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It is widely believed that spontaneous emission (SE) is necessary to remove entropy from an atomic sample during
laser cooling. In fact, SE is needed for energy removal when laser cooling is done with single-frequency light, but
with more than one frequency, both energy and entropy can be removed using only stimulated processes. Our
experimental demonstration of this phenomenon works by restricting the atom–light interaction to a time short
compared to a cycle of absorption followed by natural decay [Phys. Rev. Lett. 114, 043002 (2015)]. We present
here additional information on these results, in particular, simulations of the motion of atoms under the bichro-
matic force that compare well with our data. This accomplishment is of interest to direct laser cooling of molecules
or in experiments where working space or time is limited. © 2015 Optical Society of America

OCIS codes: (020.3320) Laser cooling; (020.1335) Atom optics; (140.3320) Laser cooling.
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1. INTRODUCTION

This paper expands upon the ideas of laser cooling without
spontaneous emission (SE) presented in Refs. [1,2] by describ-
ing some of our numerical simulations that corroborate the
cooling data. Reference [2] described our experiments on laser
cooling in a time short compared to the cycle of absorption
followed by SE. Here we provide additional experimental de-
scription and details, as well as a discussion of our simulations
of the cooling process.

The use of electromagnetic radiation to exert forces on neu-
tral atoms was first demonstrated by Frisch in 1933 [3]. The
advent of stable tunable lasers has resulted in dramatic advances
since that early time, and this OSA journal provided extensive
reviews of the emerging field of laser cooling with two special
issues in 1985 and 1989 [4,5]. There have been very many
special topical conferences, review articles, and books on laser
cooling that now constitute a large part of atomic physics.

The early views of the forces that produce laser cooling were
dominated by the notion of two-level atoms moving in a mono-
chromatic laser field. The momentum exchange required for
the resulting radiative force proceeds by absorption followed
by SE that returns atoms to their ground states for the next
absorption cycle. In ordinary Doppler cooling, the SE associ-
ated with this process provides the dissipation necessary for
cooling. This radiative force saturates at a maximum value of
F rad ≡ ℏkγ∕2, where λ ≡ 2π∕k is the wavelength of the optical
transition, and γ ≡ 1∕τ is the excited state decay rate.

Atoms can also be returned to their ground states by stimu-
lated emission. If this is caused by a light beam of wave vector

k⃗2 different from that of the exciting light k⃗1, there is a mo-
mentum exchange of ℏ�k⃗1 − k⃗2�. These stimulated processes
repeat at the Rabi frequency Ω that can be≫γ. Because excited
atoms then return to their ground states more frequently by
stimulated emission than SE, this dipole force does not saturate
at a momentum exchange rate limited by γ.

Laser cooling has been demonstrated with monochromatic
light using both radiative and dipole forces [6–9]. The topics
that could be described with this two-level atom model include
atomic beam slowing and cooling, optical molasses, optical
dipole traps, lattices and band structure effects, and a host of
others [9].

A few years after the early experiments it became clear
that this simple view was inadequate, and that the multiple
level structure of real atoms was necessary to explain some ex-
periments. Perhaps the most dramatic impact came from the
discovery of cooling below the Doppler temperature TD ≡
ℏγ∕2kB [10], where kB is Boltzmann’s constant. This could
be explained only by polarization gradient cooling in atoms
with multiple ground state levels, and was labeled “Sisyphus
cooling” by the authors of Ref. [11]. In such sub-Doppler cool-
ing of multilevel atoms, it is typically the dipole force that
works on the atoms.

As discussed in Ref. [2], these single-frequency cooling tech-
niques necessitate that the outgoing light from SE is the only
way to remove thermal (kinetic) energy from the atoms. This is
required because all stimulated light from applied monochro-
matic laser fields must occur at the same frequency, preventing
any energy exchange between the light and atoms. Only SE
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combined with the Doppler shift resulting from atomic motion
can remove more energy than was absorbed in the excitation,
thereby allowing the energy exchange required for cooling.
For example, single-frequency cooling works in Doppler mo-
lasses because the cooling laser light at ωl is always tuned below
the atomic resonance frequency ωa by δ ≡ ωl − ωa. In sub-
Doppler laser cooling schemes such as Sisyphus cooling (polari-
zation gradient), the fluorescence has a higher frequency than
the absorbed light by approximately the difference of the
ground state sublevels’ light shifts, thereby dissipating energy.

