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Laser cooling at resonance
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We show experimentally that three-dimensional laser cooling of lithium atoms on the D2 line is possible
when the laser light is tuned exactly to resonance with the dominant atomic transition. Qualitatively, it can be
understood by applying simple Doppler cooling arguments to the specific hyperfine structure of the excited state
of lithium atoms, which is both dense and inverted. However, to build a quantitative theory, we must resolve to
a full model which takes into account both the entire atomic structure of all 24 Zeeman sublevels and the laser
light polarization. Moreover, by means of Monte Carlo simulations, we show that coherent processes play an
important role in showing consistency between the theory and the experimental results.
DOI: 10.1103/PhysRevA.97.053403
I. INTRODUCTION

The mechanism of Doppler cooling of neutral atoms by
laser light was first suggested in the 1970s [1,2]. A simplified
theoretical analysis utilizes the fluctuation-dissipation theorem
(FDT) and is based on finding the steady state between the
friction force and the diffusion. Applied for a two-level atom,
it shows that a minimal temperature of kB TD = h̄/2 can
be reached for a detuning δ = −/2, where  is the natural
linewidth of the excited state. This temperature is known as the
Doppler limit [3,4].
A decade later, these theoretical ideas were implemented
experimentally on alkali atoms [5]. Shortly after, to everyone’s surprise, temperatures far below the Doppler limit were
observed [6]. This phenomenon was soon explained by the
sub-Doppler cooling mechanism due to the degenerate ground
states of a multilevel atom [7], which is what real atoms are.
The overwhelming success of sub-Doppler cooling triggered
enormous activity in the field in the following decades, paving
the way for several major new research directions [8].
Nevertheless, it is Doppler cooling that remains a workhorse
of all laser-cooling experiments with atoms and, more recently,
with more and more complex molecules [9–11]. This is
because sub-Doppler cooling has a significantly lower velocity
capture range than the Doppler cooling and is less universal,
being dependent on the ground-state level degeneracy. For
example, alkaline-earth and rare-earth atoms have a nondegenerate ground state and can be expected to satisfy the conditions
for Doppler cooling without a sub-Doppler mechanism setting
in. Indeed, general agreement with Doppler cooling theory
has been shown in experiments with bosonic isotopes of Hg
atoms [12]. However, in this experiment as well as in other
experiments with these types of atoms, the observation of the
Doppler limit remained elusive [13–16]. Open-shell lanthanide
atoms, which were introduced to laser cooling more recently,
surprisingly can satisfy simple two-level atom conditions [17–
20]. Doppler theory applies well there, but again the Doppler
limit was not achieved.
Thus, during the fast evolution of laser cooling, it is its most
basic mechanism that has been waiting a long time for its theory
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to be confirmed. Only recently, it has been noticed that the
special properties of metastable 4 He atoms allow a nearly ideal
realization of the Doppler cooling regime. Thus, confirmation
of several predictions of the Doppler theory in three dimensions
(3D) were reported [21]. Lithium atoms share some of these
special properties with helium atoms. Indeed, it is well known
that the sub-Doppler cooling mechanism fails in lithium as
it fails in metastable helium [22]. However, in contrast to
helium, it is also well known that experimental results in
lithium show only qualitative agreement with the Doppler
theory [23,24].
Here we report one of the most intriguing and surprising
deviations from the simple Doppler cooling theory in 3D
cooling of 7 Li atoms: we observe a steady-state temperature
when the laser is tuned exactly to resonance with the dominant
atomic transition |F = 2 → |F  = 3 (see Fig. 1), which, due
to the inverted hyperfine structure, is the lowest one. We then
develop a realistic multilevel theory in a 1D laser configuration
and show good agreement with experimental results under
“normal” laser-cooling conditions. In addition, we construct
Monte Carlo simulations for a better understanding of the role
of coherent processes in the original theory and for simulation
of 3D cooling conditions.
Laser cooling at resonance, apart from being an interesting subject in its own right, can be of potential interest
in applications where the combination of cooling and high
photon scattering rate is required. This is the case in a recently
developed advanced technique for accurate atom counting at
the level of single-atom resolution [25,26]. Evidently, cooling
atoms at resonance, where scattering of photons is maximal,
provides the best conditions for atom number counting with
magneto-optical trap (MOT) beams.
In this paper, we first describe the experiment (Sec. II)
and demonstrate the accuracy with which the laser frequency
is determined. In Sec. III, a realistic multilevel model is
developed. In Sec. IV, we compare experiment to theory and
discuss the region of agreement and deviations from it, and in
Sec. V we describe Monte Carlo simulations of 3D cooling
conditions.
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FIG. 1. The D2 line of 7 Li. The ground state has two hyperfine
energy levels and hence both a pump (red arrow) and a repump
(blue arrow) laser are needed. The excited state has four hyperfine
levels. Note that their order is inverted, i.e., the lowest-energy state
is |F  = 3. Their energy difference is of the order of the natural
linewidth , making them all strongly overlapping. Each hyperfine
state has degenerate Zeeman sublevels. All allowed dipole transitions
are depicted as dotted lines.
II. EXPERIMENT
A. Locking of the MOT lasers

