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We propose a method for interactively controlling multi-species atomic and molecular systems with
incoherent light. The technique is referred to as shaped incoherent light for control (SILC), which
entails dynamically tailoring the spectrum of a broadband incoherent source to control atomic and
molecular scale kinetics. Optimal SILC light patterns can be discovered with adaptive learning tech-
niques where the system’s observed response is fed back to the control for adjustment aiming to
improve the objective. To demonstrate this concept, we optimized a SILC source to optimally control
the evolving hue in near-IR to visible upconverting phosphors, which share many similarities with
chemical reaction kinetics including non-linear behavior. Thus, the results suggest that SILC may be
a valuable tool for the control of chemical kinetics with tailored incoherent light. Published by AIP
Publishing. https://doi.org/10.1063/1.5035077

I. INTRODUCTION

Although coherent control of molecules with ultrafast
lasers has yielded numerous successes and is continuously pro-
gressing,1,2 obtaining the necessary coherent optical resources
remains an ongoing endeavor. While this effort pushes for-
ward, there is good reason to re-examine the prospects of
utilizing incoherent radiation resources. Control over pho-
todissociation channels of Na2 molecules using two inco-
herently related intense lasers has already been shown.3,4 In
previous theoretical work, we considered manipulating atomic
and molecular dynamics with incoherent light.5,6 Thus, this
paper considers combining modern technology with incoher-
ent optical resources, with the aim of retaining the attractive-
ness of controlling chemical kinetics, at least to an acceptable
degree, while utilizing commercially available light sources
that are inexpensive, user-friendly, and robust.

The goal stated above was addressed by designing a spe-
cial incoherent source through combining the outputs of sev-
eral independently modulated laser diodes (LDs) of different
emission wavelengths. The source, which we call shaped inco-
herent light for control (SILC), generates waveforms whose
spectral intensity and temporal characteristics can be readily
varied (see Sec. II B for details). Manipulating the spec-
tral character of light has previously been shown to enable
unique pathways to control chemical systems. For example,
photo-lithography with sub-diffraction resolution has been
demonstrated in the linear optical regime using two-color
irradiation that sequentially addressed an initiator and an
inhibitor in a photo-resist.7 Additionally, two- and three-
color stepwise laser excitations (i.e., without phase coherence
between the multi-color sources) were also demonstrated to be
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efficient for the targeted photo-cleavage of C–O bonds in
a large organic molecule.8 Therefore, SILC operating with
multiple LDs opens up the prospect of accomplishing bet-
ter outcomes than achievable with traditional continuous
monochromatic irradiation, especially in situations where mul-
tiple spectrally addressable species are kinetically interacting.
For example, SILC could activate distinct reactants in a syn-
ergistic fashion to control highly non-linear photochemical
reactions.9 Incoherent control with SILC sources could also
be employed in conjunction with coherent control, where the
advantages of both might be drawn upon to meet appropriate
dynamic/kinetic considerations.

To demonstrate photokinetic control of atomic or molec-
ular species with SILC, we report here on its use to manip-
ulate the luminescence hue of Gd2O2S:Er3+(6%), which is
an efficient lanthanide-based upconverting phosphor (UCP).
Lanthanide-based UCPs simultaneously emit several colors
(from IR to UV) when excited with near-IR light. With
Gd2O2S:Er3+(6%), the main emitted colors in the visible are
red (∼660 nm), green (∼540 nm), and violet (∼410 nm).
The optimization experiments will aim to discover SILC
excitation patterns enhancing either the red, green, or vio-
let emissions in Gd2O2S:Er3+(6%) using an adaptive feed-
back control (AFC) loop (see Sec. II A for details). The
process through which UCPs transform near-IR photons to
visible photons10 bears numerous similarities with the kinet-
ics of chemical reactions, thereby making UCPs good candi-
dates for an initial test of the feasibility of SILC’s eventual
application to the control of complex multi-species chemical
reactions.

Section II describes the SILC source and explains our
choice to use Gd2O2S:Er3+(6%) as an illustrative sample for
control. In Sec. III, we present the results of the optimiza-
tion experiments and discuss their significance with respect
to eventual applications in photokinetic control of chemical
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reactions. Section IV addresses the mechanisms deduced
regarding how the SILC controls operate to manipulate the
different emission hues from Gd2O2S:Er3+(6%). To conclude,
Sec. V suggests some directions for further investigations of
SILC’s practical utility.

