
It should be mentioned that in this model potential, the wavepacket continues
to remain highly delocalized. That is why both dumping and re-absorption
are observed for time delays beyond 100 fs. The overall trend of the trans-
ground population, which correlates with the experimental A-wave ampli-
tudes in the ERG signal, matches qualitatively. However, the regaining of
the trans-ground population obtained in the simulations for longer delays is
lower compared to the experimental results.

4.4.4 Multi-pulse coherent control using short pulse on

rhodopsin

We performed the experiment described in subsection 2.4.2, with a pump
centred at 550 nm, 25 fs and a probe centred at 850 nm, 30 fs.
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Figure 4.23: Measured normalized A wave amplitude at di�erent delays.
Positive delays refer to green pulse preceding NIR pulse. P-value associated
with this measurement is 0.03 (one-sided anova). The results shown consist
in an average of 5 data sets conducted on 2 mice. Standard error of the

mean (not shown) is approximately 0.02 for every delay.

We expect to have, for negative delays, a stable signal, then a decrease around
50 fs, a return to the nominal value around 80 fs, then a decrease around 150
fs to end by a rise to the nominal value for longer periods.
We e�ectively distinguish two features, corresponding to stimulated emission
and photo-induced absorption. However we notice that the signal over noise
ratio is poor. This is due to lower number of statistical samples, compared
to the experiment performed in the subsection 4.4.2. The stability of the
dump/repump pulse is also decreased, as a �lament process is involved, to
decrease its pulse duration.
Another interesting feature is the increase of signal at -50 fs. This may be due
to the coherent artifact, which is often observed in pump probe experiments
in which the polarizations are parallel71;72. Indeed, as soon as the beams are
superimposed spatially and temporally, it is then di�cult to speak of a pump
and a probe. The interference created by the superposition of the two beams
generates a network of refractive index because of the Kerr e�ect (Equa-
tion 1.15). The pulses (and in particular the 550nm pulse) can be de�ected.
The number of rhodopsins exposed to the signal is then no longer constant,
and the signal increases. This e�ect would only appear in this experiment
because the intensity is higher than previously, due to short pulse duration.
This experiment may demonstrate that the stimulated emission and the
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photo-induced absorption are well separated in time, but the signal to noise
ratio has to be increased to provide stronger evidence.

4.5 Coherent control of medium opsin

4.5.1 Intra-pulse coherent control

We demonstrated the coherent control of rhodopsin in living mice as de-
scribed in section 4.3. Our results are in agreement with already published
experiment in bovine rhodopsin in solution32;5. A biochemical procedure, for
extracting cones, similar to what done for rods73, is not available to our best
knowledge. Therefore, we used knock-out mice, where the rhodopsin is not
expressed in the retina, allowing the control the cones only. We used the
same setup as described in section 2.3. The analysis is identical to the one
used for the rhodopsin (section 4.3). The main di�erence comes from the
energy, as the cones requires higher energy to exhibit an electroretinogram.
The energy used was 1 µJ, at 535 nm, to control the medium green opsin
(see Figure 1.11).
Note that the signal is much smaller in cones than in rods, due to their smaller
number in the mouse's retina. The A-wave is also noticeably smaller, there-
fore cannot be used as a good observable. We decided to focus on the B-wave,
as it is not saturated in this intensity regime (see Figure 4.1).
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Figure 4.24: Intra-pulse control of the �rst step of the vision process in
rhodopsin knock out mice (3 animals - 1412 ERG traces). Datapoints
correspond to normalized B-wave amplitude extracted from the ERG
signals obtained from �ves values of the pulse chirp (pulse duration

respectively: -715, -300, 56, 296, 489 fs).

In Figure 4.24, we observe that, as for the case of rhodopsin, the B-wave
amplitude decreases as the pulse duration increases. We do not observe any
asymmetry between positive and negative chirps, because the small number
of datapoints, which is limited by the experiment duration set by the e�ect
of the anaesthesia on the animal.



