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ABSTRACT: A lightsail can be accelerated to relativistic speed by the Thermal

radiation pressure of a laser having an intensity of the order of GW/m?”. radiation Fluorescence  __________ - -
Such an extreme light intensity presents a critical challenge in the Fl \ (4 - .
thermal management of lightsails. In this Article, we propose to use YA N (N /

solid-state laser cooling for dissipating heat from such a lightsail. Our e

approach uses the same laser that is accelerating the sail and can be : :
used in addition to the previously explored radiative cooling. With our Lightsail
approach, we show that the cooling rate of a sail composed of a micron-

thick layer doped with ytterbium ions can exceed that of blackbody = f ~  ®§ \ = -=--1----- L - - -
thermal emission. This allows illumination by higher intensity lasers ~ § ~ ®  \  _____ ~Y.__.
and, consequently, shortens the acceleration distance to reach ' Rare earth ions
relativistic speed. Due to the Doppler shift, the performance of our feflection Laserbeam

approach is impacted by the limited bandwidth of the laser cooling

dopant. When a constant-frequency pumping laser is used, laser cooling is particularly helpful for target velocities $0.05¢ for room-
temperature operations.

KEYWORDS: lightsail, laser cooling, heat dissipation, rare-earth ions, anti-Stokes fluorescence

B INTRODUCTION resulting photonic design over a meter-scale surface for
emissivity enhancement remains challenging.

On the other hand, the same laser beam that causes heating
might be exploited to provide cooling by applying the concept
of solid-state laser cooling based on anti-Stokes fluores-
cence.”’ 7>’ Laser cooling in solids has been successfully
demonstrated in several materials including rare-earth ion
doped fluoride glass, crystals,”"** and silica glass™*™>° and is
extensively pursued in semiconductors.””~>* One application
of laser cooling is to provide solid-state refrigeration from
room temperature to cryogenic temperatures, requiring the
rare-earth ions to have near-unity quantum yield and the host

Recent advances in high-power laser technology have
stimulated progress in both fundamental physics and many
applications relying on strong laser-matter interactions." For
instance, intense laser pulses have been explored to accelerate
electrons™ and ions® to a relativistic speed. More recently,
there is a growing interest in accelerating macroscopic objects
to high speeds as well. Notable examples include fast-transit
earth orbital maneuvering and interplanetary ﬂight,5 and the
Starshot Breakthrough Initiative that aims to accelerate a
meter-size lightsail to 20% of the speed of light, so that it can

. - 6,7
reach a nea‘rby stor Prox1ma Centauri " 20 el Mony media to be crystalline to enhance the absorption cross section
aspects of lightsail design have been discussed,” including L2

. . o_1 12 of the ions.”” A remarkable low temperature of 91 K has been
efficient propulsion, thermal management, ~ and self-

Z experimentally achieved.>® Another application is related to
stabilization, >~ *¢ Xp y PP

e 1 . high-power lasers. The concept of radiation-balanced fiber

A critical issue related to the necessary use of high-power lasers 24132 has been proposed to balance the heat

laser for lightsail acceleration is the heat generated due to the enerated by the Stokes—shiftpe d fasin rocess with anti-Stokes
residual optical absorption, even for a very low-loss dielectric & v I " Jasiig p .

. . ) fluorescence. The light intensity inside the fiber can be as high

sail, and the resultant heat that has to be dissipated efficiently 2 . he val d in the Ii .

to avoid material damage.”’18 This is exacerbated by the fact as ~GW/m’, approaching the value expected in the lightsail

K X X . X setups. Laser cooling operating at elevated temperature has
that material absorption in general increases with temperature,
causing significant thermal runaway.'” The challenge is
becoming more critical in space where heat cannot be
dissipated through conduction or convection. Radiative
cooling, which is based on thermal radiation, is thus the only
approach explored for cooling a lightsail.*'* In this context,
simultaneous optimization for laser propulsion and thermal
emission have been performed,” but implementing the
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also been discussed,” where an improved cooling efficiency is
to be expected.

