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Abstract
We have demonstrated that coherent control of the momentum exchange
between a light field and atoms can be implemented in frequency-modulated
light. The optical parameters are chosen to drive the atoms between ground
and excited states by adiabatic rapid passage in counterpropagating
modulated light beams. We apply the optical force transversely to a thermal
atomic beam, and the deflection provides a measure of the force. The
modulation period is 2π/ωs ≪ τ , and each half-cycle exchanges momentum
2h̄k, so the resulting force is much greater than the ordinary radiative force.
Moreover, the velocity range of the force in such a light field is much greater
than that of the radiative force. This constitutes another example of the huge
range of capabilities of optical forces in non-monochromatic light.
Keywords: Laser cooling, optical forces, polychromatic light, strong optical
forces, adiabatic rapid passage

1. Introduction
In ordinary Doppler laser cooling of two-level atoms, the
radiative force produces both the slowing force and the
dissipation necessary for cooling. The momentum exchange
proceeds by absorption followed by spontaneous emission,
and so there is minimal control of its nature. This radiative
force saturates at a maximum value of Frad ≡ h̄kγ /2, where
λ ≡ 2π/k is the wavelength of the optical transition, and
γ ≡ 1/τ is the excited state decay rate. Moreover, the velocity
range is confined to approximately ±vc , where vc ≡ γ /k.
By contrast, in sub-Doppler cooling of multilevel atoms,
it is typically the dipole force that works on the atoms. In
this case, excited atoms return to their ground states more
frequently by stimulated than spontaneous emission. The
dipole force does not saturate because the de-excitation rate,
and hence the momentum exchange rate, is not limited by γ .
Of course, such a controllable exchange is reversible and
therefore conservative, so it cannot be used for cooling: only
the optical pumping among the multiple levels, enabled by
spontaneous emission, can reduce the atomic phase space
volume [1]. This also limits the velocity-dependent part of
such forces as Sisyphus cooling in a polarization gradient to
F (v) ! Frad , and the velocity range to even less than ±vc .
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The non-saturable dipole force seems very attractive as
a tool for manipulating atoms, but its practical utility is
extremely limited in an optical standing wave because its
sign alternates in space on the wavelength scale so its spatial
average vanishes. Only optical pumping among different
sublevels mediated by spontaneous emission [2] (or different
dressed state manifolds in the two-level atom case [3]) allows
its extension into larger spatial domains. The desire to
extend the spatial range of the dipole force has produced two
independent proposals that used two frequencies to provide
spatial rectification [4, 5] and these ideas were subsequently
demonstrated [6–9].
The exploitation of bichromatic light for optical forces on
atoms was extended by using an optical field of two beams
of equal intensities and detunings that provided both a force
much stronger than Frad and a velocity range much wider than
±vc [10]. Since the bichromatic force covers a large range of
velocities, Doppler compensation is unnecessary for slowing a
thermal beam. Moreover, it has a strong velocity dependence
at its range boundaries so that it can cool. Naturally
this (dissipative) velocity dependence originates from the
occasional spontaneous emission events at a rate determined by
γ , but the magnitude of the bichromatic force is not limited by
this rate [10]. More recently, this form of the bichromatic force
has been studied in considerable detail [11,12], and especially

Printed in the UK

75

M Cashen et al

in He [13, 14]. Other schemes involving two-frequency fields
have also been investigated [15].
The π -pulse model for describing the bichromatic force
in light of frequencies ω ± δ, (δ ≫ γ ) provides an intuitive
description [4, 10]. With two counterpropagating beams of
light, each composed of two frequencies and appropriately
chosen equal amplitudes, atoms are subject to π-pulses from
the beat frequency alternately from one direction and then from
the other. This sequence flips the atoms from ground state to
excited state and vice versa. In so doing, it produces a net
momentum transfer of 2h̄k in a time π/δ. In the absence of
spontaneous emission, the force is thus ∼2h̄kδ/π ≫ Frad , and
is not subject to saturation. Spontaneous emission reduces this
by about a factor of 2 [10, 11]. Moreover, the velocity range
of the bichromatic force is ∼ ± δ/2k ≫ ±vc .