Conclusion

The work reported in this thesis manuscript describes a series of optical ex-
periments aiming at the control of the e�ciency of the vision process in living
animals by manipulation of femtosecond light combined with the detection of
low voltage physiological signals. All the experiments take advantage of the
measurement of the electroretinogram, a non-invasive way used to monitor
the vision process, as described in the section 2.5. I �rst investigated the
vision process upon infrared excitation in ex-vivo mice retinas to assess the
overall approach and perfect the detection. In a second part, I studied the
in�uence of the spectral phase on the visual perception in living mice. The
spectral phase is usually assumed to have no e�ect on vision, as opposed to
the energy or the spectrum of the light. In this work, I also demonstrated
that, similarly to molecules in solution, the vision can be coherently con-
trolled using femtosecond pulses.
The �rst experiment I designed to probe the ultrafast properties of the photo-
cycle was a two-photon absorption experiment. Even though the possibility
of seeing infrared light has been evoqued since 197674, it was only recently
that it was proven to originate from two-photon absorption51. I character-
ized the retinal response to 960 nm femtosecond excitation, in ex-vivo retinas.
The �rst experiment on living mice was based on scanning a π-step function
through the infrared pulse spectrum while measuring the electroretinogram.
I demonstrated that the retina's response upon infrared femtosecond pulses
is directly dependant of their intensit, even though the energy of each pulses
is kept constant.

I successively showed that the retinal response can be controlled using an
intra-pulse coherent control based on chirped pulse, and using a two-color
pump-dump/re-pump experiment in a living animal.

As detailed in the section 4.3, the spectral phase, and as such, the pulse dura-
tion, plays an important role in the ultrafast dynamics at the beginning of the
visual process. Indeed, I show that pulses shorter than the isomerization time
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scale of rhodopsin generate a greater signal in the electroretinogram, com-
pared to longer pulses. This is due to the interplay of two e�ects. After the
passage through the conical intersection, in its all-trans state, the rhodopsin
can absorb a photon, and be switched back to the original 11-cis confor-
mation. However, this e�ect is counterbalanced by the stimulated emission
which happens at short delay (<80 fs) after the photo-excitation. This ef-
fect is more e�cient for short pulses, and reduces the number of isomerized
rhodopsins, compared to long pulses with the same energy. Therefore, I
developed a rate equation model, based on the cross-section and dynamics
constants measured.

To further strengthen this interpretation, I designed, as detailed in the sec-
tion 4.4, a pump-dump (535-800nm) experiment which would tackle this
e�ect, and bring additional evidence. After measuring the retina's response
at di�erent pulse delays, I established that the 800 nm pulse reverts the
isomerization process of the rhodopsin by two e�ects. Before the conical in-
tersection, for delay shorter than 80 fs, a Franck-Condon transient window
opens, and the dump pulse stimulates the rhodopsin back onto its funda-
mental state. The second e�ect is the reverse isomerization upon absorption
of the 800 nm pulse after the conical intersection (for delay longer than 80
fs), similar to the process which leads to a decrease in the the vision process
observed in the intra-pulse coherent control experiment.
Our interpretation of both intra-pulse and two-color experiment was con-
�rmed by ab-initio calculations in collaboration with Prof. U. Roethlis-
berger's group at Ecole Polytechnique FÃ©dÃ©rale de Lausanne.
I also applied the intra-pulse coherent control to the medium opsin, demon-
strating that pulse duration also matters in the isomerization of the opsin,
used for daylight vision.
In the future, it would be interesting to measure the response of the retina as
a function of the pulse duration (as in the intra-pulse experiment) on much
longer timescales, up to the millisecond range. Indeed, the decrease we ob-
served here is mainly due to the absorption spectrum of photorhodopsin, par-
tially overlaying in some part the absorption spectrum of rhodopsin. After-
wards, the photorhodopsin relaxes into bathorhodopsin until the Metarhodopsin
II, allowing the visual process. As it relaxes, the absorption spectrum changes,
most likely reducing the e�ect.
On the other hand, the dynamics of the cones as not been measured yet. I
provided some insight regarding their response, using the intra-pulse coher-
ent control, but a ad hoc pump-dump/re-pump experiment would provide a
more complete understanding.
Finally, in the intra-pulse coherent control experiment, I observed that it
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was only possible to reduce the retinal signal. However, I only tried the
pulses whose temporal form was prede�ned (linear chirp). Using a genetic
algorithm, and relying onto the ex-vivo system, allowing more stable and
longer acquisitions, it is certainly possible to investigate pulses temporal
shape which could improve vision75.