In this Article, we explore the possibility of adopting solid-
state laser cooling based on rare-earth ions to address the
thermal management challenge in the lightsail, which will
potentially allow for more intense laser power and therefore a
shorter acceleration distance for the lightsail to reach the target
velocity. Compared to prior laser cooling applications, there
are at least three unique aspects in the lightsail platform: the
operating temperature being higher than previously explored
values, the laser intensity flux substantially saturating the
absorption of the rare-earth ions, and the laser frequency
experiencing significant Doppler redshift in the lightsail frame
during the acceleration. The choice of the materials and the
design of structures need to take these unique aspects into
account. Here, we develop a formalism for the design of laser-
cooled lightsails. This formalism characterizes the performance
of the laser cooling by the thermally constrained acceleration
distance, with which the dual interplay between the optical and
the thermal processes are captured. The minimization of
acceleration distance is crucial for lowering both the power
consumption and laser array size.'””> With our formalism, we
show that laser cooling in micron-thick structures can offer
substantial cooling power compared to blackbody emission,
which leads to large improvement for the acceleration distance
(potentially, up to 220X in the ideal regime or 210X for the
state-of-art). We explore the dependence on various
parameters, including the material’s absorption and the
lightsail’s temperature and target velocity. We find that laser
cooling, in the simplest settings, is particularly relevant for
lower temperatures and target velocities of few percents the
speed of light. We finally study the possibility of having a
variable laser intensity during the acceleration stage, which
makes the most benefit of the laser cooling power and gives
additional improvement for the acceleration distance.

B THEORY

As schematically illustrated in Figure 1, a high-power laser
beam is incident on a multilayered lightsail, with at least one
layer doped with rare-earth ions. The laser beam provides
propulsion through radiation pressure, but nevertheless heats
the lightsail by its residual optical absorption. To balance
against the heat generation, a portion of the laser light is used
to pump the rare earth ions, which results in heat removal by
anti-Stokes fluorescence on the top of the native thermal
radiation. Below we briefly discuss formulations of the
aforementioned processes, which are required to the study
the acceleration and thermal balance of the lightsail.

The li%htsail propulsion, as established in previous
research,'”** depends crucially on the reflectivity that
determines the momentum transfer, and the mass density
that impacts the acceleration rate. A comprehensive figure of
merit that captures the trade-off between the two is the
distance D for the lightsail to be accelerated to a target velocity,
described by the following equation,”' >

1 np dp
L,(8) RIA,(1 — B’ (1)

In eq 1, ¢ is the speed of light, B = v/c is the velocity

D C3( )fﬁf
=—(p, +
2'0I A 0

normalized by ¢, y = 1/4/1 — p* is the Lorentz factor, f5 is
the target velocity, p, (p;) is the area mass density of the
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Figure 1. (a) Schematic of the concept of a laser-cooled lightsail.
Most energy of the incident laser beam is reflected and contributes to
the optical force for the propulsion, while some light power is
parasitically absorbed and leads to heating. The heat is dissipated by
thermal radiation, as well as via the anti-Stokes emission from the
laser-excited rare-earth ions with fluorescence frequency higher than
the incident laser frequency. (b) Schematic of total heat dissipation
rate from the lightsail held at a constant temperature as a function of
the velocity of the lightsail. All quantities are defined in the lightsail
frame. The rate is constant for thermal radiation alone (black dotted-
dashed curve) but exhibits variations with laser cooling (red solid
curve) due to relativistic effects on the received laser intensity and
Doppler-shifted frequency'” that can alter laser cooling rate described
by eq 4 in the main text.

lightsail (payload), and I, is the laser intensity averaged over
the lightsail area when observed in the earth frame (where we
explicitly included the  dependence for when the intensity is
made variable during the acceleration stage). The reflectivity,
R, defined in the lightsail frame, is a function of the laser
wavelength / that experiences Doppler redshift from the laser
wavelength in the rest frame A, as described by

dg =2 (1 + B)/(1 = p).

