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Abstract: A near-minimal instance of optical cooling is experimentally presented, wherein
the internal-state entropy of a single atom is reduced more than twofold by illuminating
it with broadband, incoherent light. Since the rate of optical pumping by a thermal state
increases monotonically with its temperature, the cooling power in this scenario increases
with higher thermal occupation, an example of a phenomenon known as cooling by heating.
In contrast to optical pumping using coherent, narrow-band laser light, here, we perform
the same task with fiber-coupled, broadband sunlight, the brightest laboratory-accessible
source of continuous blackbody radiation.
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1. Introduction

The study of blackbody radiation (BBR) and its interaction with quantum systems
is a subject of research for both fundamental science and for practical applications. BBR
plays a critical role in diverse phenomena, including in natural biological processes like
photosynthesis, vision, and magnetoreception [1-9]. The role of BBR in driving quan-
tum systems is also important in quantum thermodynamics [10-12] and in the fields of
spectroscopy and precision measurement, where low-frequency background thermal radi-
ation can shift atomic transition frequencies, limit coherence times, and cause unwanted
transitions [13-22].

Systems driven by near-resonant BBR can display effects that are often thought of as
exclusively quantum mechanical, like steady-state coherence and entanglement, despite
interacting only with ‘classical’ thermal light [8,23-25]. However, the dynamics of quantum
systems driven by thermal light have not been thoroughly studied experimentally, and
systems of interest are often so large and complicated that they are difficult to study.
Therefore, it is useful to consider these interactions in a simple system that is easy to
understand and control before studying more complex systems.

One instance of a nontrivial interaction between thermal light interacting and a quan-
tum system is the phenomenon called ‘cooling by heating’ [26,27], where the cooling of a
system is enhanced by heating an auxiliary quantum mechanical mode that couples the
system to a bath, somewhat analogous to a gas-gap heat switch [28]. In such a system,
the term ‘cooling’ refers to a process that increases phase-space density or (equivalently)
collects population into fewer quantum states, even if the initial and final states are not
thermal states. Cooling by heating schemes have been proposed to cool optomechanical
systems [26], solid-state systems [27], mechanical resonators [29], and quantum optical
systems [30].

Recently, an experimentally accessible scheme for cooling by heating was pro-
posed [31] that would use thermal radiation in the visible part of the spectrum to cool a
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trapped ion to its motional ground state using resolved sideband cooling [32-36]. Here, we
demonstrate a variation of that scheme applied only to the internal states of a single trapped
ion. Sunlight, a readily available, high-temperature thermal light source, is coupled into a
single mode optical fiber and delivered to a trapped ion to allow for a demonstration of a
beneficial application of BBR in a controlled quantum experiment. We show internal state
cooling by heating a trapped Ba™ ion via high-frequency electronic transition driven by
sunlight. We show that the ion’s internal state entropy is decreased by more than a factor of
two, with cooling power an order of magnitude higher than by spontaneous emission alone.
The production of a low-entropy state in a quantum system using sunlight highlights the
potential for quantum effects to manifest in environments common to human experience.

2. Internal State Cooling of a Barium Ion

In contrast to the proposal of Ref. [31], here, we consider the cooling of a single valence
electron in an atom by considering the magnetic projection levels of an atomic system
rather than the atom’s center-of-mass motion. Our experiment focuses on the conversion of
a highly mixed state in the ?Ds/, manifold of Ba™ to a mixed state in the 2S; ;, manifold
(Figure 1). Since both mixed states are non-thermal, we monitor the entropy instead of the
temperature of the system. The 2Ds/, manifold contains six magnetic sublevels (projection
states); so, in a maximally mixed state, there is higher entropy, and it is thus ‘hotter” than
a maximally mixed s, /2 state. As in sideband cooling, we use thermal light to drive
population from all sublevels of the ?Ds,, manifold to the 2P /> manifold, allowing the
ion be cooled through spontaneous emission to the ground state. Quantitatively, the von
Neumann entropy of a maximally mixed state in the metastable manifold has S = 2.58,
while a maximally mixed state in the ground state manifold has S = 1.