II. EXPERIMENTAL SETUP
A. Adaptive feedback control loop
for SILC optimization

Figure 1 shows a schematic layout of a SILC setup. The
SILC source, in this work consisting of multiple LDs, is part of
an adaptive feedback control (AFC) loop where the sample’s
response is fed back to update the control. An AFC optimiza-
tion using a SILC source as the control consists of defining an
objective that is a function of the sample’s response to the con-
trol and then running an optimization algorithm to tune SILC
to maximize that objective. In the present work, we manipu-
late the phosphor’s emission hue by maximizing the ratio of
emission in a particular color (e.g., Er3+’s red, green, or violet
emission) to the combined emission of the others [see Eq. (1)
in Sec. III]. The optimization loop is started by successively
exciting the sample with several (e.g., 30) SILC patterns. A
SILC control pattern is encoded as a set of numbers, each
representing the current in one LD at a certain point of time.
If sufficient information is available about the spectroscopic
and kinetic aspects of the system, then the initial SILC control
patterns could possibly be pre-designed, but here we chose
them randomly to illustrate the broadest capability of the AFC
procedure. Once the objective function values were measured
for each SILC pattern, the latter were ordered with respect to

FIG. 1. Schematic of the setup to discover optimal SILC controls. Multiple
laser beams each with modulated temporal intensity are combined using a
grating and then focused on the sample. As no phase-locking is involved, the
net multi-color control beam is incoherent. The sample’s emission is collected
with a microscope objective and then diffracted with a grating. Different emis-
sion bands are recorded in real time with microsecond resolution using fast
silicon photodiodes (violet emission is collected with a photomultiplier tube).
The optimization of the sample’s response proceeds via a feedback loop.

their fitness (i.e., how much they each increase the objective
function). The AFC loop employed a stochastic search algo-
rithm based on an evolutionary strategy,11 as is often the case
in coherent control experiments; here, the so-called covariance
matrix adaptation evolutionary strategy (CMA-ES) algorithm
was used.12 A new set of SILC patterns was created by “cross-
breeding” within the better half of the patterns. Cross-breeding
consists of randomly combining half the encoding numbers
of one SILC pattern with half of another to create a new
SILC pattern, and then, each new pattern was subjected to
small, random perturbations. The magnitude and probability
of occurrence of the perturbations are adjustable parameters
of the optimization algorithm. The AFC loop was run with the
new SILC patterns iteratively until no appreciable increase in
fitness was observed (see the bottom left inset in Fig. 1 as an
illustration). When the fitness plateaued, the SILC patterns in
the present experiments tended to converge toward a similar
shape that was optimal under the circumstances for a particu-
lar hue. Without pre-designing the SILC controls, the iterative
process converged within minutes.

B. SILC source

Thermal light sources such as glowing filaments, sun-
light, flash lamps, etc., each confers a broad spectrum for
potential use in SILC. However, these sources are challeng-
ing to focus and shape spectrally because they lack spatial
coherence, nor can they be modulated at high frequencies
without the use of external devices (e.g., electro-optic modula-
tors). On the other hand, semiconductor-based sources such as
light-emitting diodes (LEDs), superluminescent photodiodes,
or LDs can be directly modulated in the RF regime by varying
their input current. Each of these sources has a narrow band-
width compared to a thermal source, but a larger spectrum
can be covered by combining several of them with different
center wavelengths. LDs have two important advantages over
LEDs or superluminescent photodiodes: (1) their output spec-
tral intensities are generally one to two orders of magnitude
greater and (2) they are more spatially coherent. Building inco-
herent sources from LDs might seem contradictory since laser
light is coherent by nature. However, in the present experi-
ments, the source may be considered incoherent because the
LDs used have coherence times of few picoseconds while the
fluorescence is integrated over (at least) microseconds and the
LDs bear no phase relationship to each other. Currently, LDs
appear to be the most promising SILC light sources.

The present SILC setup consisted of collimated outputs of
seven commercially available mid-power LDs (785 nm±3 nm,
90 mW; 808 nm ± 3 nm, 200 mW; 830 nm ± 3 nm, 200 mW;
905 nm ± 3 nm, 100 mW; 980 nm ± 3 nm, 200 mW;
1320 nm ± 3 nm, 300 mW; 1550 nm ± 8 nm, 300 mW;
Thorlabs, Inc.) that were refracted on a grating to recom-
bine them into a single beam. The resulting polychromatic
beam was focused on the sample with a lens (f = 5 cm).
The LDs were driven by a home-made, eight channel pro-
grammable current source built around a 80 MHz micropro-
cessor (PIC32MX795F512H, Microchip, Inc.). Each channel
could output a particular (i.e., possibly prerecorded) cur-
rent waveform whose shape, resolution, and length could be
adjusted independently. Care was taken to eliminate cross
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talk between the LD channels. The current resolution was
16 bits. The minimum time resolution per channel was 2 µs
corresponding to the shortest possible optical pulse.

