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A B S T R A C T

Laser cooling of translational motion of small molecules is performed by addressing transitions that ensure
spontaneous emission cannot cause net rotational excitation. This will not be possible once the rotational
splitting becomes comparable to the operational excitation linewidth, as will occur for large molecules or
wide bandwidth lasers. We show theoretically that in this regime, angular momentum transfer from red-
detuned Doppler cooling light can also exert a damping torque on linear molecules, cooling rotation to the
same Doppler limit (typically ≈500 μK for molecules with ≈10 ns excited-state lifetimes). This cooling process
is derived from photon spin, and indicates that standard optical molasses can also cool molecular rotation with
no additional experimental resources.
The mechanical control of gas-phase atoms and molecules by light
as its origins in two classic experiments from the 1930s. First, in
933, Frisch demonstrated deflection of atoms by the transfer of linear
omentum from light [1]. Decades later, following the development of
unable lasers that could address atomic resonances with high spectral
urity, this was adapted to perform laser cooling [2,3] and has been
mployed to cool the translational motion of gas phase atoms [4–
] and molecules [7–9] to sub-millikelvin temperatures. The cooling
orce in these cases is derived from the translational momentum of the
hoton. For Doppler cooling, the minimum attainable temperature is
et by a balance between the damping force and the stochastic heating
aused by fluctuations of the direction of the momentum change from
cattering, typically ≈500 μK for transitions with ≈10 ns lifetimes.
While translational laser cooling has had a transformative effect on

he possibilities for precision measurements and quantum mechanical
pplications with atoms, cooling of the angular degrees of freedom in
toms (viz., the angular momentum 𝐽 and its laboratory-frame projec-
ion𝑀) garners less attention, likely because it is fairly easy to optically
ump atomic population into single quantum states. This is not an easy
ask, however, for molecules—particularly for large molecules. The
hermal distribution of population among molecular rotational levels
an be a substantial reservoir of entropy, and line broadening from
hermal fluctuations and finite spontaneous emission lifetime begins to
bscure quantized rotation when the excitation linewidth, 𝛾eff , exceeds
he spectral shift from rotation, 𝛾eff > 4𝜋𝐵⟨𝐽 ⟩, where 𝐵 is the molecular
otational constant in units of cyclic frequency.

∗ Corresponding author at: Department of Physics and Astronomy, University of California Los Angeles, Los Angeles, CA 90095, USA.
E-mail address: wes@physics.ucla.edu (W.C. Campbell).

To control molecular rotation with light in this rotationally un-
resolved regime, we can look not to the linear momentum transfer
observed by Frisch, but to a demonstration made three years later of
a different mechanical effect exerted by photons. In a 1936 experi-
ment [10], Beth demonstrated the torque exerted by transfer of light’s
intrinsic angular momentum, which we now identify as photon spin.
Following the recent advances in molecular laser cooling, it appears
natural to ask: what sort of rotational cooling can be achieved if one
follows Beth’s experiment to seek an analogue to translational Doppler
cooling?

Here, we show theoretically that red-detuned light can exert a
damping torque on rotating linear molecules, even in the rotationally
unresolved regime, owing to the preferential absorption of photons
with spin projection anti-aligned to the molecular angular momentum.
We present this effect using a general framework that can be applied
to either translational or rotational cooling of classical degrees of
freedom. This treatment stresses the connections between the two types
of cooling and explains why both share the same Doppler limit. We
then extend this to some quantized linear molecules and present the
results of numerical simulations that illustrate cooling of quantum
mechanical rotation. This work complements recent applications of
related ideas for rotational cooling of classical nanoparticles [11–17]
and optical pumping with sharply filtered broadband light [18–21]. In
all cases, we limit the scope of this analysis to rotation by assuming
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Table 1
Correspondence table for translational and rotational Doppler cooling.
Quantity General Translation Rotation

Momentum 𝝅⃗ 𝐩⃗ 𝐋⃗
Inertia 𝜇 𝑚 𝐼
Velocity 𝝅⃗∕𝜇 𝐯 𝝎⃗
Photon momentum ℏ𝜿⃗ ℏ𝐤⃗ ℏ𝐤̂
Recoil frequency 𝜔r ℏ𝑘2∕(2 𝑚) ℏ∕(2𝐼)
Capture speed |𝝅⃗c|∕𝜇 𝛾∕𝑘 𝛾
Mechanical damping d𝝅⃗∕d𝑡 Force Torque

that vibrational branching can be managed similarly to how it has been
for some smaller molecules [8,9]. These results suggest that optical
molasses may be capable of cooling the rotation of large molecules
to sub-millikelvin temperatures for applications including spectroscopy,
precision measurement, and ultracold chemistry.

The rest of this paper is organized as follows. We begin with a
general framework for modeling the mechanical effect of laser light
on gas-phase absorbers. This model is used to show that the Doppler
cooling limit is the same for rotation as it is for translation, but we find
that the cooling rate can be orders of magnitude higher for rotation for
sub-wavelength molecules. We then describe how photon spin molasses
works for a few types of linear, quantized molecules, and present
the results of numerical simulations that include complexity found in
real molecules. We find that in some cases, the addition of realistic
molecular features leads to rotational population gathering around
finite 𝐽 rather than near 𝐽 = 0, but orders-of-magnitude increases in
peak phase-space density demonstrate that cooling still occurs.