This decrease in entropy in the internal states of the ion occurs because of the sponta-
neous emission to the ground state and is accompanied by an increase in entropy in the
light field. The spontaneous emission required for cooling would not occur quickly without
the sunlight driving population to the 2P; , state, so we consider the sunlight to be driving
the cooling as in the original proposals of cooling by heating [26,27].

(a) (b)

2P3/2———— 2P3/2 -

—-251/2 —-251/2

Figure 1. Distribution of population before (a) and after (b) internal state cooling. The ion is prepared
in a mixed state with a wide population distribution, corresponding to high von Neumann entropy.
After thermal light is applied, the ion is left in the ground state with lower entropy.

3. Experimental Demonstration

We choose to demonstrate internal state cooling by heating with sunlight, a readily
available source of high-temperature thermal light. Sunlight is coupled with high efficiency
into a single-mode optical fiber using a home-built tracking device and delivered to the
experiment through approximately 200 m of optical fiber [31]. This limits the transmitted
power spectral density at 614 nm to that of a one-dimensional blackbody at the temperature
of the sun [37—40], which is then further suppressed by other factors such as weather
conditions, fiber coupling and transmission efficiency, and losses due to focusing optics.
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Typical delivery efficiencies at 614 nm are measured to be between 15 and 40% of the power
spectral density for an ideal blackbody in a quasi-one dimension at the temperature of
the sun (roughly 5800 K). These factors vary over time and depend on weather condi-
tions, so each measurement is taken at a slightly different power spectral density at the
transition frequency.

Using this fiber-coupled sunlight, we show internal state cooling by heating of a
138Ba* ion in a linear Paul trap. The ion’s motion is Doppler-cooled, and we observe
fluorescence on a PMT to monitor the population in the 2S; /, state. A small magnetic field
of approximately 4.2 G is applied to assist with cooling. Figure 2 shows the experimental
sequence. To ‘shelve’ the electron [41] into the metastable 2Ds /2 state, the ion is illuminated
with 455 nm light resonant with the 2S; /5 <> 2Pg /o transition (Figure 2a). Once fluorescence
disappears, the shelving light is extinguished. We then use unpolarized, unfiltered sunlight
to optically pump population back to the 2S; /, ground state (Figure 2b). We monitor the
fluorescence until we see that population has returned to the ground state, and then shelve
the electron again and repeat the cycle until a sufficient number of shelve-deshelve cycles
have been collected.

(a) (b)

2P3/2—L\ 2P3/2_L\'
shelve _2D5/2 _2D5/2
455 nm

— S — 2S5

Figure 2. A simplified schematic of the experimental sequence. (a) Laser light is used to shelve the
ion into the 2D, manifold, and then it is extinguished, followed by (b) the sunlight pumping the
ion back to the ground state. We measure the characteristic 1/e time for step (b) by illuminating the
ion continuously with laser Doppler cooling light while monitoring it for fluorescence.

This yields a list of dark times that we fit to a decaying exponential function to extract
a deshelving time. This method has often been called quantum jump spectroscopy and
is commonly used to measure the lifetime of the >Ds, state and other metastable states
in trapped ions [41,42]. The sunlight is applied throughout the measurement and has no
discernible effect on the ion during the remainder of the sequence.