The output power of a LD follows the equation
P = η(I − ITh), where ITh is the current threshold and η is
the slope efficiency in W/A. Below ITh there is no laser emis-
sion and the diode’s output power is negligible. No attempt
was made to precisely measure the value of ITh or η as they
are specific to each LD and usually change over time as the
LD is operated. The maximum current, Imax, that each chan-
nel could output did not exceed the maximum input current
indicated in the manufacturer’s datasheet.

C. Gd2O2S:Er3+(6%) sample as an illustration
for SILC control

Gd2O2S doped at 6% with Er3+ is a well-known upcon-
verting phosphor that can efficiently shift near-IR light into
the visible spectrum.13–15 UCP materials have a wide range
of applications including solar energy harvesting,16 medical
therapeutics and bioimaging,17 and gain media in lasers.18

Most studies of UCPs utilize steady monochromatic excita-
tion, and to the best of our knowledge, at most two colors
have been used simultaneously. Such restriction on the spectral
and temporal flexibility of the excitation source can signifi-
cantly constrain the utility of non-linear optical materials such
as UCPs. Understandably, controlling the upconversion pro-
cess(es) with multispectral near-IR excitation is a significant
task due to the increased number of controls and the complex-
ity of the system’s kinetics. However, with advances in search
algorithms, SILC is capable of dealing with such complexity.

The Gd2O2S:Er3+(6%) powder absorption spectrum
[Fig. 2(a)] is characterized by sharp peaks that are indicative
of a homogeneous crystal field: only one lattice site is avail-
able for the Er3+ ion in the crystal host.13 A scheme based
on the Er3+ ions energy levels in Fig. 2(b) depicts potential
mechanisms responsible for light upconversion:10 ground state
absorption (GSA), excited state absorption (ESA), and energy
transfer upconversion (ETU). While ESA and ETU are pos-
sible phenomena with dye molecules, the long-lived excited
states of Er3+ makes these processes much more likely result-
ing in substantial and observable populations in highly excited
states.

ETU occurs in optical materials that are highly doped
with lanthanides.10 When embedded in a solid matrix, a Er3+

ion may interact with a close neighbor. An excited Er3+ ion
can spontaneously relax to the ground state by transferring its
energy to a nearby Er3+ ion. If that ion is already in an excited
state, the added energy promotes it to a higher energy level
whose luminescence to the ground level has a shorter wave-
length than the incident photons. This process can be viewed
as analogous to a bimolecular elementary reaction where new
species are created when the reactants collide. However, in
this case, neither the “reactants” nor the “products” can freely
diffuse (although energy migration between neighboring Er3+

ions is tantamount to a diffusion mechanism). Note that ETU
is reversible and may also depopulate excited states.

Colored arrows above the absorption spectrum in Fig. 2(a)
locate the wavelength of the SILC source’s LDs. Four of them
(808 nm, 830 nm, 980 nm, and 1550 nm) match some Er3+

FIG. 2. Optical properties of Gd2O2S:Er3+(6%). (a) Absorption spectrum
of the sample. Colored arrows locate the emission wavelengths of the SILC
source’s LDs; four of them, 808 nm, 830 nm, 980 nm, and 1550 nm, were
resonant with Er3+ near-IR fundamental transitions. (b) suggested schemes
of basic upconversion mechanisms responsible for populating Er3+’s higher
energy levels. GSA: ground state absorption, ESA: excited state absorption,
and ETU: energy transfer upconversion.

transitions which permit initiating upconversion processes.
The three other LDs (785 nm, 905 nm, and 1310 nm) do not
interact with ground state Er3+ ions but may resonate with
transitions between excited states, thereby exciting the sam-
ple through ESA. Other commercially available LDs (e.g.,
405 nm, 450 nm, 488 nm, 515-532 nm, and 650-680 nm)
could have been used to directly promote Er3+ ions into the
targeted levels, but we chose to populate the latter via upcon-
version schemes (i.e., using only near-IR light) to discover
non-trivial controls, again mimicking the complexity expected
in multi-species chemical reactions.

Both ESA and ETU are inherently non-linear mechanisms
due to their multi-step nature. Moreover, several mechanisms
might be operating in conjunction to upconvert light. These
circumstances would likely render controlling the Er3+ ion’s
population distribution arduous without the use of AFC tech-
niques to guide the search for optimal controls.19 Instead of
being an obstacle to achieving control, the apparent com-
plexity actually enables the pattern recognition algorithm to
simultaneously explore multiple routes leading to the best
attainable solution. This counterintuitive fact is validated by
numerous successful AFC experiments performed on non-
linear systems.1

Samples were made by mixing Gd2O2S:Er3+(6%)
powder in polyurethane and applying a thin coating on a
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microscope glass slide. The Gd2O2S:Er3+(6%) powder was
generously provided by Intelligent Material Solutions, Inc.,
Princeton, NJ.