1. Doppler cooling of classical degrees of freedom with narrow
linewidth laser light

We begin by considering a molecule (or atom) with a continuous
vector momentum 𝝅⃗ associated with a degree of freedom to be cooled.
For translation, this is the translational momentum 𝝅⃗ = 𝐩⃗ and for
rotation it is the angular momentum 𝝅⃗ = 𝐋⃗. Further correspondences
are listed in Table 1. The momentum is related to the kinetic energy
by the degree of freedom’s inertia 𝜇 through 𝐸kin = |𝝅⃗|2∕(2𝜇). In the
interest of simplicity, for the rotational case, we will assume a spherical
top in this section so that 𝜇 is isotropic in both cases.

For photon scattering, the molecule will have an atom-like optical
transition with a rest-frame resonant frequency 𝜔mol and spectral width
𝛾 ≡ 1∕𝜏. For a molecule with initial momentum 𝝅⃗0, upon absorbing a
laser photon with momentum ℏ𝜿⃗, its kinetic energy is changed by an
amount

𝛥𝐸kin = ℏ𝜔r + ℏ
𝜅 |𝝅⃗0|

𝜇
cos (𝜃) (1)

where 𝜃 is the angle between 𝝅⃗0 and 𝜿⃗ and the recoil frequency is given
y 𝜔r ≡ ℏ𝜅2∕(2𝜇).
The first term in Eq. (1), which is always positive, is the recoil

nergy. The second term can be interpreted as the energy change from
he apparent shift of the temporal frequency of the light in the body-
ixed frame of the molecule, which is to say a Doppler-type shift. In
rder for the applied light to be perfectly resonant with the molecular
ransition, the laser must be detuned from 𝜔mol to account for the shift
rom Eq. (1).
We can conclude two things immediately. First, scattering will only

e significant for molecules with Doppler-shifted resonances within
bout one linewidth of the applied light’s frequency, which allows us
o define the capture momentum, |𝝅⃗c| ≡ 𝜇𝛾∕𝜅. Second, we find that
n order to conserve energy, the transitions that damp the molecule’s
omentum (𝜿⃗ ⋅ 𝝅⃗0 < 0) have lower resonance frequencies than those
hat amplify the momentum. Neglecting the small contribution from
he recoil shift, this implies that red-detuned light will preferentially
amp motion upon absorption. Subsequent spontaneous emission for
2

Fig. 1. Mechanical damping from Doppler cooling of a lifetime-broadened absorber
in 1 dimension. The solid curve shows the net damping from Eq. (3) with detuning
𝛿 = −𝛾∕2 in the low-intensity limit (and neglecting the recoil shift). Dashed curves
how the contribution from the individual +𝜿⃗ and −𝜿⃗ components.

this classical molecule will be equally likely to damp as amplify, and
will do neither on average.

We will model the scattering of laser light as a separate process
for each distinct applied value of 𝜿⃗ that can be approximated by the
steady-state two level system scattering rate

𝛤 (𝜿⃗) =
𝛾
2 𝑠𝜿⃗

1 + 𝑠tot +
4
𝛾2

(

𝛿′ − 𝜔r − 𝜿⃗ ⋅ 𝝅⃗∕𝜇
)2

(2)

where 𝑠𝜿⃗ is the resonant saturation parameter of that particular com-
ponent of the applied light, 𝑠tot is the sum of resonant saturation
parameters from all applied light, and 𝛿′ ≡ 𝜔laser −𝜔mol is the lab-frame
laser detuning (assumed to be the same for all of the light). From here
on we will absorb the recoil frequency into the definition 𝛿 ≡ 𝛿′ − 𝜔r .

If only two beam components are applied with anti-parallel 𝜿⃗-
vectors and identical intensity (𝑠𝜿⃗𝑖 = 𝑠0), the mechanical effect on the
molecules can be written as
d𝝅⃗
d𝑡

= ℏ𝜿⃗
(

𝛤 (+𝜿⃗) − 𝛤 (−𝜿⃗)
)

(3)

≈ ℏ𝜿⃗
8𝛾3𝛿𝑠0

[

𝛾2(1 + 2𝑠0) + 4𝛿2
]2
𝜅 |𝝅⃗|
𝜇

cos (𝜃) (4)

where (4) applies in the low-temperature limit (|𝛥𝐸kin| ≪ ℏ|𝛿|, ℏ𝛾).
ig. 1 shows the damping from Doppler cooling given by Eq. (3) in
imensionless units with the laser detuned by half a linewidth red
f rest-frame resonance, reproducing the shape that is familiar from
ranslational optical molasses [22].
For low temperatures, if six equally intense beam components are

pplied with 𝜿⃗-vectors aligned and anti-aligned with each of the Carte-
ian directions and we can neglect optical interference between differ-
nt components, the damping is aligned with the vector momentum,

d𝝅⃗
d𝑡

= −𝛼 𝝅⃗
𝜇
, (5)

where the damping coefficient 𝛼 is given by

𝛼 = −𝛿
8ℏ𝛾3𝑠0𝜅2

[

𝛾2(1 + 6𝑠0) + 4𝛿2
]2
. (6)

Eq. (5) allows us to identify the energy damping time constant, 𝜏𝐸 =
𝜇∕(2𝛼), which sets the timescale for the kinetic energy to approach
equilibrium. If we compare rotational and translational damping of
a molecule with characteristic size 𝓁, the rotational damping rate is
faster by a factor of ≈ (𝜆∕𝓁)2, which indicates that in the cold regime,
rotational energy will be cooled faster than translational energy for

sub-wavelength molecules.
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Fig. 2. Mechanical damping from Doppler cooling by a hyperbolic secant spectrum in
1 dimension. The solid curve shows the net damping with detuning 𝛿 = 1

𝜏p
ln(2 −

√

3)
n the low-intensity limit (and neglecting the recoil shift). Dashed curves show the
ontribution from the individual +𝜿⃗ and −𝜿⃗ components.