In the experiment, we collect and cool 7 Li atoms in a
MOT in the apparatus described elsewhere [27]. A significant
improvement in the laser-locking scheme has been introduced
to allow precise determination of the detuning δ = ωL − ωA ,
where ωL is the laser frequency and ωA is the resonance
frequency of the atom. The previous locking scheme involved a
feedback loop wired to the piezoelectric element on which the
grating of the external cavity semiconductor laser is mounted.
This method is limited to a locking bandwidth of ∼2 kHz by
the mechanical response of the piezo. Applying this technique,
we had obtained a laser width of ∼300 kHz. This is not good
enough for investigation of the expected sharp heating of atoms
in the vicinity of resonance. To push the laser width below
100 kHz, we wire the feedback loop to the current that runs
the lasing diode. In this way, there is no (slow) mechanical
response involved and a larger locking bandwidth is achieved.
After implementing this in our system, the locking bandwidth
was boosted by more than a factor of 20 (∼50 kHz) and the
laser linewidth was pushed down to ∼60 kHz. This provides us
with an accuracy of laser frequency determination of 0.01 ,
where /2π = 5.9 MHz is the natural linewidth of the D2 line
of lithium atoms.
B. Locating the resonance

After having obtained an improved laser frequency stability,
we turn to precise determination of the absolute frequency. For
this purpose, the fluorescence signal of atoms loaded into the
MOT is measured as a function of the detection beam detuning.
After being released from the optical molasses and followed
by a short time of flight (TOF), the atom cloud is illuminated
with a short and intense pulse of the detection light provided by
the MOT pump laser only, whose frequency is marked as a red

FIG. 2. Fluorescence spectrum used to experimentally locate the
position of the resonance. Since the data is not symmetric, it cannot
be fitted to a Lorentzian on the entire range (see text for explanation).
We use only the central points and find a very low dependence of the
position of the resonance on the chosen range. The red solid line is
the fit to 21 central points, while the blue dashed line uses 31 points.
The shift in position of the fit maximum defines the uncertainty in
resonance position.

arrow in Fig. 1. The pump laser intensity of the pulse per beam
is I /6 = 0.7 Isat , where Isat = 2.54 mW/cm2 is the saturation
intensity and the pulse duration is 100 μs. Applying only the
pump laser allows us to isolate the |F = 2 → |F  = 3 closed
transition from other adjacent blue-detuned excited states (see
Fig. 1), which are open because they allow efficient optical
pumping to the |F = 1 state. The resulting fluorescence light
is imaged onto a pco.pixelfly camera. The fluorescence signal
as a function of the detection pulse detuning is shown in
Fig. 2, where we define the position of the maximum as
δ = 0. A perfectly isolated transition is expected to follow a
symmetric Lorentzian curve. However, the experimental data is
not symmetric, which is related to the optical pumping already
mentioned earlier. Above the resonance (δ > 0), the laser
frequency approaches the resonance transition frequency of the
next hyperfine level of the excited state |F  = 2 (see Fig. 1).
From there, the atoms can decay into the lower hyperfine
ground state |F = 1. Since the picture is taken using the pump
laser only, they are now in a dark state and no longer contribute
to the fluorescence signal. Below the resonance (δ < 0), there
are no additional energy levels so the atoms scatter a larger
number of photons before an occasional optical pumping event
occurs. Therefore, the mean number of photons scattered by
the atoms during the detection pulse depends on the sign of δ.
As mentioned, the position of the maximum is defined as
δ = 0 with respect to the |F = 2 → |F  = 3 transition (see
Fig. 1) and is used as our reference point for the detuning. In
order to find it, the data is fitted to a Lorentzian curve while
including only the central data points and imposing zero overall
offset. The range of points used is varied and we see only
small fluctuations (standard deviation of 0.02 ) in the position
of the resonance as a function of the number of points used.
In addition, the error in the fit is typically below 0.03  so
we estimate our statistical error in the determination of the
resonance to be ∼0.05 .
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C. Experimental sequence and results