D. Time-resolved fluorescence detection

The SILC search algorithm is guided by analyzing
relevant information from the sample’s temporal emission
response. Although technically challenging, one could record
the intensity of every Er3+ emission line in real time (i.e.,
with the same time resolution as the control). However, in
the present experiments, many emission lines showed highly
correlated kinetics; thus, the lines were grouped into emission
bands to significantly simplify the fluorescence measurement
setup.

To first gage the general features of the sample’s emis-
sion kinetics, we used the SILC source to generate excitations
of various spectral characteristics (i.e., without performing
optimizations) and recorded the sample’s emission with a high-
resolution spectrometer (Ocean Optics, Inc., Dunedin, FL).
Figure 3 shows the visible (i.e., upconverted) part of the sam-
ple’s emission spectrum recorded after 1 s excitation with a
steady SILC pattern (i.e., with the individual LD currents held
constant). The emission was integrated over 100 ms right after
the excitation was turned off. The emission and absorption
spectra in the visible closely mirror each other [compare with
Fig. 2(a)], but they have different relative peak intensities and
the emission lacks the lines from levels 4F3/2, 4F5/2, and 4F7/2

expected at 444 nm, 448 nm, and 488 nm, respectively. The
most intense emission peaks, which correspond to individ-
ual Stark states, are labeled from (a) to (j). Their intensities,
absolute as well as relative to one another, varied depending on
the SILC excitation pattern as expected from non-linear opti-
cal materials. To quantify this observation, a correlation matrix
was constructed by repeating the above measurement with

FIG. 3. Emission properties of Gd2O2S:Er3+(6%). Example of an upcon-
version emission spectrum obtained after 1 s excitation with a steady SILC
spectral pattern (i.e., with the individual LD currents held constant). The main
emission peaks are labeled from (a) to (j). A correlation matrix was calculated
from the peak intensities of the emission spectra of Gd2O2S:Er3+(6%) excited
with 10 000 randomly generated SILC spectral patterns.

10 000 randomly generated SILC patterns of different spectral
characteristics. The emission peak intensities in Fig. 3 were
all highly correlated (>95%), yet clear patterns are evident in
the correlation matrix. Along the matrix diagonal, there are
four blocks (>99% correlation) with each corresponding to
groups of Stark states belonging to a common level: 2H9/2 (a),
2H11/2 [(b)–(d)], 4S3/2 [(e) and (f)], and 4F9/2 [(g)–(j)]. At room
temperature, the populations in Er3+’s intra-level Stark states
equilibrate within picoseconds;20 thus, their kinetics are locked
together on longer time scales. Therefore we may find different
population evolution between Er3+ levels, but not within the
intra-level Stark states themselves. It is interesting to notice
that level 2H9/2 (a) correlates better with level 4F9/2 [(g)–(j)]
(∼97.5%) than with level 2H11/2 [(b)–(d)] or 4S3/2 [(e) and (f)]
(∼95%) even though the latter are separated from 2H9/2 by a
smaller energy gap. We will propose an explanation for this
counterintuitive observation in Sec. IV.

AFC optimizations were performed by monitoring three
emission bands simultaneously: 2H9/2 (violet), 4S3/2/2H11/2

(green), and 4F9/2 (red). As expected from the 4S3/2 and
2H11/2’s rapid equilibration at room temperature,21 the lat-
ter two emissions showed no distinguishable kinetics within
the time scale of our experiments (from µs to tens of ms).
Consequently, we combined their emission signals. In the fol-
lowing, we sometimes refer to the levels by their emission
color: red, green, and violet corresponding to the levels men-
tioned above. The sample’s emission was collected with a
microscope objective and then spectrally resolved using a grat-
ing. The emission spectral components were focused on three
photodiodes (FDS100, Thorlabs, Inc.) and a photomultiplier
tube (Hamamatsu, Inc.) for the weak violet emission. The pho-
todiode currents were amplified (>100 kΩ transimpedance)
using a special circuit to achieve ∼1 µs rise time despite the
large sensing area of the photodiodes (13 mm2).22 A sepa-
rate digitizing platform (12 bits and 2 µs time resolution per
channel) was constructed to capture the four emission signals
synchronously with the SILC waveforms.