2. The adiabatic rapid passage force
The bichromatic force is modelled in terms of π-pulses that
exchange coherently the ground and excited state populations
of two-level atoms. This process also mediates controlled
momentum exchange without saturation. However, π-pulses
are not the only way to accomplish this inversion: another
way uses the well known frequency sweep technique called
adiabatic rapid passage (ARP) to do it with nearly 100%
efficiency [16–18].
ARP is particularly well described using an artificial
‘Bloch vector’ R⃗ whose components are determined by the
complex coefficients of the superposition of atomic ground and
excited states caused by interaction between a two-level atom
and the laser light [19]. The Schrödinger equation is equivalent
to a form where the time dependence of these coefficients
⃗ where '
⃗
⃗ ′ is a ‘torque’ vector whose
⃗ ′ × R,
satisfies dR/dt
='
two horizontal components are the real and imaginary parts of
the atomic Rabi frequency ' in the laser field, and the vertical
component
! is the detuning from atomic resonance δ. Thus
⃗ ′ | = |'|2 + δ 2 . (Usually ' can be chosen to be real.)
|'
This geometric view of the Schrödinger equation allows a
particularly graphic interpretation of ARP (see figure 1). At the
beginning of the frequency sweep, where the initial detuning
δ0 is much larger than the Rabi frequency ', R⃗ executes small,
rapid orbits near the south pole (atom in the ground state), and
the axis of these orbits slowly drifts up toward the equator as
δ approaches zero. The sweep continues toward the opposite
detuning so that near the end of the sweep, where again δ ≫ ',
R⃗ executes small, rapid orbits near the north pole, and is finally
left at the north pole (the atom is in the excited state).
There are certain requirements for this process to occur
efficiently. First, ' must be large enough so that R⃗ makes very
⃗ ′ during the sweep time Ts ≡ π/ωs ,
many precessions about '
⃗′
which means ' ≫ ωs . This ‘adiabatic following’ of '
by R⃗ produces the ‘A’ in ARP. For a uniform sweep rate,
δ̇ = δ0 ωs /π, where ±δ0 is the sweep range. This means
δ̇ ≪ 2δ0 '.
Second, the entire sweep must occur in a shorter time
compared with the atomic excited state lifetime to minimize the
effects of spontaneous emission during the sweep, and thereby
preserve coherence between the atom and the radiation field.
This requires ωs ≫ γ , or δ̇ ≫ 2δ0 γ , and constitutes the ‘rapid’
condition in the name ARP. These are two conditions on the
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(a)

(b)
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Figure 1. At the beginning of the frequency sweep with the atoms
in the ground state (south pole), the initial detuning δ0 is much larger
than the Rabi frequency '. Thus R⃗ executes small, rapid orbits near
⃗ ′ is nearly polar as
the south pole because the ‘torque’ vector '
shown in part (a). These oscillations grow as δ sweeps toward 0
where the precession axis approaches the equatorial plane as shown
in part (b). At δ = 0, R⃗ executes orbits in a vertical plane because
⃗ ′ is ', and
the only remaining component of the ‘torque’ vector '
′
⃗
thus ' is in the equatorial plane. Near the end of the sweep δ is
again very large, R⃗ executes small, rapid orbits near the north pole
as shown in part (c), and is finally left at the north pole with the
atom in the excited state. Atoms that start at the north pole (excited
state) are similarly driven in this coherent way to the south pole.

sweep time Ts and the Rabi frequency ' that must be met
independently, in addition to their combination ' ≫ γ .
⃗ ′ is nearly polar
Finally, it is required that δ0 ≫ ' so that '
at the extremes of the sweep. Thus δ0 is the highest frequency
in the system. All these conditions can be written together as
δ0 ≫ ' ≫ ωs ≫ γ .