Appendix

Optical Parametric Ampli�cation

The optical parametric ampli�cation is a χ(2) process in which an input pulse
energy is ampli�ed. A high energy pump (with frequency ωp) ampli�es a low
energy signal beam (with frequency ωs). To ful�l the energy conservation
(Equation 4.6) , an idler beam is generated in the process (with frequency
ωi).

ωp = ωs + ωi (4.6)

In this section, we derive some fundamental properties of the optical para-
metric ampli�cation, such as the exponential ampli�cation of the input signal
and phase matching.
We start with the Maxwell's law:

∇ · ~D = ρ (4.7)

∇ · ~B = 0 (4.8)

∇× ~E = −∂
~B

∂t
(4.9)

∇× ~H =
∂ ~D

∂t
+ ~J (4.10)

With

� ~E the electric �eld.

� ~D the displacement vector, de�ned as ~D = ε0~E + ~P.

� ~B the magnetic �eld.

� ~H the magnetic �eld strength, de�ned as ~B = µ0
~H.

� ~P the polarization of the medium.
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We set the conditions such as there is no free charges and no free currents.
Therefore, ρ = 0 and ~J = 0.
We �rst derive the wave equation. The �rst step is to calculate the curl of
the curl of the electric �eld, by using the Equation 4.9.

∇× (∇× ~E) = −∂(∇× ~B)

∂t
(4.11)

We now use the Equation 4.10.

∇× (∇× ~E) = −µ0
∂2 ~D

∂t2
(4.12)

We can also use the vectorial identity:

∇× (∇× ~E) = ∇(∇ · ~E)−∇2~E (4.13)

As there is no free charge, we also have∇· ~D = ∇·~E = 0, and we can equalize
the Equation 4.12 and Equation 4.13, to obtain the following equation:

∇2~E = µ0
∂2 ~D

∂t2
(4.14)

By replacing the displacement vector by its de�nition, the equation becomes:

∇2~E− ε0µ0
∂2~E

∂t2
= µ0

∂2~P

∂t2
(4.15)

As the speed of light in vacuum is de�ned as c = 1√
ε0µ0

, the wave Equa-
tion 4.15 becomes:

∇2~E− 1

c2

∂2~E

∂t2
=

1

ε0c2

∂2~P

∂t2
(4.16)

As we are interested in non-linear processes, we introduce here the non-
linear polarization part: ~P = ~P1 + ~PNL, where ~P1 is the linear part of the
polarization and ~PNL the non-linear one. This is now introduced into the
Equation 4.16:

∇2~E− 1

c2

∂2~E

∂t2
=

1

ε0c2

∂2~P1

∂t2
+

1

ε0c2

∂2~PNL

∂t2
(4.17)

The linear part of the polarization ~P1 can be rewritten as ~P1 = ε0χ~E, with χ
the electric susceptibility of the material. Therefore, the Equation 4.17 can
be reduced as:
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∇2~E− (1 + χ)

c2

∂2~E

∂t2
=

1

ε0c2

∂2~PNL

∂t2
(4.18)

The factor (1 + χ) can be rewritten as εr, the relative permittivity:

∇2~E− εr
c2

∂2~E

∂t2
=

1

ε0c2

∂2~PNL

∂t2
(4.19)