To get an expression for the Doppler limit, we can write the low
temperature cooling power, which is negative for cooling and positive
for amplification, as

𝐸̇cool =
d𝝅⃗
d𝑡

⋅
𝝅⃗
𝜇

= −𝜏−1𝐸
|𝝅⃗|2

2𝜇
. (7)

At steady state (in the absence of other sources of heating), this
ooling power will be balanced by a heating power that is due to the
andomness in the momentum transfer upon absorption and emission.
f we consider for a moment the case of rotational cooling with a
ingle, linearly-polarized beam, each incident photon is in a super-
osition of 𝜿⃗ = +𝐤̂ and 𝜿⃗ = −𝐤̂ spin states. If we were to model
ach absorption event as a quantum measurement of the photon spin
rojection along the 𝐤̂ direction, we would identify this fluctuation as
uantum projection noise. The same is true for translational cooling
y long-coherence-length photons in superpositions of ±𝐤⃗, though the
onnection to projection noise is perhaps less obvious. Nonetheless, this
llustrates that the heating can be thought of conceptually as coupling
o quantum fluctuations.
As the molecules approach the Doppler limit, the absorption (and

mission) of each allowed value of 𝜿⃗ becomes equally likely, and we
an write the heating rate as

̇ heat =
1
2𝜇

d
d𝑡
⟨𝝅⃗2

⟩ = 
𝜇

(8)

here the momentum diffusion constant is given by

=
3ℏ2𝛾3𝜅2𝑠0

𝛾2(1 + 6𝑠0) + 4𝛿2
. (9)

Equilibrium will be reached when 𝐸̇cool + 𝐸̇heat = 0. For this isotropic
hree-dimensional model, the total kinetic energy will be 3

2𝑘B𝑇D, which
yields the well known Doppler cooling limit [23,24],

𝑇D = −
ℏ𝛾
4𝑘B

(

(1 + 6𝑠0)
𝛾
2𝛿

+ 2𝛿
𝛾

)

. (10)

Since the Doppler limit from this classical model does not contain
any parameters that depend upon the nature of the degree of free-
dom being cooled (i.e. translational vs. rotational), the familiar sub-
illikelvin scale for translational Doppler cooling should also apply to
he achievable rotational temperature.

.1. Cooling with wide bandwidth light

The second context in which the rotationally unresolved regime can
e found is when the excitation linewidth 𝛾eff is set by the linewidth of
the laser 𝛥𝜔 , as opposed to the natural lifetime of the optical transition
3

𝐿

𝛾. For the rotational cooling of moderate-sized molecules with 𝐵 on
the order of GHz, a picosecond mode-locked laser could provide light
capable of addressing many rotational states at once.

Here, we consider the case where the laser applies a train of pulses
that are separated by a repetition period 𝑇r that is much longer than
1∕𝛾 to avoid comb tooth effects that can trap population at high-lying
fixed points (viz. sech(𝛾𝑇r∕2)≪ 1) [25]. Since inter-pulse coherence can
be ignored in this regime, we model the spectrum as the single-pulse
spectrum (as opposed to an optical frequency comb) from transform-
limited pulses of the form 𝐄(𝑡) ∝ sech(𝜋𝑡∕𝜏p), where 𝜏p ≪ 𝑇r is the pulse
duration.

For a pulse whose center frequency is detuned from resonance by
𝛿, the Hamiltonian for a two-level absorber is given by

𝐻(𝑡) = − 𝛿
2
𝜎𝑍 −

𝛺0
2

sech
(

𝜋𝑡
𝜏p

)

𝜎𝑋 , (11)

where 𝛺0 is the peak Rabi frequency of the interaction and the 𝜎𝑖 are
the Pauli operators for the two-level system. The excitation probability
for a single pulse illuminating a ground-state absorber of this form is
given by the Rosen–Zener solution [26],

𝑃ex = sin2
(

𝜃0
2

)

sech2
( 𝛿 𝜏p

2

)

(12)

here the pulse area is 𝜃0 ≡ ∫ d𝑡′𝛺0 sech(𝜋𝑡′∕𝜏p) = 𝛺0𝜏p. For a system
ith 𝑁 excited states within the excitation bandwidth, we will model
ach using Eq. (12) by assuming the regime 𝑁𝜃0 ≪ 𝜋.
For Doppler cooling, we can apply the same formalism as before if

e replace the lifetime-broadened steady state scattering rate, Eq. (2),
ith

(𝜿⃗) =
sin2

(

𝜃0
2

)

𝑇r
sech2

( 𝛿 𝜏p
2

−
𝜏p
2𝜇

𝜿⃗ ⋅ 𝝅⃗
)

. (13)

he damping effect of this scattering force for 1D molasses (see Eq. (3))
s shown in Fig. 2 for a detuning 𝛿 = 1

𝜏p
ln(2 −

√

3). The shape of the
response mimics many of the aspects of the lifetime-limited damping
shown in Fig. 1, and many of the conclusions of the previous section
will be qualitatively consistent with the replacement 𝛾 → 1∕𝜏p (such as
the capture momentum, which in this case would be |𝝅⃗c| ≡ 𝜇∕(𝜅𝜏p)).