When the early view of laser cooling consisting of two-level
atoms moving in monochromatic fields was replaced by a
more complete description of the multilevel structure of atoms,
many more phenomena could be described. In addition to the
Sisyphus cooling discussed above, there is the magneto-optic
trap (multiple excited state levels) and velocity selective coher-
ent population trapping (multiple ground state levels). Thus
the extension from two-level to multilevel atoms gave an un-
expected richness to the topic of atomic motion in optical
fields. It seems natural to expect that a comparable multitude
of new phenomena is to be found for the motion of atoms in
multi-frequency fields, but this subject, discussed next, has not
received as much attention.

2. OPTICAL FORCES IN POLYCHROMATIC
LIGHT

One of the primary advantages of polychromatic light for ex-
erting optical forces on atoms and cooling them is the huge
magnitude of such forces. The strength of the force arises from
the use of stimulated emission in place of SE to return atoms to
their ground states, and this enables rapid, repeated momen-
tum exchanges with the light field. The rate of momentum
exchange and the velocity range of these forces are not limited
by the properties of the atoms being cooled. Instead, these char-
acteristics can be chosen by the experimenter through the laser
parameters when implemented by either the bichromatic force
[12–14] or adiabatic rapid passage [15–17]. In addition, in a
polychromatic light field, energy can be removed by purely
stimulated processes if absorption of the lower frequency light
(i.e., red) is followed by stimulated emission into the higher
frequency (blue) field.

A. Dipole Force Rectification

Although the nonsaturable dipole force is a very attractive tool
for manipulating atoms, its practical utility is limited because its
sign alternates on the wavelength scale so its spatial average van-
ishes. The desire to extend its spatial range has produced two
related proposals that exploited two-frequency fields to provide
spatial rectification of the dipole force [18,19]. Apart from the
use of multiple frequencies to compensate optical pumping
effects in multilevel atoms, these were the first applications of
two-frequency light to optical forces.

One of these methods, rectification of the dipole force, uses
two standing waves of different frequencies, with one of them
intense enough to provide a strong dipole force [20]. Then the
light shift from the other one with very different parameters can
be used to spatially modulate the atomic transition frequency
ωa. This modulation reverses the sign of the light shift caused

by the beam at the first frequency with approximately the
same spatial period as the force, and therefore the force is rec-
tified. This scheme was subsequently demonstrated [20–23].
However, the frequencies have to be fairly well specified, and
therefore the rectification mechanism can tolerate only small
Doppler shifts, putting rather severe limits on the velocity range
of this rectified force.

B. Bichromatic Force

1. Eigenvalues in Two-Frequency Light

A second way to extend the spatial range of the dipole force uses
an optical field having two beams of equal intensities and large
detunings (relative to γ) that provide both a force much
stronger than F rad and a velocity range much wider than �γ∕k
of the radiative force [12]. This bichromatic force arises from
the coherent control of the momentum exchange between the
atom and the laser fields associated with a long sequence of
rapid absorption–stimulated emission cycles.

The bichromatic force is implemented with two overlapped
standing waves equally detuned from atomic resonance by �δ
with jδj ≫ γ. Its magnitude, FB , depends on the choice of δ,
the Rabi frequency Ω, and the spatial phase offset of the stand-
ing waves. It is weakly velocity dependent over a wide velocity
range�ΔvB ≈ �δ∕2k that is≫γ∕k [12,14]. It has been dem-
onstrated in Na [21], Cs [12], Rb [24,25], and He [13,26].

The bichromatic force is best understood using a modified
dressed atom picture that was first presented in Ref. [27] and
extended in Ref. [14]. The dressed atom picture is expanded to
include the two laser fields at frequencies ωr;b. This results in a
quasi-infinite manifold of discrete energy states separated by
ℏδ, as shown in Fig. 1. The strength of each of these fields
is described by an appropriate Rabi frequency Ωr;b, and along
with the atomic states jei and jgi, the basis set of the system has
elements such as jg; r; bi, as shown in Fig. 1.

Each of these basis states is connected to its two adjacent
states by off-diagonal matrix elements given by theΩ’s of either

Fig. 1. Bichromatic dressed states are constructed by combining the
atomic states with the energy states of the optical fields. The result is an
infinite set of dressed states, each separated by ℏδ and coupled to its
neighboring states through one of the two optical frequencies.

B76 Vol. 32, No. 5 / May 2015 / Journal of the Optical Society of America B Research Article



the red or the blue detuned field, producing the Hamiltonian
matrix (truncated to 7 × 7)

H � ℏ

2
666666664

3δ Ωr 0 0 0 0 0
Ωr 2δ Ωb 0 0 0 0
0 Ωb δ Ωr 0 0 0
0 0 Ωr 0 Ωb 0 0
0 0 0 Ωb −δ Ωr 0
0 0 0 0 Ωr −2δ Ωb
0 0 0 0 0 Ωb −3δ

3
777777775
: (1)

Diagonalizing this Hamiltonian matrix produces light shifts,
and because the Ω’s represent standing waves, the resulting
eigenvalues are also spatially dependent and periodic on the
scale of λ∕2.