In the same way the polarization ~P1 is proportional to ~E, we can write
~PNL = ε0χ

(2) ~E2, where χ(2) is the second order electric susceptibility. The
�nal wave equation in media, taking in account the non-linear polarization
becomes:

∇2~E− εr
c2

∂2~E

∂t2
=
χ(2)

c2

∂2 ~E2

∂t2
(4.20)

As we are interested in the propagation of three waves into the z direction(the
pump, the signal and the idler), the electric �eld is:

~E =
1

2

(
Ape

i(ωpt−kpz) + Ase
i(ωst−ksz) + Aie

i(ωit−kiz)
)

+ c.c (4.21)

4 ~E2 =A2
pe
i(2ωpt−2kpz) + A2

se
i(2ωst−2ksz) + A2

i e
i(2ωit−2kiz)+

2ApAse
i((ωp+ωs)t−(kp+ks)z) + 2ApAie

i((ωp+ωi)t−(kp+ki)z) + 2AsAie
i((ωs+ωi)t−(ks+ki)z)+

2ApA
∗
se
i((ωp−ωs)t−(kp−ks)z) + 2ApA

∗
i e
i((ωp−ωi)t−(kp−ki)z) + 2AsA

∗
i e
i((ωs−ωi)t−(ks−ki)z)+

|Ap|2 + |As|2 + |Ai|2 + c.c.

(4.22)

This term induces all the second order non-linear e�ects. Indeed, the �rst line
corresponds to second harmonic generation (SHG), the second line to sum
frequency generation (SFG) and the third line to DFG (di�erence frequency
generation). However, they cannot all happen at the same time, as the phase
matching condition (see Equation 4.30) cannot be matched for all of them in
non-linear crystal. We will now concentrate on the term that generates the
three frequencies we are interested in the optical parametric ampli�cation,
which satisfy the Equation 4.6. Therefore:
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~E2 =
1

2
AsAie

i(ωpt−(ks+ki)z)+

1

2
ApA

∗
se
i(ωit−(kp−ks)z)+

1

2
ApA

∗
i e
i(ωst−(kp−ki)z) + c.c.

(4.23)

We start by calculating the di�erent parts of the wave Equation 4.20. We will
only concentrate on the direction of propagation z, therefore ∇2~E becomes
∂2~E
∂z2 .

∂2 ~E2

∂t2
=− 1

2
AsAiω

2
pe
i(ωpt−(ks+ki)z)+

− 1

2
ApA

∗
sω

2
i e
i(ωit−(kp−ks)z)+

− 1

2
ApA

∗
iω

2
se
i(ωst−(kp−ki)z) + c.c.

(4.24)

∂2~E

∂z2
=− ikp

∂Ap
∂z

ei(ωpt−kpz) − 1

2
Apk

2
pe
i(ωpt−kpz) +

1

2

∂2Ap
∂2z

ei(ωpt−kpz)+

− iks
∂As
∂z

ei(ωst−ksz) − 1

2
Ask

2
se
i(ωst−ksz) +

1

2

∂2As
∂2z

ei(ωst−ksz)+

− iks
∂Ai
∂z

ei(ωit−kiz) − 1

2
Aik

2
i e
i(ωit−kiz) +

1

2

∂2Ai
∂2z

ei(ωit−kiz) + c.c

(4.25)

∂2~E

∂t2
=− 1

2
Apω

2
pe
i(ωpt−kpz)+

− 1

2
Asω

2
se
i(ωst−ksz)+

− 1

2
Apω

2
i e
i(ωit−kiz) + c.c

(4.26)

We replace the Equation 4.24, Equation 4.25 and Equation 4.26 in the Equa-
tion 4.20. As the equation needs to be ful�lled at any time, we can split it
into three equations, where the term eiωnt is factorized.
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1

2
ei(ωpt−kpz)

(
−2ikp

∂Ap
∂z
− Apk2

p +
∂2Ap
∂2z

+
εr
c2
Apω

2
p

)
= −χ

(2)

