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The concept of shaping electric fields to coherently steer light induced processes has fascinated
scientists for decades. Despite early theoretical considerations ruling out one-photon coherent
control, several experimental studies have reported excitation field shape dependent molecular
responses in the weak-field limit. These observations were largely attributed to the presence of
rapid decay channels, but experimental verification is lacking. Here, we rigorously test this
hypothesis by investigating the degree of achievable control over the photoisomerisation of the
retinal protonated Schiff base in bacteriorhodopsin, isorhodopsin and rhodopsin, all of which
exhibit similar chromophores but different isomerisation yields and excited state lifetimes.
Irrespective of the system studied, we find no evidence for dissipation-dependent behaviour, nor
for any coherent control in the strict one photon limit. Our results raise the question to which
extent a photochemical process at ambient condition can be controlled at the amplitude level and
how the underlying molecular potential energy surfaces and dynamics may influence this
controllability.

Coherent control (CC) *® aims to modify the outcome of a photochemical processes with precisely
tailored electric fields. In a pump-dump CC experiment , a pump pulse populates an excited
electronic state, which is subsequently transferred into the desired photoproduct state by a time-
delayed dump pulse. This scenario necessarily requires the interaction of the system with more than
one photon and is therefore often referred to as high-field CC ’. Under weak-field excitation
conditions, where only one photon interacts with each molecule, closed quantum systems have
originally been predicted to be insensitive to the shape of the incident electric field ° This view has
been revised for operators representing a control target that does not commute with the system
Hamiltonian and for dissipative systems even if the relevant operators do commute 0 For the latter,
the degree of control has been predicted to scale with the relative timescales of environmentally-
assisted dissipation and employed pulse durations not only in simple systems **, but also in more
realistic representations > of the seminal experimental results on the photoisomerisation of the
retinal protonated Schiff base ™. Taken together, these theoretical studies support the notion that a
specifically shaped excitation field generates a complex vibronic wavepacket, which evolves
differently to a wavepacket generated by an electric field with a flat phase (Figure 1a) * Bath-
induced collapse of the coherence then acts in a similar way to the dump pulse in a high-field CC
experiment **. Weak-field control thereby becomes feasible even though only one photon is
involved in the overall process .

Given the potential of CC to further the understanding of ultrafast processes it is surprising that the
initial experimental reports of weak-field CC > have almost exclusively been followed up
theoretically. The lack of experimental studies is most likely a consequence of the technical hurdles
associated with weak-field CC experiments and the lack of suitable molecular systems with
appropriately tuneable reactive properties. To address these shortcomings, we report a self-
referenced approach to weak-field CC experiments on retinal protonated Schiff base chromophores
embedded in different protein pockets. We employ the three opsin proteins bacteriorhodopsin (bR),
rhodopsin (rho) and isorhodopsin (isorho) with the respective reactant chromophore being in the all-
trans, 11-cis and 9-cis configuration, respectively *°. Both bR and rho exhibit approximately the
same photoisomerisation quantum yield of ~65% but the latter isomerises almost ten times times
faster (600 fs vs ~70 fs excited state lifetime) ****. Rho and isorho form the same all-trans
photoproduct, bathorhodopsin, and the retinal protonated Schiff base chromophore is embedded in
an identical opsin environment. The reaction speed (~70 vs 200 fs) and its efficiency (65 vs 22 %
quantum vyield), however, differ considerably ®**"**. As all of these chromophores undergo an
ultrafast photoisomerisation, they should in principle be controllable in the weak-field limit
according to both proposed criteria for weak-field control *°. Furthermore, a recent theoretical study



suggested that isorho could be an ideal CC candidate *°. A comparative experimental study of these
three systems is thus ideally suited for understanding the role of dissipation in weak-field CC.
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Figure 1: Concept and experimental realisation of self-referenced weak-field coherent control. (a) A
specifically designed electric field photoexcites a molecular system from its ground [A] to an excited
electronic state [A*] and changes the photoproduct yield, [B], compared to a transform-limited
excitation pulse. (b) Common experimental implementation of feedback-loop guided coherent
control. W is the quantum system under study, [B]y and [B]s the photoproduct yields for shaped and
unshaped pulses, respectively. (c) Referenced coherent control approach used in this study. An
initially transform-limited pulse (E;,) is shaped by a spatial light modulator (SLM) operated in a
double pass (8f) geometry and then split into two identical copies with a 50:50 beamsplitter (BS).
One copy (E) travels directly to the sample, while the other (E.) is strongly chirped by passing
through an 8 cm BK7 glass rod. The ratio of simultaneously performed, but individual, experiments
with the chirped and the unchirped pulse reveals the degree of achievable phase-dependent
coherent control.