First the MOT is loaded with ∼2 × 104 atoms. The detuning
of the pump and repump are switched to match the conditions
for minimal temperature and the atoms cooled to ∼2TD inside
the MOT [27]. This is the initial condition for the experiment.
Then the magnetic field is turned off and the repump detuning
is brought to resonance (|F = 1 → |F  = 2 transition) to
optimize repumping of atoms to the |F = 2 ground state.
Simultaneously, the detuning of the pump is tuned to the
target value δ and the intensities of the pump and the repump
are set to Ip /6 = 0.06 Isat and Ir /6 = 0.15 Isat , respectively.
The atoms are then subject to an optical molasses for a variable
time tmol , after which a TOF measurement of the temperature
is conducted. As is clear from this description, we utilize
the same laser beams as for the MOT. Therefore, the laser
polarization in the molasses remains σ + − σ − as in the MOT.
For each value of δ, the molasses time tmol is varied. If a
steady state between the force and the diffusion coefficient
exists, the temperature must converge towards it. In this way,
we determine the steady-state temperature Tst . A few typical
results are shown in Fig. 3. The temperature T (tmol ) is fitted to
T (tmol ) = Tst − (Tst − T0 )e

−tmol /τ

,

(1)

where Tst and the time constant τ are fitting parameters. The
initial temperature T0 = 2TD is set by us. We note that the only
laser parameter being varied is thus the detuning δ of the pump,
which is measured relative to the main transition of the D2 line,
namely, |F = 2 → |F  = 3. We have also observed that the
temperature at δ = 0 is largely insensitive to the repump laser
detuning over a wide range of values.
In Fig. 4, the fitting parameter Tst is plotted as a function
of the laser pump detuning (black points with error bars) and
reflects the central result of this paper: at δ = 0, a steady-state
temperature of ∼3.35 TD is obtained. This is clearly seen in
Fig. 3, where the evolution of the temperature at δ = 0 is
shown in blue color (upside-down triangles). Also for other
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FIG. 3. Experimental points and fit for the temperature as a
function of the duration of the molasses according to Eq. (1), after
the atoms are cooled to T0 ≈ 2 TD in the MOT, for different values
of the pump detuning. Blue upside-down triangles: δ/  = 0; green
diamonds: δ/  = 0.2; purple circles: δ/  = 0.25; red triangles:
δ/  = 0.3; black squares: δ/  = 0.34. The steady-state temperature
is extracted as a fitting parameter. For δ = 0.34 , the temperature
does not reach a steady state but all others do. Note that all detunings
are positive.

blue-detuned molasses, namely, δ = 0.2  (green diamonds),
δ = 0.25  (purple circles), and δ = 0.3  (red triangles), a
steady-state temperature is observed. In addition, we observe
that the atomic cloud has a Gaussian distribution to a very high
degree for all values of tmol and δ for which the steady state
is reached. This is reflected by the small error bars in Fig. 3.
As δ → 0.34  (black squares in Fig. 3), no steady state is
obtained and the temperature diverges (also see Fig. 4). In all
of the experiments with δ  0, the number of atoms decreases
slightly (within 20%) as a function of the molasses time tmol .

temperature (units of TD )

Such precise determination of the resonance position requires careful considerations of possible systematic errors.
Since we calibrate the position of the resonance with a higher
laser intensity compared to the optical molasses conditions
(see next section), we consider the residual ac Stark shift
at resonance caused by two main effects. The first one is
related to the final velocity distribution of the atoms in the
cloud and the second one is related to the shift of the |F = 2
state due to the nearby allowed |F = 2 → |F  = 2 transition
at a detuning of δ = −1.5 . Both effects are estimated by
p
calculating the expectation value of VAL [see Eq. (7)] for
all Zeeman sublevels of the |F = 2 and |F  = 3 states.
This is done by taking the respective partial traces over the
interaction energy multiplied by the atomic density matrix (see
Sec. III A for definitions). Our most conservative estimates
taken at T = 2 TD and the above-mentioned laser intensity
predict the upper bound of the systematic shift to be −0.1 .
This systematic shift is partially compensated by the conditions
of the optical molasses described in the next section. The upper
bound of the systematic error is thus reduced to −0.05 . In
addition, residual magnetic field offsets are compensated to
below 10 mG.
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FIG. 4. Experimental data points are shown as black points. The
error in the detuning is 0.05  (see text). The error depicted for the
temperature is one standard deviation of the fitting (dashed lines in
Fig. 3). The standard two-level theory is shown as a blue dashed line.
The estimated interval obtained by numerically solving the 24-levels
+ polarization model is shown as an orange region. The parameters
for the calculation are derived from the experiment and given by
p = 0.26 , r = 0.4 , and δr = 0.
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by the steady state of the cooling force and the diffusion. The
exact form of the force and the diffusion coefficient are found
by solving the optical Bloch equations (OBEs) for the relevant
internal degrees of freedom at the steady state [4]. Then, for
Doppler cooling on broad transitions ( > νr , where νr is the
recoil frequency), one can show that the velocity distribution
function W (v,t) satisfies the following Fokker-Planck (FP)
equation [4]:

pump
repump

4.5
4.0

∂W (v,t)
∂
=−
[F (v)W (v,t)]
∂t
∂(mv)