Eq 1 suggests that D can be decreased by simply boosting
the laser intensity I,. However, the optical power absorption of
the lightsail also increases with I, which due to limited heat
dissipation channels, can significantly raise the temperature of
the lightsail. To avoid material damage, the highest temper-
ature during the entire propulsion process”'” must be below a
threshold temperature T, Such a thermal management
consideration imposes an upper limit on the allowed laser
intensity, denoted I, Other sources of material damage
under high-power laser illumination such as plasma formation
and ablation are typically reserved for short-pulses®® and are
not considered here. I, ., can be found by considering the
thermal balance in the co-moving frame of the lightsail

Lty B) < Li(T) + Loy T, B), ¥V B € [0, B]
2)
throughout the entire acceleration stage, where
Iap) = IP% is the laser intensity in the lightsail frame'”

P

and L, Iy, and I, denote the power flows per unit area
corresponding to optical absorption, thermal radiation, and
laser cooling, respectively. More explicitly, the absorbed power
per unit area can be expressed as I, () = I,(f) A(/I/;) that
directly depends on I () and A(4y), the absorptivity of the
lightsail.

The computation of thermal radiation from a multilayer
structure is well established, which can be expressed as'?
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1(T) = [ de()aleg(2, T)

0 (3)
where (1) is the hemispherical-spectral emissivity summing
over the front and back surface and

[exn(
intensity.

Finally, we compute I, (I,, T, f) using the recently
developed adaptive four-level model”’ that captures the main
features of laser cooling operating at elevated temperatures.
This simple phenomenological model, validated against
experimental results, can accurately predict the cooling
performance over a wide range of temperatures and pumping
frequencies using only a small number of parameters that can
be determined from experiments. This is particularly relevant
to the lightsail problem since the pumping wavelength can
undergo significant Doppler shift (Figure 1b), and such a
model can provide analytical predictions of operating laser
bandwidth based on few input parameters of the rare-earth
ions. The rare-earth ions, responsible for the laser cooling,
absorb light over a narrow frequency range since the
bandwidths of the excited and ground states manifold that
contribute to the absorption are relatively narrow. The laser
cooling rate is

he
Ty

2hc?
B

-1
/1 ) - 1] the blackbody spectral

IBB(A) T;) =

,
Pcool(I! ’I;, wp) = l']ej -1 a(I, ’I;, LUP)I

P

(4)

where 7, is the external quantum yield and a(l, T, ®,) is the
absorption coefficient of the ions that depends on the pumping
frequency @, and the local light intensity I at the position of
ions, as follows:

20
a(l) = —2— witha, =
0 1+1/I 0

S

012N

1 + exp[AA/kgT;]

©)

01, is the atomic absorption cross section for the transition
from the top of the ground manifold to the bottom of the
excited manifold; N, the doping concentration; and I, = Awy/
0, the saturation intensity. A is the effective manifold width,
which is a solution of the following equation, assuming a given
mean fluorescence frequency wy

1
1 + exp[AA/kyT;]

2

w=w, + A

(6)

Neglecting fluorescence reabsorption,”” the net cooling power
I, needed in eq 2 can then be computed simply by
integrating P, over the layer thickness t, which gives an
increasing I..,; with thickness. This is the relevant regime for
thin lightsails where only a small fraction of the incident light is
absorbed. Finally, note that, in laser cooling setups, there is an
additional parasitic absorption term oI, which is not included
in eq 4 but is directly accounted for in the optical absorption
ILys in eq 2. This parasitic absorption contributes to heating,
while the absorption @ in eq 4 leads to cooling.

We note that eq 4 can be simplified in the high intensity
regime, which is relevant for lightsail platforms where the
typical laser intensity (I, 2 10 GW/ m?*%) is far above the
saturation intensity (I, & 0.1 GW/m*** for typical parameters
of rare-earth ions, including y ~ 10° s and 0, & 1072
em™**). In this limit, the cooling power density yields a
simpler expression

3386

Nhayy
1 + exp[A/kgT]

w,
= {}’Ie—f _ 1
@p

(7)

Therefore, P, depends linearly on the decay rate y and the
doping concentration N, but is independent of the light
intensity I. P, is also independent of &,,, which is very
different from laser cooling applications pursuing cryogenic
refrigeration whose performances can be greatly improved by
enhancing o1,.>" In the ideal scenarios where 7, & 1, the peak
cooling power density can be found by solving for @, that
maximizes eq 7