The experimental procedures for performing CC have been presented in detail previously *. They
often involve a spatial light modulator to generate the complex electric control field from a
transform-limited ultrashort laser pulse (Fig. 1b) 2. The shaped pulse photoexcites the molecular
system of interest followed by a time-delayed probe pulse. The resulting transient absorbance
reports on the control target, such as photoproduct formation. Comparing the product yield to that
obtained with a transform-limited pulse reveals the amount of achievable control. A feedback-loop
guided search algorithm determines the optimal control field as the underlying molecular potential
energy surface is rarely known 2. Accessing the largest possible search space requires arbitrary
waveforms, which is only achievable by manipulating both the phase and the amplitude of the
electric field. Amplitude modulation, however, requires renormalisation of the control result for the
excitation probability given by the overlap integral between the molecular absorption cross-section
and the altered spectrum of the shaped excitation pulse . A major experimental challenge is the
elimination of artefacts in the feedback-loop optimisation. Since the algorithm is blind to the process
of interest and usually only records pulse spectra or intensities, any experimental imperfection can
lead to signatures that resemble a control scenario, but in fact result from trivial effects such as
slight spectral miscalibrations, spatial beam inhomogeneities or beam displacements caused by
spatio-temporal coupling, for example 2

Results

We implement an intrinsically self referenced experimental approach to weak-field CC (Figure 1c),
which we found to be minimally artefact prone as it eliminates the need for computational



renormalisation. A spatial light modulator operated in a double-pass geometry to minimise spatio-
temporal coupling (Supplementary Information S1) **, amplitude and phase shapes an initially
transform-limited pump pulse with a typical duration of 10-20 fs. The resulting pulse is split into two
identical copies with a 50:50 broadband beamsplitter. One copy, the control pulse, interacts with the
sample and a time-delayed probe pulse evaluates the degree of control by recording the transient
absorbance of the sample. We chirp the second pulse copy to ~2 ps by passing it through a long glass
rod and measure the photoproduct absorbance analogously. The degree of control is given by the
ratio of these simultaneously performed experiments (Supplementary Information S2).

In contrast to most previous implementations of CC, we do not compare the product yield to a
transform-limited, but instead to a strongly chirped pulse. Whether a linearly chirped pulse
reproduces the yield obtained with a transform-limited pulse is irrelevant; our experiment asks
whether a specifically shaped pulse can achieve a different outcome than a strongly chirped one. If
the latter produces no control, the result is identical to using a transform-limited pulse as a
reference. If it does, then we simply investigate how different the achievable control is with a
specifically shaped over a strongly chirped pulse. In any case, our experiment asks the question
whether a specific spectro-temporally shaped electric field can achieve a different outcome than
another - chirped and amplitude shaped - field, which is the essence of CC (Supplementary
Information S3).
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Figure 2: Self-referenced coherent control of rhodamine 101 under high and weak-field conditions.
(a) Stimulated emission (620 — 680 nm) signal magnitudes measured for the shaped (blue, dashed)
as well as the shaped and additionally chirped (orange, dashed) pump pulses in comparison to their
ratio (black). The pulse spectrum is modulated randomly as described in the methods, but no
feedback loop is implemented. (b) Histograms for the relative fluctuations in the referenced (black)
and the absolute signal (orange, incidences multiplied by 10 for clarity). (c) Rhodamine 101
absorption spectrum (dashed) and high-field excitation pulse spectrum (solid). (d) Optimisation and
anti-optimisation experiments performed on rhodamine 101 under high-field conditions show
convergence after approximately 20 generations. Both experiments are normalised with respect to



their respective mean signal of the first generation. (d) Rhodamine 101 absorption spectrum
(dashed) and weak-field excitation pulse spectrum (solid). (e) Optimisation and anti-optimisation
experiments performed on rhodamine 101 under weak-field conditions fail to identify optimal or
anti-optimal pulse shapes. All fitness values recorded in a total of 56 experiments (28 optimisation
and anti-optimisation) are included in the figure (blue dots), the mean value of each generation is
indicated by the orange line.