3.5
0.01

0.1

+

1

intensity/6 (units of Isat )
FIG. 5. Measurement of the steady-state temperature at δ = 0 as
a function of the pump or repump intensity. As can be seen, there is an
optimum in the pump intensity, while the experiment is insensitive to
the repump intensity. The green dashed line is the average temperature
for the repump measurements (green squares).

This loss can be attributed to an intensity imbalance of the
molasses laser beams to which the system naturally becomes
more sensitive at these extreme conditions.
This deviation from a simple two-level theory of Doppler
cooling is especially striking. We show the two-level theory
prediction as a blue dashed line in Fig. 4 and its failure
to quantitatively describe the significant features of the experimental results is educational. While the two-level theory
predicts that laser cooling is impossible at δ = 0, here we
get T ∼ 3.35 TD . We also note that the Doppler limit is
unreachable experimentally. The minimal temperature is larger
by a factor of ∼2 compared to TD . It is very well known that the
minimal achievable temperature increases for a large number
of atoms and large densities due to photon rescattering. But
here we work with a very small number of atoms and this
effect can safely be neglected. This factor of ∼2 is known
from other experiments with 7 Li under similar experimental
conditions [23].
Next, the dependence of Tst at resonance (δ = 0) on the
intensities of pump Ip and repump Ir is investigated. For this,
both detunings were set to resonance and the temperature was
measured as a function of pump intensity Ip (while Ir /6 =
0.15 Isat , as in the main experiment) and repump intensity Ir
(while Ip /6 = 0.06 Isat , as in the main experiment). The results
are shown in Fig. 5. Here we set the molasses time to tmol = 1.4
ms and find the temperature through TOF measurements. We
find that the temperature is largely insensitive to the repump
intensity. These results indicate that the main role of the
repumping laser is to prevent optical pumping to |F = 1. For
the pump laser, though, the behavior qualitatively agrees with
the simple Doppler cooling model: the temperature decreases
with decreasing intensity. For too low intensities, laser cooling
fails and the temperature rises again.
III. THEORY FOR MULTILEVEL ATOM

Here we describe a 1D semiclassical theory for laser cooling
of a multilevel atom. As stated above, the temperature is given

∂2
[D(v)W (v,t)].
∂(mv)2

Its general solution in the steady state [∂t W (v,t) = 0] is


A
F (v)
W (v) =
exp
d(mv) ,
D(v)
D(v)

(2)

(3)

where the integration constant A is used for normalization.
The limit of vanishing velocities allows a particularly simple
treatment. To the first order in velocity, the force is linear (F =
−αv) and the diffusion coefficient is constant [D(v) = D], and
one immediately obtains a Gaussian distribution with standard
deviation v 2  = D/mα. The 1D equipartition theorem (EPT)
then implies the FDT,
kB T = mv 2  =

D
.
α

(4)

If the full velocity range is considered, deviations from a
Gaussian distribution become apparent for vanishing detuning
even for a two-level atom [28].
In the following, we first describe the OBE for lithium atoms
(Sec. III A). Then we find the force F (v) (Sec. III B) and the
diffusion coefficient D(v) (Sec. III C) by numerically solving
the OBE. Then we are able to solve the FP equation resulting
in the velocity distribution W (v) (Sec. III D). By fitting to a
Gaussian, we compute the width v 2  of the distribution and,
by means of Eq. (4), we find the temperature.
A few complications arise when dealing with a multilevel
atom. For bosonic 7 Li atoms, there are a total of 24 levels (see
Fig. 1). This means that we will need a 24 × 24 density matrix
ρ to describe the problem. In addition, there are two lasers in
the game (pump and repump). The Hamiltonian will thus have
two parts: one describing the pump and its interaction with
the atom (Hp ) and one for the repump (Hr ). Also the laser
polarization configuration has to be dealt with, which leads to
an extra term in the Hamiltonian.
A. Optical Bloch equations

The internal degrees of freedom of our system are described
by a 24 × 24 density matrix ρ(t) which satisfies the equation
of motion,
dρ
i
= − [H,ρ(t)] + γdec .
dt
h̄

(5)