III. SILC OPTIMIZATION OF THE UPCONVERSION
EMISSION HUE
A. Results

The optimizations sought to discover SILC controls that
could selectively enhance the emission of one hue while sup-
pressing the emission from the other colors. Alternative objec-
tives (e.g., influencing the yield of upconversion by including
an additional penalty on the excitation power in the objective
function) could be considered, but we chose to optimize the
emission hue to illustrate the AFC loop’s capability to dis-
cover the best incoherent controls. During the AFC loop cycle
in Fig. 1, the time required to compute the new SILC patterns
increases non-linearly with the control resolution; therefore,
it is necessary to strike a balance between the PC’s computa-
tional capability and the control resolution in order for the loop
to converge in a practical time. We chose to excite the sample
during 4 ms with SILC patterns consisting of seven current
waveforms—each corresponding to a distinct wavelength—
at 20 µs resolution as shown in Fig. 4(a) (left). Conse-
quently, the algorithm optimized a total of 1400 current points



054201-5 Laforge, Kirschner, and Rabitz J. Chem. Phys. 149, 054201 (2018)

FIG. 4. SILC patterns (left) inducing hue changes in the luminescence (right)
of Gd2O2S:Er3+(6%). (a) Initial, randomly generated excitation and response.
[(b)–(d)] Optimized excitation patterns for green, red, and violet enhancement
of the emission hue, respectively. Dotted horizontal lines in the excitation
patterns represent 50% current scale (i.e., Imax /2). Objectives are calculated
with Eq. (1) by measuring the emission between 0.75 and 3.75 ms (grayed
area). Insets: color changes relative to panel (a) calculated with Eq. (2). [In
panels (b)–(d), the 785 nm, 905 nm, and 1310 nm excitation waveforms were
omitted because they did not depart from Imax /2.]

collectively for all of the LDs. Note that, as was mentioned
earlier in Sec. II B, any current intensity below the LD lasing
threshold results in zero output power.

The objective function for the optimization of a hue [e.g.,
red in Eq. (1)] was computed according to

Fred =
Sred

Sgreen + Sviolet
, (1)

where Sred , Sgreen, and Sviolet are the integrated emissions of
the red, green, and violet levels, respectively. The integration
period, or the time window during which the objective was
evaluated, was from 0.75 ms out to 3.75 ms, and the window

was chosen slightly smaller than the duration of the control
to demonstrate certain relevant characteristics of AFC opti-
mizations (see discussion below). After the excitation period
all signals decayed exponentially with no observable emis-
sion beyond ∼8 ms. We waited 100 ms to insure that the Er3+

ions were relaxed before exciting the sample again with a new
SILC pattern. The AFC loop usually converged in 10 min after
∼400 iterations. Thirty separate random SILC patterns were
generated to initialize the search algorithm’s first population.
One of these random patterns is displayed in Fig. 4(a) along
with the sample’s response on the right-hand side of the panel.
The initial (i.e., unoptimized) random SILC controls all evoked
similar responses to that in Fig. 4(a); hence, the latter was used
as a benchmark for comparing the optimizations results [see
Eq. (2) later].

Each optimization in Figs. 4(b)–4(d) was successful in
finding SILC controls that could reproducibly manipulate the
emission hue of the sample. But, in all optimizations, the
785 nm, 905 nm, and 1310 nm LD current waveforms did not
significantly depart from Imax/2 (data not shown in the figure)
which is the average of random samples taken between 0 and
Imax. This result indicates that no shaping pressure was exerted
by the AFC loop on these waveforms; therefore, it appears that
785 nm, 905 nm, and 1310 nm excitations did not take part in
any upconversion mechanism [see earlier regarding Fig. 2(a)].
However, the role played by these wavelengths might be dif-
ferent with enhanced control resources reflected in increased
LD power.

In AFC optimizations, it is not necessarily the case that
each trial discovers the same control solution for a given objec-
tive. However, in the present work, it was the case; therefore,
each optimization was repeated sixteen times to improve the
SILC control’s signal-to-noise ratio. The left-hand side of pan-
els (b)–(d) in Fig. 4 shows the best (averaged) SILC control
discovered with the objective of enhancing the green, red, and
violet hues, respectively. The resulting emissions are displayed
on the right-hand side of panels (b)–(d).

Optimized SILC patterns clearly exhibit three temporal
domains: before (0 ms–0.75 ms), during the recorded opti-
mization window (0.75 ms–3.75 ms), and after (3.75 ms–4 ms)
the signal optimization. The reasons we chose the measure-
ment window of the fitness to be within the duration of the
SILC control will become evident now. Naturally, we expect
the shape of the SILC control to be optimized during the mea-
surement of the objective (i.e., between 0.75 ms and 3.75 ms)
since during that period the control directly affects the objec-
tive. By virtue of causality, we also expect that no particular
shaping should occur after the measurement of the objec-
tive (i.e., after 3.75 ms). But, it is possible that the control
could be shaped before the measurement of the objective
because this early part of the SILC control could affect the
emissions thereafter. These basic experimental checks, which
are verified below, confirm that the AFC loop is behaving
properly.