We benchmark the performance of our referencing approach by simultaneously measuring the
transient stimulated emission (SE) of rhodamine 101 (optical density, OD = 0.7) in both signal and
reference channels at low excitation levels (-7.27 mOD SE signal corresponds to ~1 % of all molecules
excited). Non feedback-loop guided random spectral amplitude shaping induces strong SE signal
fluctuations (+20 % of the signal), which are efficiently suppressed in the normalised signal ratio
(Figure 2a). A histogram representation reveals a Poissonian distribution as expected for a shot-noise
limited process with residual fluctuations on the order of 1.2% of the SE signal (-7.27 £0.09 mOD at
95% confidence interval) with no detectable drift in 30 min, comparable to the time scale of a
feedback-loop guided control experiment (Figure 2b). To demonstrate that our referenced CC
experiment is capable of maximising or minimising a control target, we study the population transfer
from the ground to the excited electronic state of rhodamine 101 under high-field conditions. Phase-
only shaping of an initially 16 fs pulse (Figure 2c) allows us to achieve a contrast of ~¥30% between
optimisation and anti-optimisation experiments within 20 generations. The additional 8 cm of BK7 in
the reference pump arm adds approximately 5600 fs*> of group delay dispersion. Under such
referencing conditions both optimisation and anti-optimisation of the excitation probability is
possible, in agreement with previous reports %°.

Following these proof-of-principle experiments, we attempt feedback loop guided weak-field CC on
rhodamine 101. The initial excitation pulse (11.5 fs transform-limit) is chosen such that it fully
overlaps with all major vibronic transitions of the rhodamine 101 absorption spectrum (Figure 2e),
rather than the experimentally advantageous partial overlap for the high-field experiment %, but
remark that the genetic algorithm is in principle capable of re-establishing a pulse spectrum
comparable to the high-field excitation pulse. We perform a total of 56 experiments at a stimulated
emission signal of -9.98 mOD (exciting 1.5% of molecules in the excitation volume) and evaluate the
degree of CC as the ratio between signal and reference channel at a pump-probe delay of 30 ps
(Figure 2f). We find no evidence for weak-field CC in agreement with recent results obtained for
single terrylene molecules ?’. The slight deviation of the generation mean from zero (0.2% for the
optimisation and -0.4% for the anti-optimisation experiments after 50 generations) is likely caused
by difficulties associated with perfectly referencing two signal channels %, especially in the presence
of a feedback-loop guided search algorithm capable of optimising for any imperfection in the
normalisation (Supplementary Information S4).
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Figure 3: Weak-field coherent control on retinal protonated Schiff base embedded in different opsin
proteins. (a,c,e) Excitation pulse (solid, blue) and absorption spectra (orange, dashed) for
bacteriorhodopsin (bR), rhodopsin (rho) and isorhodopsin (isorho) respectively. (b,d,f) Optimisation
and anti-optimisation experiments performed on bR, rho and isorho, respectively. Individual fitness
values (blue dots) are shown together with the mean performance (orange line). The black dashed
line represents the original signal value. All CC experiments are performed at a pump-probe delay of
30 ps, which is more than an order of magnitude longer than the vibrational dephasing times of
photoexcitation induced vibrational wavepackets in these systems, as well as the completion time
for the primary photoisomerisation events 2%,

The robustness of our approach to artefact-induced feedback-loop convergence, as verified by
further control experiments using glass rods (Supplementary Information S2), allows us to move
towards systems where weak-field CC has been reported and predicted to be possible *°. We use a
14.4 fs excitation pulse resonant with the absorption spectrum of bR (Figure 3a) at a signal level
measured at the maximum of the photoinduced absorption of ~2.3 mOD, which corresponds to only
1.3 out of 100 molecules interacting with a second photon. After performing 20 CC experiments (10
optimisation, 10 anti-optimisation) on bR, we find no evidence for weak-field CC (3b), despite the
standard deviation of the control signal (1.9%) being comparable to previous reports .