P

cool,m

~ 0217k TN, 1

cool,m ~ OZkaBTsl\Ttt;
ks T,

at w, ® wy — 0.78 8)
where the corresponding relative operating bandwidth of the
pumping laser, characterized by normalized full width at half-
kg T,
ha,
cooling performance of a lightsail, as we explore later [Figure
1b]. Therefore, when the relative bandwidth becomes the main
limiting factor, rare-earth ions that support laser cooling at
lower frequency range are preferred. Moreover, eq 8 implies
that in additional to near-unity quantum yield, the preferred
laser cooling material for lightsail applications should have
rapid decay rate y and high quenching-free doping
concentration N, Among the three rare-earth ions (Yb**,
Tm*, and Er**) that have been demonstrated to exhibit bulk
cooling, the following discussions will focus on Yb3* that by far
provides state-of-art peak cooling power density.

maximum, is 1.24—=. This finite bandwidth can limit the laser

B RESULTS

In order to study the relevance of laser cooling in a lightsail, we
first examine a simple single-slab geometry and compute heat
dissipation rates due to thermal radiation and laser cooling for
different materials (Figure 2). We find that in the saturated
regime (eq 8), laser cooling (solid lines) can substantially
improve the heat dissipation rate compared to thermal
radiation alone (dashed lines). In particular, due to laser
cooling, a Yb**-doped silica slab (blue line) has a larger heat
dissipation rate compared to an undoped layer that only relies
on thermal radiation (dashed line). The heat dissipation rate is
more than doubled for a 3 ym-thick layer assuming state-of-art
doping level (indicated in the caption). However, even with
the increase due to laser cooling, the total heat dissipation rate
may still be considered relatively moderate for the lightsail
application. On the other hand, a significantly larger heat
dissipation rate is observed for a Yb**-doped LiYF, (YLF) layer
(red line) in the optimal laser coolin§ regime with a state-of-art
doping level. Compared to silica,”* YLF allows for a much
higher quenching-free doping concentration and, therefore,
higher cooling power density according to eq 8. With this
material, the total dissipation rate can significantly exceed
blackbody emission (dot-dashed line) using a micron-thick
layer. This promising result suggests a large potential of
improved thermal management in lightsails using laser cooling.

In order to study more carefully the advantages of a lightsail
application, we compute the resulting effects on the
acceleration distance (eq 1). While both doped YLF and silica
show potential promise for thermal management, their low
refractive index gives small reflectivity and, thus, a small

https://doi.org/10.1021/acsphotonics.2c00889
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Figure 2. Heat dissipation rate per unit area as a function of thickness
t (illustrated in the right inset) at room temperature for ideal Yb**-
doped YLF (red solid line) and Yb**-doped silica (blue solid line) in
the saturated absorption regime, where the laser intensity is far above
the saturation intensity throughout the slab, compared to the heat
dissipation rate due to blackbody emission (black dashed line) and
thermal emission alone from silica slab (green dashed line). Note that
the blue solid curve is for the summed contribution from thermal
radiation and laser cooling. (Left inset) The participating ground and
excited manifolds of Yb*" ions during laser cooling process. The mean
fluorescence frequency @y at room temperature corresponds to about
1 um.>® The doping level is assumed to be 1.4 X 10?! cm™ for YLE*°
and 1.93 X 10%° cm™ for silica,* and the radiative lifetime is 7 =
0.765 ms."