Moreover, the interference of the two standing wave fields
also imposes a periodicity on the scale of πc∕δ. With
δ ∼ 108 s−1, this is typically a few meters and is very much
larger than the millimeter scale of our experiments. We there-
fore consider the spatial phase offset of the standing waves as a
fixed experimental parameter under our control. For a standing
wave spatial offset of λ∕8, these eigenvalues oscillate, as shown
in Fig. 2(a) with the light field of Fig. 2(b).

As discussed above, the two-frequency system is different
from the single-frequency case because it is able to add or re-
move energy from the atom through absorption from one fre-
quency followed by stimulated emission into the other. This
process occurs when atoms pass through the positions indicated
by the small circles labeled “A” in Fig. 2(a). The energy levels
undergo exact crossings because they occur between states
coupled by one field at the nodal points of the other field
(see vertical lines in Fig. 2).

The magnitude of the bichromatic force can be evaluated by
considering the path of an atom along these energy states (as
indicated by the heavy curved arrow) and is given by

FB � −
hΔEi
Δz

� 2ℏδ
λ∕2

� 2ℏkδ
π

: (2)

Since we typically choose δ ≫ γ for our experiments, the
force FB ≫ F rad.

2. Velocity Dependence of the Bichromatic Force

In order to be effective, a laser cooling force must be significant
over some velocity range but minuscule at other velocities. This
causes a displacement of atoms from one region of velocity-
space to another without significant removal of atoms from
the destination region. The result is a net reduction in a region
of occupied velocity-space. The velocity dependence of various
cooling forces arises from different mechanisms, as discussed in
Ref. [2], but it is important to emphasize here again that none
of these mechanisms arises directly from SE processes.

Explaining this mechanism for the bichromatic force is
straightforward. Atoms can undergo many Rabi cycles involv-
ing two transitions with the same light frequency, either red or
blue, and experience momentum changes of zero or�2ℏk each
time. But the resulting energy change is only of the order of a
few times the recoil energy ℏωr ≡ ℏ2k2∕2M ≪ ℏδ, and is not
large enough to cause a transition to an adjacent eigenstate that
is 2ℏδ away. Instead, the energy change is compensated by the
atomic motion in the spatially dependent potential produced
by the light shifts that are ∼ℏδ [see Fig. 2(a)].

However, when a Rabi cycle exchanges red light for blue, or
vice versa, there is an energy change of 2ℏδ that must be com-
pensated by an atomic kinetic energy change of ΔEKE � vΔp.
Since Δp can be a few times 2ℏk resulting from monochro-
matic Rabi cyles during a traversal of λ∕2 [see curved arrow
in Fig. 2(a)], we find v ≤ δ∕k. More careful considerations lead
to ΔvB ≈ δ∕2k. Thus the bichromatic force accelerates atoms
to velocities near v � �ΔvB , where the magnitude of the force
diminishes sharply.

Atoms with velocities approaching ΔvB can follow paths
along the eigenstates in Fig. 2(a) with energy change <2ℏδ
by making nonadiabatic Landau–Zener transitions between
the atomic dressed states. These are most likely to occur near
anticrossings of the type indicated by the vertical ellipse labeled
“B” in Fig. 2(a), and the atomic velocities would then fluctuate
around ΔvB . Thus the final velocity distribution will be peaked
near�ΔvB [28] and both FB and ΔvB scale with the value of δ.
From Eq. (2) we can define a characteristic cooling time tc �
π∕4ωr [2]. A Galilean coordinate transformation or a fre-
quency offset of the light fields can bring the velocity ΔvB
to zero in a chosen reference frame.

Estimation of the probability pNA of a nonadiabatic transi-
tion at the avoided crossing begins with the model Hamiltonian
for Landau–Zener transitions:

HLZ �
�
−At B
B At

�
: (3)

Here the parameters A and B serve only to describe the model
energy levels in the simplest, symmetrical case of a “level cross-
ing” produced by an external parameter, in this case t [29].
Thus plots of the energies versus t are straight lines that inter-
sect at t � 0 in the absence of any coupling between them

Fig. 2. Part (a) shows the eigenvalues of the two-frequency dressed
state system separated by ℏδ where the two fields have equal ampli-
tudes and a spatial phase offset of λ∕8. The curved arrow indicates a
typical path followed by an atom moving to the right. Circled tran-
sition points of the type marked “A” are exact crossings because they
occur at the nodes of the standing wave fields shown in part (b). For
our case, this occurs for Ω �

ffiffiffiffiffiffiffiffi
3∕2

p
δ. Point “B” in the vertical ellipse

marks the location of a possible Landau–Zener transition (figure from
Ref. [2]).
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(B � 0), and otherwise are hyperbolae of closest approach 2B.
Then the LZ model gives

pNA � e−πB2∕ℏA ≡ e−vLZ∕v; (4)

because A � v∇E for atoms moving at uniform velocity v. A
rough estimate of vLZ has been discussed in Ref. [14] and can
be of the order δ∕2k.