To quantify the hue change in each optimized emission,
the integrated emission of each color (e.g., Sred) was first nor-
malized by the corresponding integrated emission color (e.g.,
Sred ,0) in Fig. 4(a). Then the change in color, for example, red,
was calculated according to
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change(%) = 100

[
Nred

Nred + Ngreen + Nviolet
−

1
3

]
, (2)

where N red = Sred /Sred ,0, etc. With Eq. (2), the emission
from an unoptimized control [i.e., in Fig. 4(a)] results in 0%
change in color [see the inset in Fig. 4(a)] since in this case,
N red = Ngreen = Nviolet = 1.

Optimizing the green hue increased the proportion of the
green emission by 5% ± 1%, while the proportions of the red
and violet emissions were reduced [see the inset in Fig. 4(b),
right]. In the corresponding optimized control, the currents
in the 808 nm and 980 nm LDs plateaued between 0.75 ms
and 3.75 ms. The 1550 nm LD current slowly decreased from
its initial value to level off after 0.75 ms and then increased
again at ∼3.25 ms. Between 0.75 ms and ∼3.25 ms, the
1550 nm LD current remained under the lasing threshold,23

which means that the 1550 nm LD was effectively turned
off. This behavior suggests that the 1550 nm LD would neg-
atively affect the desired outcome if turned on during that
time.

The greatest change of color was achieved with the red hue
optimization in Fig. 4(c). Although the absolute intensity of all
emissions were lower compared to those in Fig. 4(a) during
the signal optimization, the relative proportion of red emis-
sion increased by 10% ± 3%, while the green and violet hues
decreased. The 1550 nm LD current started high but decreased
toward 3.75 ms. An abrupt drop to a current below the LD las-
ing threshold occurred in the 808 nm and 980 nm LDs just
before 0.75 ms.23 The optimization algorithm shut these LDs
down during the objective measurement because their emis-
sion negatively affected the desired outcome. A slight drop
in current also occurred with the 830 nm LD. It appears as if
the sample was “primed” with 808 nm, 830 nm, and 980 nm
excitations between 0 ms and 0.75 ms so as to boost the red
emission between 0.75 ms and 3.75 ms when only the 1550 nm
LD was active.

Contrary to the red and green hue optimizations where the
control waveforms are “flat” between 0.75 ms and 3.75 ms, the
best control for enhanced violet showed distinct temporal fea-
tures: the 808 nm LD current started and remained high, but
the 830 nm, 980 nm, and 1550 nm LD currents show distinct
temporal variations. The 980 nm and 1550 nm current wave-
forms started below the LD lasing threshold,23 but the 980 nm
current waveform surged after ∼3.25 ms while the 1550 nm
waveform increased slowly. This behavior suggests that the
search algorithm adjusted the LD currents to exploit newly
opening upconversion pathways that increased the objective
during the late stage of the control.

As expected, we see that all the optimized SILC controls’
waveforms promptly returned to ∼Imax/2 (see the dotted lines
in excitation patterns in Fig. 4) after 3.75 ms indicating that no
shaping pressure was exerted by the AFC loop after the end of
the signal optimization.

The last optimization clearly shows that the relative emis-
sion enhancement depends on the length of the time window:
a time window shorter than 3 ms would prevent the rise of the
980 nm excitation, while a longer one may let it reach satu-
ration. The length of the time window may be included as an

optimization parameter in the AFC loop, but we limited the
scope of this work to a fixed time windows of 4 ms.

B. Significance of the results with respect
to photokinetic control of chemical reactions

A major goal in photochemistry is control over the prod-
uct channels. Often UV excitation is required to drive the
reaction and the deposited energy far exceeds the enthalpy
of formation of the desired products. The primary photoprod-
ucts are then formed with excess internal energy leading to
an unwanted side-reaction, rearrangement or fragmentation
that favors the formation of the most thermodynamically sta-
ble end products. Some degree of control may be obtained
by spatial confinement24 or prearrangement25 of the reac-
tants, by using long-wavelength visible and near-IR light26 or
by photochemical quenching.7 The optimizations performed
above illustrate the use of SILC as another means of control in
photochemistry.