We repeated these experiments with rho, where the isomerisation proceeds much more rapidly
than in bR, but with an almost identical quantum efficiency. Due to the limited compression range of
our chirped mirrors, the 13 fs excitation pulse spectrum is restricted to wavelengths longer than 485
nm and the spectral overlap with the absorption spectrum is hence less ideal than for bR (Figure 3c).
It is nevertheless possible to generate vibrational wavepackets in almost all degrees of freedom by
employing this excitation pulse 2°, as expected from the large homogeneous broadening of the
system 3 we adjusted the incident photon flux to reach a signal magnitude at the maximum of the
photoinduced absorption of ~3.1 mOD (a calculated 1.1 photons absorbed per 100 molecules) and
perform a total of 10 weak-field CC experiments (5 optimisation, 5 anti-optimisation). As previously,
we observe no shaping convergence beyond the error of the measurement (Figure 3d), a result that



is repeated for isorho (Figure 3e,f). The standard deviation of the control signals of 3.0 and 3.9% for
rho and isorho were slightly higher than for bR, due to increased sample scatter.

Discussion

The experiments presented on all four systems reported here fail to identify optimal or anti-optimal
pulse shapes exhibiting CC in the strict one-photon limit. Especially in the case of rhodamine 101 and
bR we relied on excitation fields that cover all major vibronic transitions of the absorption spectra
ruling out insufficient bandwidth as the reason for our observations. Even for rho and isorho, where
the overlap is less optimal, our excitation bandwidths exceed those used in previous reports **>1632
and are thus unlikely to be responsible for the lack of control. In the case of rhodamine 101 we
found no evidence for weak-field CC, which, at our extremely low signal levels, is in good agreement
with previous reports >*’. Importantly, small but still measurable feedback-loop convergence of the
generation mean (0.2% for the optimisation, —0.4% for the anti-optimisation) as also observed for
rho and isorho (Figure 3d,f) excludes the possibility that our failure to identify considerable weak-
field control is a result of insufficient experimental sensitivity.

The lack of observable CC in this study contrasts with previous reports 1315 3nd most likely stems

from an optimised experimental setup in terms of suppression of potential measurement errors that
could be exploited by a genetic algorithm. These include (i) a calibration-free compensation of
changes in the excitation efficiency caused by amplitude shaping and (ii) confident operation in the
one-photon limit. The latter point is especially important when dealing with systems such as bR
where low signal levels are partially caused by considerable overlap between photobleach and
photoproduct spectra, which have opposite signs in the differential absorbance measurement. As a
result, previous experiments™ may have accidentally been operating at excitation levels with two-
photon interaction probabilities on the order of the reported phase-only weak-field CC levels
(Supplementary Information S5).

The referencing approach implemented here is of particular relevance for weak-field control given
that theoretical treatments have explicitly employed linearly chirped pulses ™' It should have
enabled us to reveal any weak-field CC down to the few percent level, which is affected by the
arrival times of different spectral components within the temporal envelope of the electric control
field. In order to be consistent with our observations, control fields identifiable by different
referencing approaches but invisible to ours would therefore have to be independent of linear chirp,
that is, independent of the temporal duration of the temporal envelope. Such an observation,
however, would be inconsistent with the general concept of the interference of specifically tailored
vibronic wavepackets, which evolve on the femtosecond timescale.

In contrast to previous work™?® our results suggest that weak-field CC in the condensed phase at

ambient condition is difficult to achieve, if not impossible. We find no evidence for weak-field CC,
irrespective of the excited state properties of the system under study even though the degrees of
control predicted by theory (~20 %) *2 should have been readily revealed by our experiments. A
possible explanation of our results that is consistent with the current theoretical treatments is that
the critical dissipation timescale for weak-field CC is in fact electronic dephasing, which takes place
on the few tens of femtoseconds timescale, rather than excited state decay, which has been used
previously **? and takes hundreds of femtoseconds or longer. Another, more drastic explanation,
could be that currently available theoretical treatments fail to correctly describe the molecular
dynamics of a complicated molecular system or its initial interaction with a complex electric
excitation field. What the further implications are for the importance and meaning of quantum
effects under natural, weak-field illumination demands for further theoretical studies, but promises



to be exceptionally informative for our understanding of the coherent interaction between light and
matter at the single photon level.