3. Entropy Considerations

It may seem disconcerting that cooling can proceed without SE
since stimulated processes are unitary and reversible and there-
fore provide no dissipation mechanism. But we stress that a
proper description of laser cooling requires that both the atoms
and the light must be considered as part of a single system to
provide a complete description. Moreover, the absence of a res-
ervoir in the thermodynamic sense requires that entropy be
considered differently, and here we choose the number of states
accessible to the system as a proper measure. For example, in
the familiar case of common laser cooling experiments up to
now, the 4π solid angle of the SE provides so many states acces-
sible to the combined system of (atoms + light) that it seems
natural to assume that the entropy loss of the cooled atoms is
also dissipated by this light.

However, the interpretation that SE is therefore required for
entropy dissipation is misleading. A description of how the light
fields can serve as entropy sinks in laser cooling has been pro-
vided in Ref. [1], where ground state atoms (pure state) interact
with multiple incoming laser beams (pure states) to form a
mixed state even with purely stimulated processes. The fact
is that monochromatic light cannot cool atoms by stimulated
processes only, but polychromatic light fields can mediate both
energy and entropy exchange.

It is important to recognize that the stimulated interaction
between the light and the atoms is not dissipative because it is
completely reversible and is a unitary process. The light has to
be considered along with the atoms as a part of the system
under study [1], and therefore the light field cannot be consid-
ered as a coherent state in the presence of atoms. Atoms can
absorb light out of one of the laser modes, and the state of
the light field must change as a consequence. Excited atoms
can undergo stimulated emission and add to the energy of
the light field, resulting in something that is no longer a perfect
coherent state. This is the point where atomic motional entropy
can be transferred to the laser fields while both remain part of
the “system” [1]. Thus the atom–light interaction is simply an
exchange of energy and entropy within the “system” under
study. Then the dissipation required for cooling takes place
when the light carries the energy and entropy out of the system
and hits the walls.

3. SIMULATIONS

We have calculated the response of the atoms in a bichromatic
field for short interaction times where the traditional constant
velocity approximation (dragged atom) is not valid. We nu-
merically solve the equations of motion of the time-dependent
Bloch vector �u�t�; v�t�;w�t�� and the atomic motion z�t� and
vz�t�. The calculation includes the SE decoherence terms to

simulate our experiment accurately, but the cooling does not
depend on these terms.

We begin with the interaction in terms of the complex Rabi
frequency given by

Ω�t� � Ω0e−i�ωat��ei�k�z−δt� � ei�k−z�δt� � e−i�k�z�δt�

� e−i�k−z−δt��; (5)

where k� ≡ k � δ∕c. We use classical mechanics to calculate
the positions and velocities of a set of atoms as they move
through the bichromatic laser field, beginning with their
various initial velocities, positions, and times. The atoms are
subject to the force given by

FB�z; t� � ℏ�u�t�Re�∇Ω�t�� � v�t�Im�∇Ω�t���: (6)

Since this calculation is semiclassical, it does not quantize
the field or the motional states of the atoms, but it is never-
theless able to reproduce the properties expected by the dressed
state model as well as the features of our data. The atomic
motion can be treated classically because the atomic deBroglie
wavelengths are much smaller than the optical wavelength
(Mv ≫ ℏk). The semiclassical treatment of the field in the
optical Bloch equations is equivalent to tracing over the optical
states when they are included as part of the system.

The solutions give the trajectories of the Bloch vector and of
the atomic motion, and we find that the velocity trajectories are
the most informative as they show changes produced by the
bichromatic force. We can then seek accumulations of atoms
around a particular velocity to show cooling.

The atoms are initially in their ground state before entering
the field so that u�0� � v�0� � 0 and w�0� � −1. Figure 3
shows a set of velocity-space trajectories for 60 equally spaced
initial velocity values between �1.25δ∕k � �2.5ΔvB . Each
line represents a trajectory in velocity-space for a particular
starting value using a Rabi frequency of Ω0 �

ffiffiffiffiffiffiffiffi
3∕2

p
δ. The

three plots show trajectories for three different relative spatial
phase offsets. Models of the bichromatic force show that this
phase determines the direction of the force and the same behav-
ior is demonstrated here. This dependence is periodic with
relative spatial shifts of λ∕2. The acceleration diminishes
sharply when the atomic velocities approach �ΔvB � �δ∕2k
and the trajectories accumulate near this velocity.