Here, γdec is the decay term due to spontaneous emission and
the Hamiltonian is given by H = Hp + Hr , as indicated above.
p,r
Each part of the Hamiltonian contains an atomic term HA and
p,r
an interaction term VAL . In the rotating frame, the atomic terms
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p,r

HA =

0.2

h̄δF  |F  ,mF  F  ,mF  |
p,r

(6)

F  ,mF 
p

for the pump (HA ) and the repump (HAr ). Here the sum extends
over all relevant excited states (|F  = 1,2,3 for pump and
p
|F  = 0,1,2 for repump (see Fig. 1), and δF  and δFr  are
the detunings of the levels |F   for the pump and repump
p,r
laser, respectively. The interaction terms VAL are written in
the electric dipole and rotating-wave approximations. With the
help of the Rabi frequency of the pump and repump (p and
r ), we have
 
p,r
VAL = h̄p,r
C(F  ,mF  ;F,mF )

k )



force (units of

are given by
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F,mF F  ,mF 

× |F  ,mF  F,mF |eikz + H.c.,

(7)

where C(F  ,mF  ;F,mF ) are the Clebsch-Gordan coefficients. Here
the sum extends over all dipole transitions (see dotted lines in
Fig. 1) that satisfy the σ ± selection rules.
This is the full Hamiltonian in the laboratory frame. Now
we must pass into a spatially rotating frame. This is not to
be confused with the usual (temporal) rotating frame. This
spatial rotating frame is introduced by the laser polarization
configuration. It is well known that a σ + − σ − configuration
(along the z axis) results in a locally linear but spatially rotating
polarization. As the atom moves in the laser beam, the direction
of the linear polarization changes as a function of its location
z = vt. This is best dealt with by transforming to a reference
frame that rotates together with the polarization. Since this
frame is not inertial, the Hamiltonian picks up an extra term,
Vrot = kv Jˆz ,

(8)

where k = ω/c is the wave number of the laser and Jˆz is the
angular momentum operator in the z direction and the generator
of rotation around the z axis [7]. Note that this term has an
explicit velocity dependence. The transformation of the other
terms of the Hamiltonian to the spatially rotating frame is trivial
and will not be further discussed here. We just mention that it
gets rid of the phase exp(ikz) in Eq. (7).
Now the OBE at the steady state can be readily obtained by
plugging all Hamiltonian parts [Eqs. (6)–(8)] into Eq. (5) and
setting ∂t ρ = 0.
B. Force

The force operator is given by the spatial derivative of the
Hamiltonian, F̂ = −∇H . Since we are dealing with plane
waves, the spatial dependence is found only in the phase
exp(ikz) of Eq. (7) and the force operator is

C(F  ,mF  ;F,mF ) |F  ,mF  F,mF |
F̂ = i h̄kp
pump

+ i h̄kr



C(F  ,mF  ;F,mF ) |F  ,mF  F,mF | + H.c.,

repump

(9)
where we have already made the transition into the spatially
rotating frame. The semiclassical force is then obtained by

FIG. 6. The numerically calculated force on a lithium atom (red
solid line) for δ = −1.5  as a function of the velocity in units of
recoil velocity, vr = h̄k/m. The Rabi frequencies p = 0.26  and
r = 0.4  are deduced from the experiment. The upper inset shows
the sub-Doppler features of the force which are present for very
low velocities. The purple dotted line and the green dashed line are,
respectively, the contributions of the pump and the repump to the total
force.

taking the trace of F̂ with the steady-state solution of the
OBE ρ st ,
F  = Tr(F̂ ρ st ).

(10)