2c2
AsAiω

2
pe
i(ωpt−(ks+ki)z)

1

2
ei(ωst−ksz)

(
−2iks

∂As
∂z
− Ask2

s +
∂2As
∂2z

+
εr
c2
Asω

2
s

)
= −χ

(2)

2c2
ApA

∗
iω

2
se
i(ωst−(kp−ki)z)

1

2
ei(ωit−kiz)

(
−2iks

∂Ai
∂z
− Aik2

i +
∂2Ai
∂2z

+
εr
c2
Aiω

2
i

)
= −χ

(2)

2c2
ApA

∗
sω

2
i e
i(ωit−(kp−ks)z)

(4.27)

We drop here the complex conjugate, as they are no longer useful for the
resolution of the wave equation.
These equations can be simpli�ed. Indeed, k2

p = n2ω2

c2
= εrω2

c2
with n =

√
εr

the refractive index. Therefore, the second and fourth terms of left side of
each equations are cancelled. By passing the exponential from the left side
to the right side we obtain:

−2ikp
∂Ap
∂z

+
∂2Ap
∂2z

= −χ
(2)

c2
AsAiω

2
pe
i(kp−ks−ki)z)

−2iks
∂As
∂z

+
∂2As
∂2z

= −χ
(2)

c2
ApA

∗
iω

2
se
i(ks−kp+ki)z)

−2iks
∂Ai
∂z

+
∂2Ai
∂2z

= −χ
(2)

c2
ApA

∗
sω

2
i e
i(ki−kp+ks)z)

(4.28)

To get rid of the second term of the left side, we invoke the slowly varying
envelope approximation. It states that if the envelope of a wave varies slowly
compared to the optical cycle time, then∣∣∣∣∂2A

∂z2

∣∣∣∣ << 2k

∣∣∣∣∂A∂z
∣∣∣∣ (4.29)

Therefore, the equation is simpli�ed as follow:

∂Ap
∂z

= −
iχ(2)ω2

p

2c2kp
AsAie

i(kp−ks−ki)z)

∂As
∂z

= −iχ
(2)ω2

s

2c2ks
ApA

∗
i e
i(ks−kp+ki)z)

∂Ai
∂z

= −iχ
(2)ω2

i

2c2ki
ApA

∗
se
i(ki−kp+ks)z)

(4.30)

From the Equation 4.30 it is clear that the ampli�cation of the signal is
dependant of the phase matching. By misplacing the crystal, SFG with
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the signal and idler could occur (�rst equation), increasing the amplitude of
the electric �eld's pump. The second and the �rst equation have the same
phase matching, and therefore an ampli�cation of the signal results in the
ampli�cation of the idler, as energy conservation requires.
We now solve the Equation 4.30 for optical parametric ampli�cation, i.e. the
case where the energy of the pump is transferred in the idler and the signal.
Let's consider that the energy of the pump pulse is high compared to the
energy of the signal. Therefore ∂Ap

∂z
= 0. We also de�ne ∆k = ks − kp + ki.

To resolve the system, we derive the second equation from the Equation 4.30.

∂2As
∂z2

=− iχ(2)ω2
s

2c2ks

∂

∂z

(
ApA

∗
i e
i∆kz

)
(4.31)

∂2As
∂z2

=− iχ(2)ω2
s

2c2ks

(
∂Ap
∂z

A∗i e
i∆kz + Ap

∂A∗i e
i∆kz

∂z

)
(4.32)

∂2As
∂z2

=− iχ(2)ω2
s

2c2ks

(
Ap
∂A∗i
∂z

ei∆kz + i∆kApA
∗
i e
i∆kz

)
(4.33)

Where we cancelled the derivative of Ap in the Equation 4.32.
We now include the complex conjugate of the third equation of the Equa-
tion 4.30:

∂2As
∂z2

=− iχ(2)ω2
s

2c2ks

(
Ap
iχ(2)ω2

i

2c2ki
A∗pAse

−i∆kzei∆kz + i∆kApA
∗
i e
i∆kz

)
(4.34)