In the cold regime (|𝜿⃗ ⋅ 𝝅⃗| ≪ 𝛿) with six optical fields to provide 𝜿⃗
oth parallel and antiparallel to each Cartesian direction in space, the
amping effect of the light is isotropic and yields the energy damping
ate

1
𝜏𝐸

= 2𝛼
𝜇

= −
4ℏ𝜅2𝜏p sin

2
(

𝜃0
2

)

𝜇𝑇r
tanh

( 𝛿 𝜏p
2

)

sech2
( 𝛿 𝜏p

2

)

. (14)

he stochastic heating power is given by

̇ heat =
6ℏ2𝜅2 sin2

(

𝜃0
2

)

𝜇𝑇r
sech2

( 𝛿 𝜏p
2

)

. (15)

Setting 𝐸̇cool + 𝐸̇heat = 0 allows us to find the steady-state Doppler
temperature for sech pulse cooling,

𝑘B𝑇D = − ℏ
𝜏p

coth
( 𝛿 𝜏p

2

)

. (16)

Unlike the lifetime-broadened case (Eq. (10)), we find that the
Doppler cooling limit with phase-incoherent sech pulses does not ex-
hibit a local minimum in detuning, and is instead minimized for 𝛿 →

−∞ to 𝑇min = ℏ∕(𝜏p𝑘B). However, the cooling rate (14) falls off with
detuning as 4e𝛿𝜏p , so it may not be practical to detune much further than
= 1

𝜏p
ln(2 −

√

3), the detuning that maximizes the damping coefficient
and cooling rate.
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Fig. 3. 𝑃 , 𝑄, and 𝑅 branches of an electronic transition in a spherical top or linear
igid rotor molecule.

. Quantized molecules

To see how photon spin molasses works on quantized rotors, we
irst consider the simplest case of narrow-linewidth illumination of
linear molecule in a 1𝛴 ground state, for which the electrons do
ot appreciably perturb the rotational structure. The cooling will be
erformed on an electric-dipole-allowed 1𝛴 ↔ 1𝛴 electronic transition
that has negligible impact on the geometry (i.e. the rotational constants
of the ground and excited states will be assumed to be identical,
which is approximately true for the species considered most suitable for
translational Doppler cooling, particularly in the large molecule limit).
As mentioned above, we assume that the electronic transition is ef-
fectively decoupled from molecular vibration, either through favorable
molecular properties or by applying multiple frequencies of the cooling
light to repump population from vibrationally excited levels back to the
vibrational ground state.

For a linear rotor, the rotational Hamiltonian is 𝐻rot = ℎ𝐵𝐽 (𝐽 + 1).
Transitions with 𝛥𝐽 ≡ 𝐽excited − 𝐽ground = ±1 are allowed, with 𝛥𝐽 = −1
known as a ‘‘P branch’’ transition and 𝛥𝐽 = +1 known as an ‘‘R
branch’’ transition (the ‘‘Q branch’’, for which 𝛥𝐽 = 0, is forbidden
for a 1𝛴 ↔ 1𝛴 system), as shown in Fig. 3. In what follows, we use
unprimed symbols to denote the ground state and single primes for
the excited state. The form of 𝐻rot shows that the P branch transitions
will be 4𝜋𝐵𝐽 to the red of the (in this case forbidden) 𝛥𝐽 = 0 band
origin, while the R branch transitions will be 4𝜋𝐵(𝐽 + 1) to the blue.
The capture rotational quantum number will therefore be

𝐽c =
𝛾

4𝜋𝐵
. (17)

We will model the scattering rates on the P and R branches with the
teady-state expressions for single two-level systems and single compo-
ents of the laser polarization (𝝐̂) along the quantization direction, with
= (−1, 0, 1) indexing the (𝜎−, 𝜋, 𝜎+) components of the electric field,

𝛤P(𝐽 ,𝑀, 𝑝) =
𝛾
2 𝑠P(𝐽 ,𝑀, 𝑝)

1 + 𝑠B +
(

2(𝛿+4𝜋𝐵𝐽 )
𝛾

)2
(18)

R(𝐽 ,𝑀, 𝑝) =
𝛾
2 𝑠R(𝐽 ,𝑀, 𝑝)

1 + 𝑠B +
(

2(𝛿−4𝜋𝐵(𝐽+1))
𝛾

)2
. (19)

Here, 𝑠B is an effective saturation parameter that takes into account
the power broadening effect of all of the light on the molecule and its
couplings between the ground state and both excited states. We need
to consider that the resonant saturation parameter in the numerator,
𝑠 = 2

|𝛺 |

2, is a function of the branch type (P and R), the ground
4

𝑖 𝛾2 𝑖
quantum state (𝐽 and 𝑀), and the laser polarization component (𝑝),
hich is given by

𝑠P(𝐽 ,𝑀, 𝑝) =
4|𝜇ev|

2𝐼0(𝝐̂∗⋅ 𝐞̂9𝑝)2

ℏ2𝑐 𝜀0 𝛾2
|

|

|

⟨𝐽−1,𝑀+𝑝 |𝐷(1)∗
𝑝0 |𝐽 ,𝑀⟩

|

|

|

2

=
𝐼0
𝐼sat

(𝝐̂∗⋅ 𝐞̂9𝑝)2 𝐽
(

𝐽 − 1 1 𝐽
−𝑀 − 𝑝 𝑝 𝑀

)2

(20)