This operation will single out the optical coherences of the
density matrix. Due to the minus sign in the H.c. of Eq. (9) and
the overall i, just the imaginary part will be selected.
The numerical results are shown in Fig. 6 for δ = −1.5 .
While the red solid line shows the total force acting on an
atom, the purple dotted and green dashed lines show the
contributions of the pump and repump laser, respectively. The
sub-Doppler feature typical for a multilevel atom in a σ + − σ −
laser configuration can clearly be seen for vanishing velocities
and will be discussed shortly. First, though, notice that the force
of the repump laser is negligible for all velocities. This was to
be expected since it is tuned to resonance and explains why the
experiment is insensitive to its intensity (see Fig. 5). The total
force is largely dominated by the force of the pump laser.
Regarding the sub-Doppler features, we first focus on reddetuned laser light [see upper inset of Fig. 6 and blue dotted line
in Fig. 7(a) and its inset]. As can be seen, the force strengthens
as v → 0. Hence, if the force were naively expanded to first
order around v = 0, a temperature far below the Doppler
limit would be expected. It is well known, however, that no
sub-Doppler temperatures can be obtained for lithium atoms.
And here the reason is visible: the region of the sub-Doppler
force is extremely narrow. It is so narrow that the capture
velocity for sub-Doppler cooling is well below the Doppler
limit itself and approaches v ∼ vr (vr = h̄k/m is the recoil
velocity), where the semiclassical approach becomes invalid.
An atom at the Doppler limit has an average velocity of
vD ≈ 7vr and, taken in 3D, has a negligible probability to be
at the capture velocity for sub-Doppler cooling (well within
the range indicated by the gray shaded region in Fig. 7). Thus,
the sub-Doppler mechanism is extremely inefficient in lithium
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negative slope found for higher velocities (Doppler region)
is what the atom is subject to and therefore the force remains
cooling. Furthermore, this slope is affected by the sub-Doppler
region. It is steeper because it crosses zero at a finite velocity
instead of zero velocity. In a sense, the fact that sub-Doppler
cooling fails to work in lithium makes the Doppler force
stronger at vanishing detuning.
The nonvanishing cooling force at resonance can be understood intuitively by looking at the level diagram of 7 Li
(Fig. 1). For δ < 0, all dipole transitions are red detuned
and thus all contribute to a cooling force. For δ = 0, the
transition |F = 2 → |F  = 3 is at resonance and contributes
exclusively to diffusion (heating). However, the transitions
|F = 2 → |F  = 2,1 are still red detuned. Hence the total
force manages to maintain a damping character (negative
slope). Because the transition |F = 2 → |F  = 3 is far more
dominant than the others, the total force ultimately becomes
a heating force for some positive detuning, which we find
experimentally to be δ ≈ /3.
It is thus interesting to note that were the sub-Doppler
mechanism efficient in lithium, it would easily beat all forces
originating from other excited states and then no cooling
would be possible at vanishing detuning once the sub-Doppler
cooling becomes heating. We thus stress that the failure of
the sub-Doppler mechanism together with the inverted order
of the excited-state energy levels allows the observation of
finite temperatures at vanishing detuning. This indicates the
necessary conditions to observe laser cooling at resonance:
small splitting and inverted character of the excited-state
hyperfine structure.
C. Diffusion coefficient
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The diffusion coefficient has two contributions. One comes
from the coupling to the vacuum of the quantized electromagnetic field and reflects the fluctuations in spontaneous emission.
Up to a constant, it is the sum of all excited-state populations,
⎞
⎛

1 2 2
Dvac = h̄ k  Tr ⎝
|F  ,mF  F  ,mF  |ρ st ⎠. (11)
2

F ,m 
F

FIG. 7. Results of the numerical calculations for different values
of the detuning δ. The Rabi frequencies are chosen as in Fig. 6. The
gray shaded
region is ±5vr , which is equivalent to |v| < 0.7vD , where
√
vD = h̄/m is the Doppler velocity. (a) The semiclassical force as
a function of the atomic velocity, (b) the diffusion coefficient, and
(c) the velocity distribution for three different detunings: δ = −0.5 
(dotted blue line), δ = 0 (solid red line), and δ = 0.1  (dashed green
line).

and, to reflect this known fact in the 1D theory, we shall cast
away the shaded region from further consideration. This line
of reasoning was first proposed in Ref. [21].
When the detuning of the laser vanishes [see red line in
Fig. 7(a)] or is blue detuned [see green dashed line in Fig. 7(a)],
the slope of the force changes sign in the region v → 0 and
therefore becomes a heating force. One would thus not expect
a steady-state temperature at all. But because this region is
limited to within the sub-Doppler velocities, we expect it to
fail at heating as it fails at sub-Doppler cooling for δ < 0. The

The second contribution is due to the fluctuations in the force.
It is given by the integral of the two-time average [3,4],
 ∞

dτ F̂ (t)F̂ (t − τ ) − F̂ (t)F̂ (t − τ ) .
Dlas = Re
0

(12)
The key to doing this computation is the quantum regression
theorem (QRT) [29,30], which states that the two-time average
of two density matrix elements evolves according to the OBE,
i.e., the same way as a single element.
Like the force, the diffusion coefficient D = Dvac + Dlas
also has sub-Doppler features [Fig. 7(b)] but, again like the
force, the relevant velocities are inaccessible for the atoms.
Also, it seems that as the velocity increases, the diffusion
coefficient approaches a constant value. This is a byproduct
of the transformation to a spatially rotating frame which is
applicable only in the low-velocities limit (kv/ 
1; for 7 Li,
this corresponds to v
50vr ). The actual diffusion coefficient
vanishes for growing velocity.
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interesting to note that the distribution remains finite at δ = 0
(no divergence is seen) and thus the theory does predict a finite
kinetic energy at resonance.