(1)

ARP is a far more robust method than π-pulses for
inverting the population of a two-level system. It is not
sensitive to variations of the interaction time or the intensity
as is the π -pulse method. Changes in the start and end point
of the sweep are easily tolerated with little consequence as
long as equation (1) is satisfied. Thus it seems very attractive
to implement this method as a tool for coherently controlled
exchange of momentum between atoms and a light field.
A simple model calculation of the magnitude of the ARPmediated force begins by considering that the momentum
transfer in one half-cycle of the frequency-modulated light is
2h̄k. First, a frequency-swept laser beam from one direction
excites the atoms and transfers h̄k, and then another beam from
the opposite direction, and whose sweep is delayed, drives
them back to the ground state and also transfers h̄k. The
direction of the frequency sweep, namely the sign of δ̇, is of
⃗ ′ is essentially polar at the ends
no consequence as long as '
of the sweep. Since the time for this is π/ωs , the force is
FARP ∼ 2h̄k/(π/ωs ) = 2h̄kωs /π .
As in the case of the bichromatic force, spontaneous
emission compromises the strength of this force by about a
factor of 2, while at at the same time enabling its dissipative
character and unidirectionality [11, 12]. Thus we might
expect FARP ∼ h̄kωs /π ≫ Frad . For modulation frequency
ωs = 10γ , this picture predicts FARP ∼ 6.4Frad . Of course,
the model is not completely correct because the cycles of
frequency-swept light overlap one another rather than being
completely separated in time. Nevertheless, we have modified
an existing numerical simulation program for the bichromatic
force4 to make it applicable to FARP and have found good
4
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Figure 2. The laser spectrum measured with a scanning
Fabry–Perot interferometer whose free spectral range is ∼1 GHz
and finesse ∼200 so that it shows the sidebands well. The slight
asymmetry of corresponding sideband intensities about the centre is
attributed to a variation of the laser power as the injection current is
varied at the rf frequency. Here ωs = 10γ = 2π × 16 MHz and
β = 7. The sidebands are clearly spaced at 16 MHz, but note the
absence of the first order.

agreement between this model calculation and such numerical
calculations. Moreover, the measurements described below
further corroborate this model.

3. Apparatus
Our apparatus for the study of polychromatic forces on
metastable He (He*) has already been described [14, 15],
but is briefly reviewed here. We drive the 23 S1 → 23 P2
transition at λ = 1083 nm. We implemented this ARP force
using amplified light from a diode-pumped fibre amplifier5 that
originates from an injection-current-modulated SDL-6702-H1
diode laser.
The free-running diode laser was frequency modulated
by using a bias tee to inject an rf modulation current on top
of the dc current that drives the laser diode. The modulation
frequency was ωs = 10γ = 2π × 16.3 MHz. Note that the
familiar steady-state spectrum of frequency-modulated light is
indeed a carrier with sidebands as shown in figure 2, but that the
instantaneous frequency is swept by the rf field of frequency
ωs exactly as required for ARP. The optical electric field is
E⃗ = E⃗0 cos [ωℓ t + β sin(ωs t)] where ωℓ is the laser frequency
and β ≡ δ0 /ωs . Then the instantaneous frequency is the time
derivative of the phase of E⃗, namely ωℓ + δ0 cos(ωs t), which is
just the desired frequency sweep of 2δ0 in time π/ωs .
The output beam of the diode laser was injected into a
diode-pumped fibre amplifier to produce the necessary several
hundred mW of frequency-modulated light5 . The output beam
of the fibre amplifier was subsequently circularly polarized to
pump atoms into the MJ = 1 sublevel of the 23 S1 state and
to drive the closed transition to the 23 P2 , MJ = 2 sublevel.
The peak intensity in each of our elliptical Gaussian laser
beams (waists ∼7.5 and 1.3 mm) was ∼1.2 W cm−2 , about
7500 × Isat , where the saturation intensity Isat ≡ πhc/3λ3 τ ≈
¯ R was
0.16 mW cm−2 . Therefore, the peak Rabi frequency '
∼60γ . The diode laser alone does not produce enough power
to generate this peak intensity in an adequately sized laser
5
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Figure 3. A top view showing the horizontal atomic beam subject to
the transverse laser beams as it enters the interaction region. The
plot at the end is a trace of the atomic flux across the middle of the
image. Atoms are deflected by the ARP force, and their velocity
distribution is broadened by the width of the longitudinal velocity
distribution and by different numbers of spontaneous emission
events.
(This figure is in colour only in the electronic version)