𝑠R(𝐽 ,𝑀, 𝑝) =
4|𝜇ev|

2𝐼0(𝝐̂∗⋅ 𝐞̂9𝑝)2

ℏ2𝑐 𝜀0 𝛾2
|

|

|

⟨𝐽+1,𝑀+𝑝 |𝐷(1)∗
𝑝0 |𝐽 ,𝑀⟩

|

|

|

2

=
𝐼0
𝐼sat

(𝝐̂∗⋅ 𝐞̂9𝑝)2(𝐽+1)
(

𝐽 + 1 1 𝐽
−𝑀 − 𝑝 𝑝 𝑀

)2

. (21)

ere, 𝛾 ≡ 1∕𝜏 is full spontaneous decay width of the electronic
xcited state (assumed to be independent of 𝐽 ), 𝐷(𝑘) is the Wigner
otation matrix, and 𝐼0 is the total intensity of the laser light (and
herefore 𝐼0(𝝐̂∗⋅ 𝐞̂9𝑝)2 is the intensity associated with just the 𝑝-polarized
omponent). To get lines (20) and (21), we have used the fact that the
ody-fixed electronic and vibrational transition electric dipole matrix
lement (which must be along the 𝑞 = 0 internuclear axis for a 1𝛴 ↔ 1𝛴
transition) is related to the linewidth via

|𝜇ev|
2 ≡ |

|

|

⟨𝜓 ′
vib|⟨𝜓

′
el|𝑇

(1)
𝑞=0(𝝁⃗)|𝜓el⟩|𝜓vib⟩

|

|

|

2
=

3𝜋𝜀0ℏ𝑐3

𝜔3
𝛾 (22)

and we define the 2-level rotationless saturation intensity as

𝐼sat ≡
ℏ𝜔3

12𝜋𝑐2
𝛾 (23)

to write each in terms of 𝐼sat .
Since Eqs. (20) and (21) do not include possible interference be-

tween multiple 𝑀 states being coupled to a single excited state, they
implicitly assume that the applied light polarization is made entirely
of a single component (𝑝) in the quantization basis. This assumption is
valid if the polarization is switched between components in time (with
switching period longer than 𝜏) so that only one is on at any instant,
a technique that would potentially be applied anyway to destabilize
coherent dark states [27]. We will assume that the applied cooling light
switches between 𝑝 = +1, 𝑝 = 0, and 𝑝 = −1 on the timescale of a
couple of scattering events. Geometrically, this will require at least two
beams — pure 𝜎± light can be provided by a beam with 𝐤 parallel to
the quantization axis and pure 𝜋 light can be produced by a beam that
propagates perpendicular to the first. The polarization switching can be
quantitatively accounted for by replacing (𝝐̂∗ ⋅𝐞̂−𝑝)2 → 1 and multiplying
Eqs. (18) and (19) by 1

3 . In this case, the average resonant saturation
parameter is given by the sum over polarization components,

𝑠P =
𝐼0
𝐼sat

∑

𝑝
𝐽
(

𝐽 − 1 1 𝐽
−𝑀 − 𝑝 𝑝 𝑀

)2

= 𝑠0
𝐽

2𝐽 + 1
(24)

𝑠R =
𝐼0
𝐼sat

∑

𝑝
(𝐽 + 1)

(

𝐽 + 1 1 𝐽
−𝑀 − 𝑝 𝑝 𝑀

)2

= 𝑠0
𝐽 + 1
2𝐽 + 1

(25)

where 𝑠0 ≡ 𝐼0∕𝐼sat .
For spontaneous emission, the analogous angular factor for decay

rom an excited state with total angular momentum quantum number
′ to a ground state with 𝐽 = 𝐽 ′ + 1 is (𝐽 ′ + 1)∕(2𝐽 ′ + 1) and the factor
for decay to a ground state with 𝐽 = 𝐽 ′ − 1 is 𝐽 ′∕(2𝐽 ′ + 1).

Starting from a ground state with total angular momentum quantum
number 𝐽 , absorption on the P(R) branch followed by emission on the
R(P) branch will reduce(increase) 𝐽 by 2. We can write the power
transferred from the laser to the molecules as the sum of the products
of the rotational energy change, excitation rate, and excited state
branching probability for each process,

𝐸̇ = 2ℎ𝐵(𝐽 + 2)𝛤R − 2ℎ𝐵(𝐽 − 1)𝛤P

= ℎ𝐵
𝛾𝑠0

3(2𝐽 + 1)

(

(𝐽 + 2)(𝐽 + 1)
1 + 𝑠 + 4 (𝛿 − 4𝜋𝐵(𝐽 + 1))2
B 𝛾2



Journal of Molecular Spectroscopy 385 (2022) 111596W.C. Campbell and B.L. Augenbraun

H
f
t
f
o

ℎ

w
r
l
e
s

s
a
F
a

b
L
+

𝑠

𝑇
o
a

3

b
o
b
p
e

−
𝐽 (𝐽 − 1)

1 + 𝑠B + 4
𝛾2
(𝛿 + 4𝜋𝐵𝐽 )2

)

. (26)