We can place the present results in the paper within the
context above by drawing an appropriate analogy. In partic-
ular, if we label the Er3+ ions that are excited to the first
three levels as “reactants” and those excited to the next three
levels (i.e., red, green, and violet) as “products,” then SILC
control of the UCPs’ hue of emission may be seen as anal-
ogous to improving the yield of a photochemical synthesis
and/or suppressing unwanted side-reactions. In keeping with
the analogy, SILC is able to selectively manipulate the for-
mation of the three products starting from three reactants
involving multiple high-order reactions. Although the opti-
mization results show only few percent change in the products
formation, this level of kinetic control may prove crucial at
industrial scales. Moreover, many factors might increase the
degree of control in the SILC driven experiments (e.g., obtain-
ing more powerful LDs, adding more LDs of different emission
wavelength, etc.).

An attractive feature of SILC is the ability to spatially
and temporally decouple the photo-excitation of reactants,
which should open up the prospect for successful orchestration
of multi-step photochemical reactions. In addition, combined
with an AFC loop to seek optimal patterns (i.e., especially
when the system is non-linear), SILC may permit opening up
new kinetic channels to create valuable products that could
not be synthesized via a thermal route or standard photochem-
istry using monochromatic sources (see Conclusion for an
analogous example with UCPs).

IV. ANALYSIS OF THE CONTROL MECHANISMS

AFC optimizations permit discovering controls that opti-
mally drive a system toward a given objective without design-
ing the control waveform prior to the experiment. However, the
results of the search algorithm contain valuable mechanistic
information encoded in the control’s shape. To help iden-
tify plausible control mechanisms, we have also used known
upconversion processes in Gd2O2S:Er3+(6%).13,20,21 Based on
this collective knowledge, we will draw a plausible picture of
how the discovered controls influenced the emission kinetics
of the sample for each particular optimized hue.
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A study of upconversion in Gd2O2S:Er3+(10%) with 2 mJ,
20 ns, 1550 nm pulsed excitation13 concluded that the mech-
anisms responsible for populating Er3+’s higher levels were
mostly ETU in nature. Although we use approximately one
to two orders of magnitude lower irradiance (e.g., a charac-
teristic 100 mW LD beam corresponds to ∼60 kW/cm2 at the
focus) than the above study, both ESA and ETU mechanisms
might be operating in the present experiment, since (1) we
are exciting the sample for longer time periods which per-
mit the build-up of excited state populations and (2) all of
the active SILC excitations are resonant with Er3+’s near-IR
levels. Possible ESA and ETU mechanisms that are activated
for the control of Gd2O2S:Er3+(6%) emission are depicted
in Figs. 5(a)–5(c), whose panels correspond to the respective
emissions in Figs. 4(b)–4(d).

In the analysis of any single optimized emission hue, the
behaviors found with the other hue optimizations were helpful,
thereby forming an overall mechanistic picture for all of the
experiments. Thus, although we cannot state that the mecha-
nisms are definitive, there is a consistent picture supported by
the nature of the collective optimal controls found in the exper-
iments. Modeling of the controlled kinetics was not attempted
as many of Gd2O2S:Er3+(6%) absorption cross section are not
known well.

FIG. 5. Inferred upconversion control mechanisms for enhancing (a) green,
(b) red, and (c) violet hues of Gd2O2S:Er3+(6%) emission to the ground state
level. The LD excitation and ETU color scheme in (a) applies to (b) and (c)
as well. Upconversion pathways that are unfavorable to the objectives (i.e.,
those that are suppressed during the search for best control) are omitted.

A. Green hue optimization

Figure 5(a) summarizes the upconversion mechanisms
invoked by the SILC control for green hue enhancement.
When optimizing to enhance the green emission, the strat-
egy was to maximize the currents in the 808 nm, 830 nm,
and 980 nm LDs. These wavelengths can populate the green
levels by ESAs A1 and A2, and ETUs T1 and T2. As previ-
ously mentioned, the algorithm shut down the 1550 nm LD
during most of the control, thereby indicating that the 1550
nm excitation would lower the objective if activated. Given
the fact that the 1550 nm excitation can populate the green
levels by ESA from 4I9/2 (not shown in the figure), the only
way this excitation could decrease the objective function of
the green hue optimization is by populating the red and vio-
let levels more efficiently. Indeed, both red-producing ESA
A3 from 4I11/2 [see Fig. 5(b)] and green-producing ESA from
4I9/2 can be activated by the 1550 nm light but, in general,
4I11/2 is significantly more populated than 4I9/2 due to their
large lifetime difference (2.3 ms vs. 17.5 µs, respectively)
making ESA A3 more efficient. Additionally, the 1550 nm
excitation initiates ESA A5 and ETU T5 by directly popu-
lating level 4I13/2 [see Fig. 5(c)] which, in turn, depletes the
green-emitting level and produces violet; the outcome appears
to be an additional penalizing consequence for the objective
of enhancing the green hue in Fig. 5(a). Mechanisms A5 and
T5 create an anticorrelation between the populations of the
green and violet levels thus explaining the relatively lower
correlation between violet and green luminescence observed
in the correlation matrix discussed in Sec. II and shown in
Fig. 3.