Methods
Genetic Algorithm and pulse shaping

We rely on a genetic algorithm based on the Genetic Algorithm Toolbox (Department of Automatic
Control and Systems Engineering of The University of Sheffield, UK), which has been successfully
employed in previous CC experiments . All shaping experiments are performed with a zero-
dispersion 4f grating stretcher operated in double-pass geometry to avoid spatio-temporal coupling
with a spatial light modulator (Jenoptik SLMS320d) in the Fourier plane. To facilitate algorithm
convergence we do not optimise every spatial light modulator pixel individually but employ a
reduced number of phase and amplitude parameters covering the full pulse bandwidth and
interpolate over the entire pixel mask. Additionally, we parametrise our shaping space at 6 bit and
allow the wavelength-dependent amplitude and phase parameters to vary freely within the set
boundaries.

Each generation is evaluated against the control target and 50% of the individuals are selected,
based on their fitness values, for breeding by stochastic undersampling. The chromosomes of these
survivors are used as a gene-pool for the following generation. We exchange bits between
chromosomes (gene crossover at a 70% probability per chromosome) and randomly swap bits
(mutation at a 60% probability per chromosome) to generate new individuals for the next
generation. The newly generated individuals are combined with the survivors of the previous
generation to form the second generation and the control target is re-evaluated. This process is
repeated for a pre-selected number of generations.

To account for slight imperfections in the referencing as for example caused by the 50:50
beamsplitter with wavelength dependent reflectivities between 49-51%, we renormalise the fitness
value of each individual to the value obtained by pure amplitude shaping.

Shaping experiments on rhodamine 101

Initial benchmark experiments on rhodamine 101 (Figure 2a,b): 16 fs pulse (2.3 nJ) centered at 576
nm with a pump focus of 82 um and a probe focus of 48 um diameter (FWHM), respectively. We
evaluate the stimulated emission signal in the 620-680 nm spectral region at a pump-probe time
delay of 30 ps while modulating the wavelength-dependent pump amplitude. Each signal is
integrated for 100 ms at a laser repetition rate of 10 kHz. A 200 um flow-cell is used.

High-field CC on rhodamine 101 (Figure 2c,d): The pump power is set to 165 nJ and pump and probe
foci are adjusted to 78 um and 47 um diameter (FWHM), respectively. The amplitude is kept
constant and the phase is varied within -2m; 2t with a total of 30 parameters over the 530-610 nm
spectral range. The CC experiment is performed over 40 generations consisting of 50 individuals. The
signal is evaluated in the 620-680 nm spectral region of the SE signal at a pump-probe time delay of
30 ps. Each signal is integrated for 100 ms at a laser repetition rate of 10 kHz.

Weak-field CC on rhodamine 101 (Figure 2e,f): The pump power is set to 2.2 nJ and pump and probe
foci diameter (FWHM) are adjusted to 70x75 pm and 50 um, respectively. The amplitude is varied
freely (0; 1) whereas the phase shaping space is set to either (-2m; 2m) or (-4m; 4mn) with the latter



ensuring that potential limitations due to imperfect phase wrapping are detected. A moderately
constant excitation level is ensured (within #5%) by renormalising the randomly generated pulse
shapes for their theoretical excitation efficiency calculated as the overlap integral with the linear
absorption spectrum (Supplementary Information S6). We perform experiments with 32 or 50 phase
and amplitude variables over the 490-605 nm spectral range. Each CC experiment is performed over
55 generations consisting of 50 individuals, respectively. The signal is evaluated in the 620-680 nm
spectral region of the SE signal at a pump-probe time delay of 30 ps. Each signal is integrated for 100
ms at a laser repetition rate of 10 kHz. The standard deviation of the 9.98 mOD optimisation signal
over the period of all experiments was determined to being 0.5% or +50 pOD.