We can simplify Eq. (26) assuming 4𝜋𝐵(𝐽 + 1)≪ |𝛿|,

𝐸̇ =
1
3 𝛾

3𝑠0
𝛾2(1 + 𝑠B) + 4𝛿2

(

2ℎ𝐵 + ℎ𝐵 (𝐽 (𝐽 + 1) + 2) 32𝜋𝛿𝐵
𝛾2(1 + 𝑠B) + 4𝛿2

)

, (27)

which allows us to identify the energy damping time constant,

1
𝜏𝐸

= −𝛿
4
3ℏ𝛾

3𝑠0
[𝛾2(1 + 𝑠B) + 4𝛿2]2

( 8𝜋𝐵
ℏ

)

. (28)

ere, the term in parentheses on the right can be identified as 2∕𝜇
rom the general treatment in the previous section, and we find that
he energy damping coefficient is smaller than the classical model by a
actor of 6: 3× from the polarization switching and 2× from the rotation
f the dipole moment in the lab frame (see Eqs. (24)–(25)).
We find the equilibrium ⟨𝐽 ⟩ ≡ 𝐽D by setting 𝐸̇ = 0, which gives

𝐵𝐽D(𝐽D + 1) = −
ℏ𝛾
4

(

(

1 + 𝑠B
) 𝛾
2𝛿

+ 2𝛿
𝛾

)

− 2ℎ𝐵 (29)

here the last term can be neglected in the regime of unresolved
otation (𝛾 ≫ 4𝜋𝐵𝐽D). Unlike the isotropic classical model above, this
inear molecule only has 2 degrees of freedom, and setting Eq. (29)
qual to 𝑘B𝑇D shows that the rotational temperature converges to the
ame Doppler limit, Eq. (10).
For molecules for which the ground state is still 1𝛴 but the excited

tate is 1𝛱 , the main aspect of this that needs to be adapted is the
ddition of an allowed Q branch transition (𝛥𝐽 = 0, see Fig. 3).
ollowing the same analysis, we find that the Doppler limit is the same
s the 1𝛴 ↔ 1𝛴 case, Eq. (10).
In fact, this can be generalized to arbitrary singlet electronic states

y writing the resonant saturation parameters in terms of the Hönl-
ondon factors (denoted by script 𝑆, S ) for parity eigenstates (𝜖 =
1(−1) for 𝑒(𝑓 ) levels),

= 𝑠0
S𝐽 ′𝛬′𝜖′;𝐽𝛬𝜖

(2𝐽 + 1)
(30)

where unprimed terms are for the ground state, single primes denote
the excited state, and the Hönl-London factors are given by [28]

S𝐽 ′𝛬′𝜖′;𝐽 ,𝛬𝜖 ≡ (1 + 𝛿𝛬′0 + 𝛿𝛬0 − 2𝛿𝛬′0𝛿𝛬0)

× (2𝐽 ′ + 1)(2𝐽 + 1)
(

𝐽 ′ 1 𝐽
−𝛬′ 𝛬′ − 𝛬 𝛬

)2

. (31)

Likewise, the spontaneous emission branching ratios from excited
level 𝐽 ′, 𝜖′ are

S𝐽 ′𝛬′𝜖′;𝐽𝛬𝜖
∑

𝐽 ′′ ,𝜖′′ S𝐽 ′𝛬′𝜖′;𝐽 ′′𝛬𝜖′′
=

S𝐽 ′𝛬′𝜖′;𝐽𝛬𝜖

(1 + 𝛿𝛬′0𝛿𝛬1)(2𝐽 ′ + 1)
. (32)

By following the same procedure as was explicitly outlined for the
1𝛴 ↔ 1𝛴 case, we find that Doppler limit for the arbitrary 1𝛬′ ↔ 1𝛬
case can be written

𝑇D = −
ℏ𝛾
4𝑘B

(

(1 + 𝑠B)
𝛾
2𝛿

+ 2𝛿
𝛾

)

− 2ℎ𝐵
𝑘B

𝑤𝛬′𝛬 (33)

where 𝑤𝛬′𝛬 is a dimensionless function of 𝛬 and 𝛬′. As before, in the
regime of unresolved rotation we can typically neglect the second term,
and we recover Eq. (10). Cooling from an initial temperature of 𝑇0 to
D will increase the peak phase space density by a factor of the ratio
f the partition functions, which in the limit where 𝑘B𝑇D ≫ ℎ𝐵, can be
pproximated by ≈ 𝑇0∕𝑇D.

. Numerical model

We have conducted numerical simulations of photon spin molasses
y solving for the evolution of rotational populations in the presence
f cooling laser beams. Energy levels and transition strengths computed
y pgopher [29] are used to generate transformation matrices for time
ropagation. The use of pgopher makes it straightforward to rapidly
5

xplore a variety of molecular symmetries and parameters.
Fig. 4. (a) Evolution of rotational distribution for photon spin molasses on a 1𝛴+ ←
1𝛴+ band. The initial distribution is taken to be at 𝑇0 = 4 K, as indicated by the
black line. The cooled distribution, after 10 ms of photon spin molasses, is shown
by the shaded region. Simulation parameters are chosen as 𝑠0 = 0.1, 𝛾∕2𝜋 = 20 MHz,
𝛿 = −0.5𝛾, and 𝐵 = 𝐵′ = 0.4 MHz. Inset: detail of distributions for 𝐽 < 40. The red
line is not a fit, and shows a Boltzmann distribution predicted by the Doppler formula
Eq. (10). (b) Fortrat diagram corresponding to these cooling conditions. Allowed P and
R branch transition frequencies are plotted for each 𝐽 , and the laser frequency is shown
relative to the band origin.