/ =0

IV. COMPARISON OF DATA AND THEORY
0.0
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20
atomic velocity (units of vr )
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FIG. 8. Fitting to a Gaussian of the velocity distribution. The solid
line is the calculated distribution for δ = −2  (left) and δ = 0 (right).
The dashed line is the fit to a Gaussian excluding |v| < 5vr and the
dotted line excluding |v| < 15vr . This gives an estimated interval for
the temperature shown in Fig. 4.
D. Extracting the temperature

In the previous two sections, we have obtained the force
F (v) and the diffusion coefficient D(v). Now we plug them
into the solution of the FP equation [Eq. (3)] and solve the
integral numerically. After normalization, we find the velocity
distribution W (v) shown in Fig. 7(c). Since only the ratio
F (v)/D(v) enters the exponential function in the FP equation,
the fact that D(v) does not vanish for large velocities does not
prevent convergence of W (v). Due to the vanishing of the force,
i.e., F (v → ∞) → 0, the integral will do so as well and the
obtained velocity distribution behaves normally, although for
|v| > 20vr the calculated distribution might deviate from the
actual distribution due to the limit of validity of the spatially
rotating frame.
As can be seen, the distributions are non-Gaussian. This is
due to the sub-Doppler features in the force and the diffusion
coefficient. Following our discussion above (Sec. III B), the
sub-Doppler mechanism is inefficient in the case of lithium
and the appearance of these features can be attributed to a
simplified 1D approach. To extract meaningful information
from the theory, we thus ignore the region |v| < vcut and fit
the remaining distribution to a Gaussian. This is depicted in
Fig. 8 for δ = −2  and δ = 0. Using the width v 2  as a
fitting parameter, we obtain the temperature from Eq. (4). We
repeat this for different values of vcut ranging from 5vr (dashed
line in Fig. 8) to 15vr (dotted line in Fig. 8).
For large negative detunings (δ  −1.5 ), the Gaussian fit
is very good. The real distribution closely resembles a Gaussian
except for the regions of v → 0 and v → ±∞, which are
insignificant here. The sub-Doppler features (v → 0) become
very narrow and small when δ is larger than the hyperfine
splitting of the excited state where the multilevel atom starts
resembling a three-level atom (two ground states and one
excited state). In contrast, for δ  0, the velocity distribution
deviates significantly from a Gaussian distribution. Here, the
sub-Doppler heating force pushes the atoms away from zero
velocity to a finite velocity where the force crosses zero,
effectively splitting the distribution into two peaks. Again,
we attribute this effect to the limitations of an effective 1D
theory. Also for large velocities, the diffusion coefficient even
increases instead of decreasing to zero. This is again because
the spatially rotating frame approach is valid only in the limit
of v
50vr . Due to both reasons, the distribution deviates
from a Gaussian and we do not expect a good correspondence
between theory and experiment in this region. However, it is

We calculate the force and the diffusion coefficient for pump
and repump laser beam parameters which match those used in
the experiment (p = 0.26 , r = 0.4 , and δr = 0 while
δp = δ is varied). In Fig. 4, the steady-state temperature is
plotted as a function of the pump laser detuning as two orange
solid lines with a shaded region between them. These two lines
are derived from limiting values obtained for the range of vcut
(see Sec. III D). We observe a good quantitative agreement
between the experiment and the numerical calculations in the
region of δ < −/2. This region can be trusted especially well
because the sub-Doppler feature excluded from the Gaussian
fit is extremely narrow and the fit quality is very good (see
Fig. 8). This is confirmed by the observation that the shaded
region in the theory curve is very narrow here. In addition,
there is a steady-state temperature all the way up to δ ≈ +/3.
The theory agrees qualitatively with this experimental fact;
however, we do not expect quantitative agreement because
of the reasons discussed in Sec. III D. Finally, we note that
the minimum attainable temperature agrees well with the
experimental value.
V. MONTE CARLO SIMULATIONS