To make the effect of the cooling more clear, we run the
calculation for a much larger number of equally spaced, initial
velocity values and bin them in velocity and time. This is
shown in Fig. 4 for 3240 initial velocity values using the same
parameters as Fig. 3(c). The bin size is ΔvB∕17 in velocity and
8.6 ns in time, so that each bin begins with ∼1000 entries.

From both figures it is clear that within ∼2π∕δ (∼40 ns) the
velocities begin to bunch around particular values. The strong
feature on the right near δ∕2k (orange/red) is the expected
accumulation of the cooled atoms based on the dressed state
model. It begins to form very rapidly, in a time well less than
our atomic lifetime, ≈106 ns. The other smaller peaks may be
dependent on initial conditions.

Even though the experiment runs for a time allowing the
chance of ∼1 SE, the cooling is not a consequence of this.
When we evaluated the simulation for the nonphysical case of
no SE, the result was very similar to that shown in Fig. 4.
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The very short interaction time does not allow the internal
atomic response to reach a steady state normally produced by
SE. Consequently, the initial conditions of each atom become
important and can be seen in our calculated trajectories. Even
for atoms with the same initial starting velocity, entering the
light field at a different location or different time can lead
to a different trajectory. While all trajectories over long times
converge to the same ΔvB limit, their paths can vary with these
initial conditions.

The results of the simulation for velocity trajectories in a
bichromatic field with spatial phase offset λ∕8 and Rabi fre-
quency Ω0 �

ffiffiffiffiffiffiffiffi
3∕2

p
δ are shown in Fig. 5. Figures 5(a) and

5(b) show trajectories for two different starting positions in
the field separated by λ∕8 (not to be confused with the spatial
phase offset) with all other parameters unchanged. The overall
trend for atoms within the capture range toward −ΔvB still oc-
curs, but the individual paths differ. Figures 5(c) and 5(d) show
velocity trajectories for two runs with all parameters the same
except two values of initial time separated by π∕4δ. Here the
same trend exists with differing trajectories. The trajectories
are invariant for shifts in starting position of λ∕2 and shifts
in starting time of π∕δ. The invariance with spatial shifts of
λ∕2 is in agreement with the dressed state levels shown in

Fig. 2. The π∕δ time invariance agrees with the π-pulse model
[12] where the traveling wave fields repeat on the time scale of a
bichromatic beat.

4. EXPERIMENTAL SETUP

In Ref. [2] we described the apparatus used for our experi-
ments. For completeness it is repeated here, albeit with the
addition of Fig. 6 and several other additions and changes.

A. Laser System

Since SE cannot be eliminated, we have chosen to demonstrate
bichromatic cooling using an atomic transition with a large ωr
and relatively long τ. We use the He 23S → 33P transition at
λ � 389 nm where ωr � 2π × 330 kHz so that tc ≈ 380 ns.
Since τ ≈ 106 ns and the time averaged excited state popula-
tion is ∼0.4 [30], the average SE time is tSE ≈ 260 ns. Thus we
expect an average of <1.5 SE event during time tc .

The λ � 389 nm light for the optical standing waves is
produced by a frequency-doubled, cw, narrow linewidth
Ti:sapphire laser of wavelength 778 nm [see Fig. 6(a)]. This
laser is frequency locked to better than γ with a stable cavity
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Fig. 3. Each plot shows the atomic velocity trajectories for 300 ns in
the bichromatic field. The accumulation of atoms near�ΔvB ≈ δ∕2k
is quite clearly shown, and is more pronounced when we plot these
trajectories on a longer time scale. Our experiment runs for approx-
imately 220 ns. Part (a) is for spatial phase offset −λ∕8, part (b) is for
phase = 0, and part (c) is for phase �λ∕8.

Fig. 4. Results of the simulation for 3240 equally spaced initial
velocities. The local density of trajectories is counted in bins of size
ΔvB∕17 × 8.6 ns. The top plot is a three-dimensional view of the den-
sity of trajectories in velocity as a function of time in a bichromatic
field with a spatial phase offset of λ∕8 and Rabi frequency

ffiffiffiffiffiffiffiffi
3∕2

p
δ.

The lower plot is of the same results, shown in two dimensions with
the density designated by color in each bin.
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whose length is controlled by feedback from a saturated absorp-
tion spectroscopy signal. This signal is derived from an rf dis-
charge cell of He at λ � 389 nm, but detuned from resonance
by −δ with an acousto-optic modulator (AOM).