acceleration force. So, for lightsail applications, we need to
combine the laser-cooling layer with other high-index
materials.'” As a representative example, we consider a trilayer
structure depicted in the inset of Figure 3, with the aim to
achieve sufficient reflection as well as substantial cooling. The
thickness of the two SiN layers at the edges is chosen as small
as possible while still maximizing reflection for wavelengths
around 1 ym. The middle layer is either silica or doped YLF
and is used for thermal management. In all computations, we
assume a configuration of a typical sail area of 10 m* and a
payload mass of 1 kg. For a micron-thick sail, its area mass
density is much smaller than that of the kilogram-level payload.
Thus, as indicated by eq 1, the impact of the lightsail area mass
density p, on the acceleration distance is negligible. This
configuration is adequate to reach a target velocity of few
percents the speed of light with a laser intensity of the order of
few GW/m? that corresponds to a Starshot-level beam, which
is a very relevant regime for solar system exploration.”” In
order to quantify this, we compute the maximum lasing power
I, max and the corresponding acceleration distance D required
to reach a target velocity of 0.01c (Figure 3). Here, we do not
assume a particular form of the SiN absorption coeflicient oy
as it highly depends on many processing-dependent factors.'~
Instead, we assess the performance of the lightsail at various
values of agy. We also assume a fixed small absorption for
silica’ (@, = 107 cm™) and Yb**-doped YLF (o, = 107
cm™! for the state-of-art’’ and ay, = a, for the ideal case) in
the middle layer. The specific choice of a threshold
temperature T, depends on the required operating conditions
and the temperature dependence of the material properties.”
As a reference, we now assume T, = 300 K (and later explore
the effects of changing T,). The corresponding maximum
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Figure 3. Maximum allowed pumping intensity (a) and improvement
of the acceleration distance (b) using laser cooling (where the middle
layer is either Yb**-doped silica [blue line] or Yb**-doped YLF crystal
[red curve]) compared to using undoped silica layer as a middle layer.
We assume constant laser intensity during the acceleration stage.
“Ideal” laser-cooled layer corresponds to 7, = 100% and oy, = O, =
107% ecm™ (we take a nonzero background absorption for fair
comparison with undoped silica). We use the state-of-art parameters
for Yb>*—YLF (57, = 99.6%, at, = 10™* cm™, radiative lifetime 7 =
0.765 ms, 67, = 2.8 X 107! cm™2) and only consider the ideal case for
Yb**-silica (state-of-art gives relatively poor performance). The
dopin% level is assumed to be the state-of-art in silica 1.93 x 10%°
em™* and YLF 1.4 x 10*! cm™*° Thermal radiation from both SiN
and silica layers are considered.

allowed laser power I, is then computed by eq 2. For each
configuration, we fine-tune the operating wavelength around 1
pm to minimize the acceleration distance D.

The results of the computation are shown in Figure 3. In
Figure 3b, we see that substantial reduction of the acceleration
distance D is possible when using laser cooling, compared to
using an undoped silica layer that only relies on thermal
radiation. As shown in Figure 3a, this is because laser cooling
allows the use of higher beam intensities without exceeding the
threshold temperature T, Note that, as expected, this
maximum intensity I, .., always increases with decreasing
absorption coefficient agy and saturates when the loss
becomes dominated by the middle layer. The saturation
occurs at higher value of agy if the absorption coefficient of
the middle layer is increased. Figure 3b shows that, when using
an ideal Yb**-doped YLF layer (red solid curve), D can be
decreased by large factors over a wide range of agy values,
reaching a maximum enhancement D ,/D =& 22 for small loss.
For a state-of-art Yb>*—YLF layer (red dashed line), the larger
parasitic absorption a@; of the middle layer limits the
enhancement at small agy values, since optical absorption
becomes quickly dominated by the middle layer. Still, a large
(~10x ) decrease of D can be observed for intermediate
absorption coefficient values. Finally, Yb**-doped silica (solid
blue line) gives smaller improvement of at best a factor of ~4.

https://doi.org/10.1021/acsphotonics.2c00889
ACS Photonics 2022, 9, 3384—3390


https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00889?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

20 B | T R u
) an
— -1 4 [ _
15 Ogin=0.01cm 4 | %
Q k z3- -
210 Y 2
faf " 22 B
' 5
S N ogn=0.1cm™]| AR - Silica
N\
0 I \\\‘~- 0 | (H) SIS IS o U | | [ T T
0 002 0.04 006 008 0.1 0 0.02 004 006 008 0.1 0 002 004 O 002 0.04
@ Target velocity(c) (®) Target velocity(c) (c) Velocity(c) Velocity(c)

Figure 4. Results for the triple-layer setup shown in Figure 3a using a Yb** doped YLF layer with small parasitic absorption (a, = 107 em™) and
ideal quantum yield (77, = 100%). In panels a and b, the solid (respectively dashed) lines stand for tunable (respectively fixed) laser intensity during
the acceleration stage. (a) Improvement of acceleration distance as a function of target velocity for different SiN absorption coefficients and an
operating temperature T, = 300 K. (b) Improvement of acceleration distance at different operating temperatures and a given SiN absorption agy =
1072 em™. (c) Heating/cooling intensity during the acceleration process for target velocity 0.05¢ [red dots in panel b] corresponding to tunable (I)
and fixed (II) laser intensity, using a laser-cooler Yb**—YLF layer (solid) or radiatively cooled silica layer (dashed). Note that for tunable laser

intensity (I), heating and cooling curves are identical.