As mentioned in the discussion of the multilevel theory, the
non-Gaussian velocity distribution for all detunings shown in
Fig. 7(c) can be attributed to the theory being one dimensional.
In the experimental part (Sec. II), we emphasized that this nonGaussianity is not supported by the experiments performed in
3D. However, extension of the semiclassical theory to a 3D case
is not within reach. The only good alternative is to simulate the
system by means of Monte Carlo (MC) simulations. However,
building full-scale 3D MC wave-function simulations which
would take coherent two-photon processes responsible for subDoppler features in the velocity distribution into account is
beyond the scope of the present study. Instead, we build a
semiclassical, simplified version of MC simulations (sMC) still
taking into account all 24 Zeeman sublevels, the two laser
frequencies and their polarizations, and the 3D character of
the cooling process, but including only incoherent one-photon
transitions.
The purpose of this sMC approach is twofold. In the
theoretical part of this paper (Sec. III), we insist on artificially
excluding the region of the sub-Doppler features in order to
approximate the velocity distribution to a Gaussian. It thus
might be tempting to claim that coherent two-photon processes,
which are responsible for these features, are not important
for the treatment of the experimental results. Therefore, the
first purpose of the sMC simulations is to answer this precise
question. Then, if this question is answered positively (i.e., the
coherent processes can be neglected), the second purpose is to
simulate the 3D character of the cooling.
The results of the sMC simulations are shown in Fig. 9
as orange squares and are compared to the well-known 1D
two-level theory (blue dashed line). Apart from a general factor
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VI. CONCLUSION

7

In conclusion, we experimentally identify an unexpected
regime for laser cooling of lithium atoms on the D2 line: it
persists up to a vanishing detuning, i.e., when the laser is tuned
to resonance with the main cooling transition. We show that a
simple two-level theory is inconsistent with observations not
only in this exotic regime, but for all of the studied range of the
laser detuning despite the known fact that sub-Doppler cooling
fails to work on the D2 line of lithium atoms. Therefore, to
describe the experiment, we build a realistic theory which takes
into account all 24 Zeeman sublevels, pump and repump lasers,
and the laser polarization. This theory agrees especially well
with the experimental results for large and negative detunings.
Although the theory becomes less convincing close to resonance, it does predict the steady-state velocity distribution at
resonance and likewise even for small and positive detunings.
Thus, the success of cooling at resonance can be explained by
the specific hyperfine structure of the excited state of lithium’s
D2 line. On the one hand, the hyperfine structure is inverted,
such that the closed transition is the lowest in energy. On the
other hand, the hyperfine splitting is very small, keeping other
excited states at relative proximity to the closed cooling transition. Although this property is responsible for the failure of the
sub-Doppler mechanism, it permits efficient cooling even if the
laser is tuned exactly to resonance with the closed transition.
By means of sMC simulations, we show that the coherent
processes are crucial for explaining the experimental results.
This is also confirmed by considering the cooling force while
neglecting density matrix coherences in the multilevel theory.
In both cases, we predict a finite but very large temperature of
the atoms at resonance. As a subject of future research, it is
desirable to build a full MC wave-function simulation in order
to fully describe the experimental results.
Cooling at resonance realizes a perfect combination of
maximal photon scattering rate with effective cooling conditions. This can be directly applied in accurate atom counting
experiments with single-atom resolution, which would clearly
benefit from this favorable combination.
Finally, we note that the specific hyperfine structure of the
excited state of lithium atoms might signify that these atoms
are unique to exemplify on-resonance cooling. But since lasercooled atomic species are far from being exhausted, other such
examples could be found in future research.

6
5
4
3
2
1
− 2.0

− 1.5

− 1.0

− 0.5

0.0

pump detuning (units of )
FIG. 9. Comparison of the results of a semiclassical, multilevel
atom, Monte Carlo simulation to the analytic solution of a two-level
atom (blue dashed line). The red dots are obtained when using random
laser light polarization. In the σ + − σ − configuration, the orange
squares are obtained. The dotted lines are to guide the eye. These
results are obtained for small laser intensities so they reflect the
minimal temperature.

of ∼2, both curves show identical behavior, indicating that the
sMC simulations miss nearly all experimental features except
for one: the minimal attainable temperature is ∼2 TD , even
for vanishing intensities. To verify the origin of this value, we
perform the simulations with random laser polarization. The
results are shown in Fig. 9 as red circles and rediscover the twolevel system with high precision. The extra heating present in
the σ + − σ − polarization configuration has been identified in
earlier analyses of laser cooling in Refs. [7,31] as being caused
by an increased step size of the random walk in momentum
space. Here we recover these results which may be considered
as a candidate to explain the increased minimal temperature
observed in the experiment (see Fig. 4). However, the minimal temperature obtained in the multilevel theory (Sec. III)
taken at vanishing laser intensities does not support this
claim.
Although the sMC simulations predict a finite temperature
at resonance (∼33TD ) due to other hyperfine states, it exceeds
the experimentally observed value by a factor of ∼10 and
divergence occurs at vanishingly small positive detunings.
But even more striking is the failure of the sMC simulations
to accurately predict the temperature at large and negative
detunings where, naively thinking, one could consider coherent
processes to play a negligible role. Thus the sMC simulations
are instructive and emphasize the role of coherent processes in
the whole range of laser detunings.
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