The frequency-doubled light passes through another AOM
operated at 2δ and 50% diffraction efficiency to produce two
beams at ωl � ωa � δ [see Figs. 6(a) and 7(a)]. The two
beams are recombined with a polarizing beamsplitter (PBS)
and coupled into an ultraviolet (uv) polarization-maintaining
single-mode optical fiber, suitable for both polarizations, for
spatial mode matching and for transport to the vacuum system.
After exiting this fiber, the two orthogonally polarized frequen-
cies are separated by another PBS oriented at 45 deg to the
orthogonal linear polarizations, resulting in two linearly polar-
ized bichromatic beams, as shown in Fig. 6(b) [12].

The bichromatic standing waves are formed by orienting
these two beams (each having both frequencies ωa � δ) to
be counterpropagating and aligned transverse to the He beam,
as shown in Fig. 6(b). The spatial phase offset is set using a
variable phase delay arm. To ensure a short interaction time,
the Gaussian beams of 400 μm waists (800 μm 1∕e2 full width)
were masked by adjustable slits that were imaged directly on the
atomic beam to minimize diffraction effects. The peak Rabi
frequencies varied by <10% across the light field.

To ensure the desired exact crossings at the points labeled
“A” in Fig. 2(a), there are two constraints. One is the total ab-
sence of coupling to other states, as discussed earlier, and the
other is that the light shifts must cause the dressed state eigen-
values to just meet as shown. These conditions are connected
via the relative spatial phase of the standing waves as discussed
in Ref. [14]. For our choice of spatial phase offset � λ∕8 [see
Fig. 2(b)], the Rabi frequencies of each traveling wave compo-
nent must satisfy Ω �

ffiffiffiffiffiffiffiffi
3∕2

p
δ.

We tune our laser light to the transition from the J � 1
ground state to the J � 2 excited state since tuning to the
J � 1 or J � 0 excited states would preclude some of the
atoms because of the selection rules. We choose linearly polar-
ized light to excite ΔmJ � 0 transitions, as shown in Fig. 7(b),
because the three allowed π transitions have roughly the same
strengths, with 3J values and hence Rabi frequencies in the
ratio of

ffiffiffi
3

p
∶2∶

ffiffiffi
3

p
for a fixed light intensity. Any other polari-

zation choice would result in larger differences among the Rabi
frequencies. The unpolarized atomic beam could not be opti-
cally pumped upstream of the bichromatic interaction region
because of space constraints.

Fig. 5. Each plot shows velocity trajectories from the same bichro-
matic field (phase � λ∕8, Ω �

ffiffiffiffiffiffiffiffi
3∕2

p
δ) but having different initial

conditions. Plots (a) and (b) have the same initial starting time,
but different starting positions separated by λ∕8. Plots (c) and (d) start
at the same position but enter the field at different initial times sep-
arated by π∕4δ.

Fig. 6. Part (a) shows the uv light production by frequency doubling
light from a Ti:sapphire laser. The two frequencies are produced with
an acousto-optic modulator and recombined in a polarization main-
taining optical fiber. Part (b) shows the exit of the bichromatic beam
from the transport fiber and the optical setup at the atomic beam. The
two paths are apertured with slits that are imaged onto the atomic
beam to determine the interaction time. The transverse spatial distri-
bution of the atomic beam is imaged downstream with a microchannel
plate and phosphor screen to measure the bichromatic cooling.

Fig. 7. Part (a) shows the two atomic levels and the detuning
δ ≫ γ. Part (b) shows the Δm � 0 transitions driven by the linearly
polarized light between the J � 1 and J � 2 He levels and their rel-
ative Rabi frequencies (figure from Ref. [2]).
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B. Atomic Beam

Our experiment was performed on a beam of He atoms initially
excited to the 23S state by a continuous flow, dc-discharge
source, cooled with liquidN2 to produce an average longitudinal
beam velocity of ∼1050 m∕s [31,32]. Our one-dimensional
cooling axis is oriented perpendicular to the axis of this diverging
atomic beam, as shown in Fig. 6(b), and narrows its transverse
velocity distribution, thereby producing partial collimation.

The atomic beam emerges from a 500 μm diameter source
aperture and crosses the bichromatic standing wave beams,
where it expands by ≈ΔvB × tc � �δ∕16ωr�λ ≈ 5λ for our
parameters. Thus the bichromatic force does not cause very
much spatial spreading. The atomic beam exits the light field
and then expands freely in the cooled transverse dimension dur-
ing a 63 cm flight to the detector. Measurement of the spatial
distribution downstream is readily converted to the transverse
velocity distribution.