We simplify:

∂2As
∂z2

=
χ(2)ω2

s

2c2ks

(
|Ap|2

χ(2)ω2
i

2c2ki
As + ∆kApA

∗
i e
i∆kz

)
(4.35)

We replace A∗i in the second equation of the Equation 4.30 to obtain:

∂2As
∂z2

=
χ(2)2ω2

sω
2
i

4c4kski
|Ap|2As − i∆k

∂As
∂z

(4.36)

This is the �nal di�erential equation for the optical parametric ampli�cation.
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We are going to solve the optical parametric ampli�cation for the special case
∆k = 0.
The general solution of this equation is in the form:

As(z) = A cosh(αz) +B sinh(βz) (4.37)

The parameters α and β can be found by inserting this solution in the Equa-
tion 4.36:

Aα2 cosh(αz) +Bβ2 sinh(βz) =
χ(2)2ω2

sω
2
i

4c4kski
|Ap|2 (A cosh(αz) +B sinh(βz))

(4.38)

To satisfy this equation for every position, we must have:

β2 = α2 =
χ(2)2ω2

sω
2
i

4c4kski
|Ap|2 (4.39)

To �nd the constants A and B, we need to consider the boundary conditions
and Equation 4.30. We also will consider the general solution for Ai:

Ai(z) = C cosh(δz) +D sinh(γz) (4.40)

At the beginning of optical parametric ampli�cation, there is an input beam
that is ampli�ed, and no idler beam. The idler is generated by the process.
Therefore:

As(0) = arbitrary

Ai(0) = 0
(4.41)

Therefore, it implies that C = 0, and A = As(0). We replace these equations
in the Equation 4.30, where we de�ne g2 = α2:

As(0)g sinh(gz) +Bg cosh(gz) = −iχ
(2)ω2

s

4c2ks
ApD

∗ sinh(γz)

Dγ cosh(γz) = −iχ
(2)ω2

i

4c2ki
Ap(As(0)∗ cosh(gz) +B∗ sinh(gz))

(4.42)

To satisfy both these equations, it is clear that B = 0 and γ = g. Therefore:
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As(0)g = − iχ(2)ω2
s

4c2ks
ApD

∗

Dg = − iχ(2)ω2
i

4c2ki
ApAs(0)∗

(4.43)

By replacing Equation 4.39 into the second equation, we obtain the solution
for D:

D
χ(2)ωsωi

2c2
√
kski
|Ap| = −

iχ(2)ω2
i

4c2ki
ApA

∗
s(0) (4.44)

By taking in account that ks = nsωs
c

and ki = niωi
c
, we obtain:

D = −2iA∗s(0)

(
ωins
ωsni

) 1
2 Ap
|Ap|

(4.45)

Therefore, the �nal amplitude for the signal and idler electric �eld in an
optical parametric ampli�cation process are:

As(z) = As(0) cosh(gz)

Ai(z) = − 2iA∗s(0)

(
ωins
ωsni

) 1
2 Ap
|Ap|

sinh(gz)
(4.46)

And the electric �eld of each beam is now:

Es(z, t) =
1

2
As(0) cosh(gz)ei(ωst−ksz) + c.c

Ei(z, t) = − iA∗s(0)

(
ωins
ωsni

) 1
2 Ap
|Ap|

sinh(gz)ei(ωit−kiz) + c.c

(4.47)

With g = χ(2)ωsωi
2c2
√
kski
|Ap| = χ(2)

2c

(
ωsωi
nsni

) 1
2 |Ap|.

For a su�ciently long propagation length, cosh(gz) = sinh(gz) = egz, and
there is an exponential ampli�cation of the signal and the idler. Intuitively,
there is an exponential growth because when wi is ampli�ed, it is also am-
plifying ws, which ampli�es wi etc...
We also notice that the phase of the input signal beam is conserved.
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