Assuming that Doppler cooling produces a mixed state with equal population in the
two ground-state sublevels, the ion starts in the ground state with entropy S = 1. If the
455 nm laser is polarized so that it includes equal parts ¢ and ¢~ light, as we choose in
our experiment, the shelve step prepares a mixed state in the ?D5, with some population
in each sublevel. Shelving with this light then produces a state with entropy S = 2.48.
Since the sunlight is unpolarized and propagates approximately perpendicular to the
quantization axis, it includes equal parts o+ and ¢~ light in addition to some 7t light and
can deshelve population in all six sublevels symmetrically, returning the ion to a mixed
combination of ground-state sublevels with S ~ 1. Deshelving with sunlight in this case
decreases the entropy in the internal states of the ion by a factor of almost 2.5.
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The above calculation assumes that no quantization field is applied to the ion. How-
ever, as stated above, we use an axial field of about 4.2 G, causing a Zeeman splitting
between the sublevels. Regardless of the details of the shelve laser intensity and detuning,
calculations show that applying sunlight decreases the entropy in the internal states of the
ion by approximately the same ratio, and by well over a factor of two.

Measured Cooling Rates

With no deshelve light at 614 nm and no sunlight on the ion, we expect to measure
the natural lifetime of the 2Dj,, state using the same measurement method. We measure a
1/e decay time of T = 20.4(5) s, compared with a published value of 31.2(9) s [43], which
is consistent with our estimate (23-27 s) based on collisional quenching by background
Hp [41,42]. When the 614 nm transition is driven by sunlight, we achieve a deshelve time
of T = 1.98(5) s (Figure 3).

I
=

e
n

D5 /2 Population

o
=4

0 10 20 30 40 50 60
Time (s)

Figure 3. Probability that the ion remains shelved after some time with (red) and without (blue)
sunlight. Deshelve times longer than 60 s are included in the fit but were removed from the plot for
readability. The inset is a semilog plot of the same data with zero count points omitted.

We also verify the power spectral density of sunlight delivered to the ion by compari-
son with the excitation of the 614 nm transition with a laser. Despite the difference between
excitation with a coherent laser and excitation with incoherent light, the Rabi frequency
achieved with an extremely low-intensity 614 nm laser is slow enough compared to the
spontaneous emission of the 2P3 ; state that coherent effects disappear almost immediately,
and the laser excitation behaves similarly to the incoherent driving of the transition. There-
fore, the spectral density of the sunlight at 614 nm can be directly compared to the spectral
density of the laser by comparing their transition rates.

The deshelve laser is passed through the same optical path and focusing system as
the sunlight and detuned 50 GHz from the deshelve transition, to assist in slowing down
the deshelve rate and to compensate for a broad laser linewidth. We then measure a
deshelve time using the same method as previously for multiple laser powers that yield
a deshelve time on the order of a few seconds. These times are fit to a theoretical result
for the deshelve operation with a far detuned laser, and an effective area is determined
that incorporates the beam size and any factors due to the polarization of the shelve and
deshelve light. We then convert to a resonant power spectral density at 614 nm that would
yield the same deshelve time as the measured value with sunlight. This yields a power
spectral density of 7.8 nW /THz, which is within a factor of 3 of the inferred value, given
our measured deshelve time with sunlight (2.9 nW/THz), and is consistent with measured
delivery efficiencies.
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In summary, we have provided an experimental demonstration of cooling by heating
using broadband sunlight, reducing the internal state entropy of a trapped ion by more
than a factor of two. Replacing the incoherent population of the D state with coherent
excitation on the red motional sideband of the 2S; ;, —2Ds transition would allow for
the implementation of the proposal in [31] for the motional cooling of the ion. From our
measured deshelve time, we estimate a cooling rate of 0.5 phonons/s, which would allow
for motional ground state cooling in a trap with a sufficiently low heating rate. This differs
from the rate of 8 phonons/s estimated in [31], due mainly to approximations made in the
calculation and to different experimental parameters.

The ability to cool both the internal and motional states of an ion using thermal light,
and the demonstration of this internal state cooling, provides insight into the mechanism
of standard laser cooling techniques.

Additionally, thermal light plays an important role in a variety of biological systems
and in scientific experiments across multiple fields. This demonstration represents a
controlled application of blackbody radiation to a simple quantum system in a way that
exposes the possibility for quantum effects to become important in more complex systems
that are typically viewed as purely classical.
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