The He atoms are detected using a microchannel plate and
phosphor screen to image their transverse spatial distribution.
The metastable 23S He atoms deposit their 20 eV internal
energy when they strike one of the channels of the MCP, and
the resulting amplified electron shower makes a visible bright
spot on the fluorescent screen. The screen is viewed by a video
camera whose frames are stored at 30 Hz. The transverse spatial
spread at the end of the 63 cm flight is very much larger than
our 24 mm detector. Thus, without any optical interaction the
detector sees a flat He distribution, but spatial variations in
detector sensitivity produce a nonuniform camera image and
such images are used to correct the data images.

5. RESULTS

A. Spatial Phase Dependence of the
Bichromatic Force

The spatial phase offset of the bichromatic standing waves
where they are crossed by the atomic beam can be changed
by varying the relative path length of the two bichromatic
traveling waves used to form them. Observations of the force
on the atoms demonstrates the dependence of the force direc-
tion on this spatial phase.

Initial measurements were taken with the path length differ-
ence between the two arms varied from πc∕4δ to πc∕δ, where a
spatial phase offset of λ∕2 is produced by a path length differ-
ence of πc∕δ (see Section 2.B.1). For each different path length,
the light beams were collimated to produce approximately the
same intensity profile at the mechanical slits that were imaged
onto the atomic beam.

Figure 8 shows the response of the atoms to two values of
the spatial phase offset, approximately �λ∕8. Models of the
bichromatic force predict a reversal of the direction of the force
with this shift and it is demonstrated here, in agreement with
the results of our simulations and the dressed atom model.

B. Cooling

A special data acquisition process was devised to optimize the
experiment with respect to the different coupling coefficients
depicted in Fig. 7(b). Since there is no single value of Ω that
is correct for all three transitions, we took data over a range of

values. The data were collected from video images of the trans-
verse atomic spatial distribution at the detector as the laser
power was varied over a large range by using an adjustable neu-
tral density filter at the output of the transport fiber. Each video
frame of the phosphor screen at a given laser power was aver-
aged vertically for smoothing (the force is horizontal), and then
we made a three-dimensional composite plot of these averages
for the various Rabi frequencies, as shown in Fig. 9. We have a
few dozen of these composite plots that take 2–3 min to record.

Figure 9(a) shows minimal redistribution of the atoms in the
velocity range of the bichromatic force at low intensity, but
clear evidence of redistribution when the laser power is in-
creased. In this figure the darker purple represents a lower flux
of He atoms and lighter areas indicate a higher flux.

A single velocity profile in the region of Ω � 2π × 36 MHz
is plotted in Fig. 9(b). It shows that atoms starting in the veloc-
ity range from −6 to �2 m∕s are accelerated into the range
from �2 to �11 m∕s without significant removal of those
already there, and this is near the velocity limit of the force.
Such a velocity change of ∼9 m∕s corresponds to ≈35 times
the recoil velocity ℏk∕M ≈ 0.26 m∕s and is nearly the same as
δ∕k � 2ΔvB . Note the good consistency between the measure-
ments shown in Fig. 9 and the simulation in Fig. 4. We
emphasize that this is accomplished in an interaction time
of only �5∕6�tSE, and note that this confirms that the observed
forces derive almost purely from stimulated effects, i.e., the
bichromatic force without SE.

C. Experimental Issues

There are three separate effects that degrade the appearance of
our cooled velocity distribution: the longitudinal velocity dis-
tribution of the atomic beam, the background of the atomic
beam detection, and the ground state structure of the atoms.

Fig. 8. The directionality of the bichromatic force is reversed with
spatial phase offsets of ∼� λ∕8 between the standing waves. These
measurements were taken with interaction times of 380 ns. The veloc-
ity range of the force for these measurements was limited by insuffi-
cient Rabi frequency caused by the larger optical beam sizes used;
however, the directionality is clearly demonstrated.
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1. Longitudinal Velocity Distribution

The longitudinal velocity distribution of our atomic beam spans
about half the 1050 m/s center velocity [2]. The transverse
velocity assignments shown in our data are for atoms traveling
at the center velocity, and atoms with faster/slower longitudinal
velocities will be deflected to smaller/larger positions on the de-
tector, even for the same transverse velocity. This spatial spread-
ing arising from the longitudinal velocity distribution causes
our measurement of transverse velocity distribution widths to
provide upper limits of the width of the true distributions.

We implemented a longitudinal time-of-flight detection
technique to address this effect with limited success. Both the
laser beams and the atomic beam detector were gated with a
variable delay time between them so that the measurement
could be sensitive to atoms within a selectable longitudinal
velocity range. The optical beams were gated at 180 Hz by
a mechanical chopper producing an “on” time of ∼200 μs, 103
times longer than the atomic interaction time, so that there
were minimal switching effects. The atoms arrived at the
detector at times determined by their longitudinal velocities.
The high voltage for the microchannel plate was triggered
by detection of the light pulse and was on for 240 μs after

a set delay time. Since the flight path is 63 cm, a 600 μs delay
between the gate centers corresponds to an average longitudinal
velocity of 1050 m/s, and atoms with longitudinal velocities
outside the bounds allowed by the finite width of the gates
are not detected.