B. Red hue optimization

For the red hue optimization in Fig. 4(c), the LDs were
saturated during 0–0.75 ms to quickly populate the long-lived
near-IR levels 4I11/2 and 4I13/2. The 808 nm and 830 nm exci-
tations contributed to pumping the 4I11/2 level indirectly by
first exciting the 4I9/2 level which itself rapidly decays into the
4I11/2 level. Then, between 0.75 ms and 3.75 ms, where signal
optimization occurred, the 808 nm, 830 nm, and 980 nm LDs
were shut down [see ∗ in Fig. 5(b)] to avoid green-producing
upconversion pathways, but the 1550 nm LD power was kept
high. The explanation appears to be that pumping long-lived
4I13/2 and 4I11/2 levels (3.7 ms and 2.3 ms, respectively) prior
to the objective evaluation enabled the 1550 nm excitation to
continue populating the red level through ESA A3 and ETU
T3 thereafter. Moreover, although turning off the 808 nm and
980 nm LDs during signal optimization reduced the popula-
tion in the red level, it did so more strongly with the green and
violet because of their much shorter apparent lifetimes [com-
pare emission decay times in Figs. 4(a)–4(d)]. This strategy
helped maximize the objective, which was based on the ratio
of emissions not on their absolute intensities, demonstrating
that SILC could take advantage of differences in the rise and
decay times.

C. Violet hue optimization

To maximize the violet hue, the SILC search exploited the
violet level’s faster kinetics to beat the red and green build-ups.
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From 0 to 0.75 ms, the LDs were kept inactive to avoid popu-
lating the near-IR levels. Starting at 0.75 ms, the 808 nm LD
current was saturated to maximize the rate of violet-producing
ETU T4 and ESA A4. The latter mechanism is analogous to
a double resonant, two-photon excitation because 4I9/2 is res-
onant at ∼813 nm and lies midway between the ground and
2H9/2 levels. Thus, we interpret this circumstance to mean that
efficient pumping of the 2H9/2 level with 808 nm does not
require a large 4I9/2 pre-existing population. Pumping with
808 nm alone can only remain advantageous for a short time
since it unavoidably builds up population in the lower near-IR
levels, thereby favoring green and red upconversions. So, with
increasing population in the near-IR levels, it became nec-
essary to discover alternative violet-producing mechanisms.
After ∼3.25 ms, activation of the 1550 nm and 980 nm LD
excitations permitted increasing the objective by respectively
populating 4I13/2 and the green levels via mechanisms A1 and
T1. In turn, these levels appear to transfer their population
to the violet level through ESA A5 and ETU T5. This late
increase in excitation power also takes advantage of 2H9/2’s
faster rise time, analogous to what was observed with in the red
hue optimization. The mechanisms invoked by the SILC con-
trol for the enhancement of the violet hue are summarized in
Fig. 5(c).

V. CONCLUSION

Embedded in an AFC loop, SILC enables incoherent
photo-control of complex physical or chemical processes with-
out relying on detailed assumptions or knowledge regarding
the kinetics of the system. As a proof-of-concept, we used
SILC to shift the emission hue of Erbium-doped phosphors
toward green, red, or violet, respectively. The observed opti-
mal control strategies for maximizing the objectives were
used to deduce a consistent mechanism over all the emis-
sion hues assisted by known upconversion mechanisms in
Gd2O2S:Er3+(6%). Ideally, kinetic modeling could further
support these mechanisms, but many of the kinetic rate con-
stants or absorption cross sections involved are not accurately
known.

Engineering UCPs is a difficult, tedious process involving
many material syntheses with different dopant concentrations,
matrix ion substitutions, etc. For example, erbium-based UCPs
are often co-doped with blue and red emitting ions such as
thulium(iii) and holmium(iii) to balance the emission color.27

SILC may be able to discover controls that best modulate the
emission hue of Er3+ without the need to change dopants or the
host matrix. For example, Er3+ has been shown to have blue
fluorescence (470 nm), but direct excitation to this emitting
level requires UV photons (317 nm) which are readily absorbed
by the Gd2O2S matrix. To circumvent this technical hurdle,
upconversion schemes involving visible or near-IR sources are
possible.28

Because the photokinetics of UCP materials share
many similarities with chemical kinetics including non-linear

behavior, our results suggest the possibility of using SILC for
the control of photochemical reactions to a higher degree of
selectivity than possible with a typical white light or single
wavelength source, especially in complex reactions with mul-
tiple spectrally distinct species, thereby offering the prospect
of synthesizing kinetically favorable new products.
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