3.1. Narrow-band cooling

First consider narrow-band cooling on a 1𝛴+ ← 1𝛴+ band with
an initial rotational distribution at 𝑇0 ≈ 4 K, a realistic value for
sources of polyatomic species [30]. The rotational distribution before
and after 10 ms of photon spin molasses is shown in Fig. 4(a). This
simulation assumes 𝑠0 = 0.1, 𝛾∕2𝜋 = 20 MHz, 𝐵′ = 𝐵 = 0.4 MHz,
and 𝛿 = −𝛾∕2. Approximately 10% of the rotational distribution is
cooled to an effective temperature of ∼ 500 μK, as expected from
Eq. (10). Molecules with 𝐽 ≲ 30 are cooled most efficiently, in line with
Eq. (17). The Fortrat diagram shown in Fig. 4(b) can provide intuition
for these observations. For the case of a 1𝛴+ ← 1𝛴+ band with equal
rotational constants, only P and R branches exist, and each shows a
linear relationship between 𝐽 and frequency. In this example, the laser
is detuned to preferentially drive the P branch near 𝐽 ≈ 12, leading the
rapid cooling of population near this quantum state.

The steady-state rotational distribution under these conditions
closely resembles a thermal distribution at 𝑇f = 500 μK. For molecules
outside of the capture range (𝐽 > 𝐽c), the cooling is slower. However,
given enough time, off-resonant scattering can eventually capture and
cool them to this temperature, and we find that it takes a bit more than
1 s to cool 90% of the distribution to the Doppler steady state. Fig. 5
shows the limiting temperature at steady-state under different detuning
and intensity. The numerical results agree well with Eq. (10). For the
chosen parameters, molecular rotation is cooled to the Doppler temper-
ature typically associated with translational molasses. The results for
other combinations of 1𝛴 and 1𝛱 ground and excited states show the

same limiting temperature, in agreement with analytical predictions.
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Fig. 5. Limiting rotational temperature on a 1𝛴+ ← 1𝛴+ band as a function of laser
etuning for two different intensities. We set 𝛾∕2𝜋 = 20 MHz, 𝐵 = 𝐵′ = 0.2 MHz.
lue circles (red squares) correspond to numerical results for 𝑠0 = 0.1 (𝑠0 = 3). The
orresponding lines are the analytical predictions of Eq. (10).

or the parameters used in this simulation, the laser cooling scheme
ust be closed to ≈ 50, 000 photon scatters in order to leave 10% of the
nitial population in a bright vibrational state following cooling from
ear 𝐽c to equilibrium.
As an example of the features that can appear in more complex

evel structures, we consider cooling on a 1𝛴+ ← 1𝛱 transition. In
his case, a Q branch exists and the ground state can exhibit parity
oubling (characterized by a parameter 𝑞). If 𝑞 = 0 and 𝛿 = −0.5𝛾,
opulation is cooled to the same limiting temperature that was found
bove for 1𝛴+ ← 1𝛴+ bands (∼500 μK). An example with equal
otational constants (𝐵 = 𝐵′ = 0.4 MHz) but nonzero parity doubling
𝑞 = −0.0825MHz) is shown in Fig. 6(a) for 𝛿 = −0.01𝛾. Here, the cooled
art of the distribution is characterized by a temperature 𝑇 ≈ 1 mK,
even though the detuning is set to 𝛿 = −0.01𝛾. The prediction of Eq. (10)
at 𝛿 = −0.01𝛾 is over an order of magnitude larger, ∼ 15 mK. The
reason for the lower simulated temperature can be understood from
the Fortrat diagram, Fig. 6(b). The frequency dependence of the P and
R branches shows that, even when 𝛿 ≈ 0, the P branch is preferentially
driven over the range 𝐽 ≲ 20. This allows more efficient cooling
than predicted by Eq. (10) for such small detunings. Similar reasoning
shows that, for these molecular parameters, cooling can be achieved
even at blue detuning. For example, when 𝛿 = +𝛾∕2, the R branch
is strongly driven for 𝐽 ∼ 5 − 10 and the P branch is targeted near
𝐽 ∼ 25. Fig. 6(c) shows the cooled distribution under these conditions.
Population indeed accumulates around finite 𝐽 ∼ 16, but cooling still
occurs and the peak phase-space density (PSD) is increased.

Phase space compression is a key feature of photon spin molasses.
We can characterize this through the peak PSD, computed from the
single quantum state with maximum occupation. To demonstrate this
compression, Fig. 7 shows the peak PSD as a function of time for
the sets of parameters that were used in the simulations described
above. Within the first ∼50 μs after the molasses is turned on, there
is a relatively rapid increase in peak PSD as a cooled peak forms
centered around 𝐽D. This is followed by a slower increase in peak
PSD while the rest of the distribution is cooled toward 𝑇f (∼0.5–1 mK
for the parameters chosen). At long times, the simulated rotational
distributions approach steady state and the peak PSD saturates. For the
1𝛴+ ← 1𝛴+ band, this is a thermal distribution at 𝑇f ≈ 550 μK and the
peak PSD is found to be a factor of approximately 7500 larger than the
initial peak PSD. This is in line with the expectation of enhancement by
a factor of 𝑇0∕𝑇D ≈ 8000. For the 1𝛴+ ← 1𝛱 band exposed to molasses
at 𝛿 = −0.01𝛾 (𝛿 = +0.5𝛾), the peak PSD ultimately increases by a factor
of about 2000 (1000).
6