Our equipment limited us to those parameters that excluded
only atoms in the wings of the longitudinal velocity distribu-
tion. This resulted in a large reduction of signal-to-noise ratio
(S/N) based on the duty cycle of the detection (a few percent)
and produced no significant effect on the cooled transverse
velocity distribution. Better timing could improve this some-
what, but the repetition rate is always limited by the time nec-
essary to prevent overlap of the cooled atomic pulses. This,
along with the significant reduction of S/N required for further
narrowing, discouraged additional measurements.

2. Detector Background

Second, our detector is sensitive to vacuum-ultraviolet light and
other background emitted from the He discharge source so that
there is only a 5%–10% peak-to-peak range of the profiles in
Figs. 8 and 9(b). We verified that this represents nearly all the
23S He atoms by separately using a high-intensity (s0 ≈ 1000)
laser tuned to the 23S → 23P transition (λ � 1.08 μm) to re-
move all the atoms from a region on the detector, and measured
the relative change in screen intensity.

3. Ground State Structure

Also, as discussed above, the Rabi frequencies of the applied
standing waves for two of the three transitions shown in
Fig. 7(b) are lower by about 13%. This means that over the
range of laser intensities used for our measurements, there is
no point where atoms in all three ground state sublevels expe-
rience the ideal Rabi frequency to achieve exact level crossings.
As discussed in Ref. [14], even without such exact level cross-
ings, there can still be a large force. For a truly two-level atom,
this could be optimized, providing clearer results.

6. SUMMARY AND CONCLUSIONS

We have demonstrated the controversial notion of laser cooling
in the absence of SE. Our results show a compression of the
velocity distribution of a sample of atoms with minimal expan-
sion of the sample size. At the end of the short interaction time
with the bichromatic light field, the sample has not been able to
expand by more than a few micrometers, although its initial
size is hundreds of micrometers, and even this size is simply
an apparatus limitation.

We use two frequencies tuned to either side of atomic res-
onance to implement the bichromatic force. Our premise is
that the presence of multiple frequencies makes a dramatic
change in the description of the laser cooling process, and
we have exploited the two-frequency case to demonstrate this.
We argue that the multilevel structure of real atoms has made
enormous differences in understanding the laser cooling proc-
ess, but the multifrequency case, even for a two-level system, is
largely unexplored.

The width of our final velocity distribution has been
reduced by ×2 in the region of interest, thereby reducing
the temperature by ×4. Therefore, it is a compression of occupied

Fig. 9. Measured atomic spatial distribution taken with an
optical slit width ≈230 μm corresponding to interaction time of
220 ns <tSE for longitudinal velocity ≈1050 m∕s. The detuning
was δ � 2π × 25 MHz corresponding to ΔvB ≈ 4.9 m∕s. In part
(a) the dark regions represent reduced atomic intensity and the lighter
regions increased intensity. The image has been corrected for detector
inhomogeneity as discussed in the text. Part (b) shows a profile taken
near the top of part (a) at Ω ≈ 2π × 36 MHz. The initial (Δvi) and
final velocity widths (Δvf ) are indicated (figure from Ref. [2]).
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phase space volume because the spatial expansion of the atomic
sample is ∼1%. We described how the longitudinal velocity dis-
tribution compromises the appearance of our data and limits our
velocity space compression measurement to ×2, although it could
actually be significantly more than we can measure.

Because the light field and the atoms must be considered as
parts of the complete system under study, this process does not
violate the dissipation requirements of Ref. [33]. The dissipa-
tion occurs when the light beams leave the system and are
absorbed by the environment [1] (the system is open, not
closed). Thus there is indeed the required dissipation.

In conclusion, both our measurements and our simulations
demonstrate cooling and phase space compression of an atomic
sample without SE using a two-frequency laser field. It works
by restricting the atom–light interaction to a time short com-
pared to a cycle of absorption followed by natural decay so that
SE effects are minimized. The experiment uses an atomic tran-
sition with a relatively long excited state lifetime and a relatively
short cooling time that makes this possible. This bichromatic
force is the simplest extension from single-frequency forces,
although there have been studies of other forces from polychro-
matic fields [17,30]. The potential for these polychromatic
forces to cool should allow the extension of laser cooling to
systems without closed cycling transitions, such as molecules
[34], and in applications where space or access may be limited,
such as short-distance beam collimation [35].
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