Shaping experiments on proteins

All experiments are performed at a laser repetition rate of 2 kHz in order to reduce protein damage
caused by flow induced shear while ensuring fresh protein sample at each laser shot. Signals larger
than +12% are re-evaluated during the experiment to exclude artefacts induced by sample
scattering. The integration time for evaluating each individual pulse shape is increased from 100 ms
to 1 s in order to account for the reduced signal-to-noise ratio due to both the five times lower
repetition rate of 2 kHz as well as scattering-induced measurement noise. A 500 um flow-cell is used.

Weak-field CC on bR (Figure 3a,b): bR suspended in MilliQ water at an OD of 0.49 per pathlength is
light-adapted prior to each experiment and kept in its light-adapted form by a halogen lamp
equipped with UV and IR filter (wavelength range: 495-900 nm, FGS900S and FGL495S both
Thorlabs) and excited with 1.8 nJ of pump power. The CC signal is evaluated from the photoproduct
signal in the 620-700 nm spectral region at a pump-probe delay of 30 ps. We employ a total of 66
shaping parameters (33 phase and amplitude) over the 520-620 nm shaping range. Each generation
consists of 30 individuals and the shaping space is set to (0; 1) for amplitude and (-2m; 2m) for the
phase values. A total of 20 (10 optimisation and anti-optimisation) experiments is performed. Pump
and probe foci are adjusted to 63x67 um and 43 um diameter (FWHM), respectively. A constant
excitation level is ensured (within £5 %) by renormalising the randomly generated pulse shapes for
their theoretical excitation efficiency calculated as the overlap integral with the linear absorption
spectrum. The standard deviation of the 2.26 mOD optimisation signal over the period of all
experiments was determined to being 1.9 % or +43 uOD which is comparable to previous reports .

Weak-field CC on rho (Figure 3c,d): rho is suspended in Ammonyx LO at an OD of 0.45 per pathlength
and excited with 2.5 nJ of pump power. Prior to the experiments we added 2 mM hydroxylamine to
the suspension to remove isomerised retinal chromophores from the protein pockets. The CC
performance is evaluated at a pump-probe delay of 30 ps in the 585-635 nm spectral region of the
photoproduct signal. We employ a total of 50 shaping parameters (25 phase and amplitude) over the
480-545 nm shaping range. Each generation consists of 30 individuals and the shaping space is set to
(0; 1) for amplitude and (-2m; 2m) for the phase values. A total of 10 (5 optimisation and anti-
optimisation) experiments are performed. Pump and probe foci are adjusted to 61x75 um and 40
um diameter (FWHM), respectively. A constant excitation level is ensured (within +5 %) by
renormalising the randomly generated pulse shapes for their theoretical excitation efficiency
calculated as the overlap integral with the linear absorption spectrum. The standard deviation of the
3.07 mOD optimisation signal over the period of all experiments was determined to being 3.0% or
+92 1OD.



Weak-field CC on isorho (Figure 3e,f): Analogous to rho but at an OD of 0.39 and a pump power of
4.4 nJ. A total of 6 (3 optimisation and anti-optimisation) experiments is performed. The standard
deviation of the 1.90 mOD optimisation signal over the period of all experiments was determined to
being 3.9% or +74 pOD.

After completion of the experiments both rho and isorho were fully photobleached by exposure to
ambient light to verify that the retinal protonated Schiff base chromophore was successfully
removed from the protein pocket.

Estimating photons per molecule

Based on the pump diameters at 1/e and the carrier wavelength of the respective pump pulse we
compute the number of photons per pulse and unit area. The fraction of photons absorbed is
directly determined from the measured absorption and pump spectra and the optical density. The
ratio of absorbed photons to the amount of molecules in the same unit area, as estimated from the
optical density and the molar absorption coefficients €ry010:=90000, €,r=54000, €s0rno=40600 and
€rho=40600 Mcm™ at the absorption maximum) yields an estimate of the absorption probability per
molecule. The pump foci are assumed as being symmetrical Gaussians with FWHM diameters of
drHo101=65 UM, dpr=65 UM, disorho=70 um and d,,,=70 um for simplicity. In all experiments presented
here we estimate excitation densities of <2 photons per 100 molecules.
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