The smaller improvement is expected and is due to the
corresponding smaller heat dissipation rate, as already noted
from the results of Figure 2.

We further study the effects of changing the target velocity
and the threshold damage temperature T in the triple-layer
lightsail structure as shown in Figure 3a when using a Yb*'—
YLF layer in the optimal regime of laser cooling [Figure 4a, b,
dashed lines]. As expected, the acceleration-distance enhance-
ment Dg;../D worsens with increasing target velocity since the
operation bandwidth increases. In fact, because of Doppler
shift, the operating wavelength substantially shifts when the
lightsail reaches high velocities and can get outside the laser
cooling bandwidth. Figure 4a [dashed lines] shows that D
increases and becomes larger than the acceleration distance
Dyjia (corresponding to undoped silica) for target velocities
nearing 10% of the speed of light. This effect is more
pronounced for larger absorption coefficients. Similarly, Figure
4b [dashed lines] reveals that laser cooling can play a more
significant role when aiming at a lower threshold temperature
due to the different temperature dependence for each heat
dissipation mechanism, where the laser cooling scales as T
from eq 8 and the thermal radiation scales as T*.

It is important to notice that, as the operating wavelength is
Doppler shifted during the acceleration phase, the laser cooling
power changes [e.g., Figure 1b], meaning that the maximum
laser intensity allowed for the structure to stay at below the
threshold temperature T, also varies. For example, for
velocities where the laser cooling power is maximum, a larger
laser intensity can be used without exceeding the temperature
T,. If the operating laser intensity is kept constant in the earth
frame as the lightsail accelerates, then it has to match the value
of I, . corresponding to the lowest laser cooling power of the
whole acceleration stage. So, in order to estimate the benefits
of a variable laser intensity, we compute the corresponding
enhancement in the acceleration distance D, as plotted in
Figure 4a and b [solid lines]. We see that noticeable
improvement can be achieved, both as a function of the target
velocity and the threshold temperature. To highlight this, we
investigate the evolution of the cooling power during the
acceleration stage in multiple settings, for a target velocity of
0.0Sc. When the laser intensity is allowed to vary [Figure 4c, 1],
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heating and cooling intensities are exactly balanced during the
whole acceleration stage. On the other hand, for a fixed laser
intensity [Figure 4c, II], exact balance occurs only at specific
velocities (here, 0 and 0.05¢). During most of the acceleration
stage, the lightsail sees a net cooling at the threhsold
temperature T, meaning that its equilibrium temperature is
strictly less than T,. This allows for the laser intensity to be
further increased during most of the acceleration stage without
exceeding the threshold temperature T. It is this effect that is
being exploited in a variable laser intensity setting, which
allows for an overall decrease of the total acceleration distance
D.

B CONCLUSION

We have presented a general study for the prospect of using
laser cooling as a thermal management tool in relativistic
lightsails. Our results show the prospects of such method and
the regime in which it is most relevant (micron-thick
structures, few percents the speed of light, lower operating
temperature, and appropriate absorption interval). While we
take the ion Yb®* as the main example to illustrate laser
pumping around 1 um, the extension to other frequency range
is also possible by exploring electron transitions of rare-earth
ions at those frequencies,39 e.g, Tm>" at around 2 ,um.41 When
aiming for even higher target velocity where the limited
operating bandwidth of laser cooling dopant to account for
Doppler shift becomes the main challenge, one can potentially
still harness laser cooling by using a laser of variable frequency
or by using a few rare earth ion to span a wide operating
bandwidth. Additionally, future work can focus on further
design schemes to improve the potential of using laser cooling
in a lightsail setting.
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