Fig. 6. (a) Rotational cooling on a 1𝛴+ ← 1𝛱 band starting at 𝑇0 = 4 K (black line) and
after 10 ms of photon spin molasses (shaded region). Simulation parameters are chosen
as 𝑠0 = 0.3, 𝛾∕2𝜋 = 20 MHz, 𝛿 = −0.01𝛾, 𝐵 = 𝐵′ = 0.4 MHz, and 𝑞 = −0.0825 MHz. Inset:
ow-𝐽 distribution. Red line shows a Boltzmann distribution predicted by the Doppler
ormula Eq. (10). (b) Fortrat diagram corresponding to these cooling conditions. (c)
Simulated distribution with 𝛿 = +0.5𝛾, but other parameters unchanged. To set a scale
for the distribution’s width, the red curve shows a thermal distribution at 1 mK.

3.2. Broadband cooling

To simulate the behavior of cooling via wide-bandwidth light, we
simulate applying a series of discrete excitation pulses to a molecule. To
avoid inter-pulse coherence effects, we assume that the pulse repetition
period, 𝑇r , is kept much longer than the decay time 1∕𝛾 [25]. A typical
choice is 𝑇r = 7∕𝛾, and in our model, no population remains in the
excited state at the end of each cycle.

Fig. 8 shows the simulated steady-state temperature under different
detunings and pulse durations. For concreteness, these simulations
assume a 1𝛴+ ← 1𝛴+ band, rotational constants 𝐵 = 𝐵′ = 20 MHz and
pulse area 𝜃 = 𝜋∕8. The limiting temperature decreases monotonically
0
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Fig. 7. Evolution of peak phase-space density (PSD) as a function of cooling time.
Initial conditions and band types are the same as the distributions simulated in Figs. 4
nd 6, as indicated by the labels.

Fig. 8. Steady-state temperature for broadband cooling on a 1𝛴+ ← 1𝛴+ band and
arious transform-limited pulse durations, 𝜏p. Points are from numerical simulations,
olid lines are given by Eq. (16).

with increasing detuning and agrees with Eq. (16). For 𝜏p ≈ 10 ps
pulses, the Doppler limiting temperature is 𝑇 ≈ 1 K.

This technique could be useful for cooling small molecular ions,
including those that appear promising for quantum science applica-
tions [31,32]. At least some of the identified molecules possess fea-
tures desirable for optical cycling, e.g. short radiative lifetimes and
nearly-diagonal Franck–Condon factors (FCFs) [31]. Moreover, it is
relatively straightforward to trap molecular ions with long trapping
lifetimes. As an example, we can consider the specific case of YF+.
This molecule possess a moderate rotational constant (𝐵 ≈ 8.7 GHz), a
strong 𝐶 2𝛱 ← 𝑋 2𝛴+ band (𝛾∕2𝜋 ≈ 37 MHz) with predicted diagonal
FCF > 0.999 [31], and reasonable transition wavelengths for pulsed-
laser excitation (𝛥𝐸𝐶−𝑋 ≈ 4.0 eV). To assess the rotational cooling
effect of photon spin molasses in isolation, we neglect the intermediate
electronic states that provide alternative decay paths in this species,
though these are present in some species that have been successfully
laser cooled [33].

In Fig. 9(a) we plot the evolution of a distribution of YF+ molecules
exposed to sech-pulse photon spin molasses. We consider an initial
thermal distribution at 300 K. The final distribution is shown after
20 ms of photon spin molasses (∼ 7 × 105 laser pulses) with 𝜏p = 6 ps
and 𝛿 ≈ −10∕𝜏p. The simulation assumes a pulse area of 𝜃0 = 𝜋∕4, or a
fluence of 𝐹 ≈ 400 nJ/cm2. The resulting Doppler limit is around 1 K.
These laser properties balance frequency bandwidth against Doppler-
limited final temperature in order to optimize the population cooled to
the lowest few 𝐽 states. As shown in Fig. 9(b), the population in the
absolute ground state is enhanced by over two orders of magnitude by
7

broadband photon spin molasses. i
Fig. 9. Simulated sech-pulse cooling of YF+ molecules. (a) Rotational distribution
before (black line) and after (shaded region) 20 ms of pulsed cooling. (b) Fractional
enhancement of each rotational state relative to the initial distribution.

4. Discussion

The photon spin molasses described here is capable of cooling
molecular rotation, but other methods have also been proposed and/or
demonstrated that may be advantageous depending upon circumstance.
For instance, optical pumping with narrowband [34,35] or spectrally
filtered broadband pulses [19–21] has been shown to be effective for
cooling molecular rotation in the regime where the spectral branches
are rotationally resolved with respect to the natural linewidth. Photon
spin molasses can be thought of as the limiting case of pushing that
technique to the unresolved regime. This regime arises as the ratio
of the rotational constant to the natural linewidth decreases due to
increasing molecular mass and size. Additionally, since photon spin
molasses is not efficient for cooling molecules with rotational quanta
above the capture range 𝐽c, it is likely that pre-cooling with another
method such as supersonic expansion [36–38], buffer gas cooling [39–
3], or sympathetic collisional cooling by laser-cooled atoms [44]
ould be advantageous and could extend the reach of these techniques
o the sub-mK regime.
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