beam, but the technology of fibre amplifiers injected with
diode laser light has set the stage for this whole range of new
experiments.
Our atomic beam source is modelled after the reverse flow
design of Kawanaka et al [20] with modifications originated by
Mastwijk et al [21]. It consists of a 1 cm diameter quartz tube
with a 1 mm diameter tungsten needle along its axis and a 3 cm
diameter LN2 -cooled stainless steel coaxial jacket. The plasma
from a dc discharge produces about ∼1014 He* atoms s−1
with a velocity distribution typical of ∼150 K. We have
characterized this velocity distribution using a time-of-flight
method with a tuning-fork beam chopper, and found the mean
longitudinal atomic velocity to be ≈1000 m s−1 . The atoms
passed through a vertical slit to define and collimate the beam
and thereby enable one-dimensional transverse measurements
of atomic deflection and/or laser cooling.
We used a microchannel plate (MCP) and phosphor
screen combination to detect the He* atoms 70 cm away
from the interaction region, as shown in figure 3, and we
inferred their transverse velocity distribution from their spatial
distribution. Since He* atoms carry about 20 eV of internal
energy, they ejected an electron from the upstream surface of
the MCP with high probability, and the amplified pulses at
the output side of the MCP were accelerated to the screen.
The screen was viewed through a window by a video camera
connected to a PC via a frame grabber card. To characterize
the apparatus we did several ordinary Doppler deflection
experiments with a single laser beam using a wide range
of laser parameters, and compared the measurements with
straightforward calculations [1]. The agreement was excellent
in every detail with a single laser beam to deflect the atoms,
we varied the intensity, polarization and detuning of the light.
We measured the deflection of the atoms, extracted the force
and compared the result with the calculations. The agreement
also confirmed the limits of the Doppler force in both its
velocity range and magnitude. We also did single frequency
laser cooling with standing waves, both with and without
polarization gradients. Again, both the Doppler and the
sub-Doppler cooling limits we observed were consistent with
straightforward calculations.
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(a)
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Figure 5. Similar to part (b) of figure 4, but in this case the
modulation is not centred about atomic resonance, but 60γ above it,
and the interaction time was 70τ . The dashed curve shows the
unperturbed atomic distribution and the solid curve shows the
positions of the deflected atoms. Here the laser parameters were the
same as in figure 4 except φ = π/10, β = 7 and centre detuning
= +60γ .

Figure 4. Part (a) is a single-frame image (no averaging—1/30 s
frame) of the phosphor screen illuminated by electrons amplified by
the MCP that are emitted by impact of He* atoms (with laser
light on). The interaction time was ∼40 τ . Atoms hitting near the
top and bottom of the screen do not pass through the laser beam and
therefore serve as markers for undeflected atoms. The prominent
bulge to the right shows the strongly deflected atoms. Part (b) shows
a plot of the atomic flux along a line across the middle of part (a).
The dashed line shows the unperturbed atomic distribution and the
solid curve shows the positions of the deflected atoms. The peak
¯ was 60γ , ωs = 10γ , φ = π/4, β = 10,
Rabi frequency '
δ0 = 100γ and centre detuning = 0.

The frequency-modulated light beam passed through an
adjustable vertical slit of width d mm to limit the interaction
time to d/v ∼ d µs ∼10τ d. It crossed the atomic beam, and
the small absorbed fraction imparted a transverse momentum
impulse h̄k to atoms in the beam during the frequency sweep
that was much shorter than the passage time of the atoms
through the transverse light beam. Then it travelled to a retroreflecting mirror 120 cm away to produce the desired relative
phase φ = π/4 of the two counter-propagating frequencyswept beams. Thus the frequency-swept light returned the
excited atoms to their ground states and imparted the second
impulse of h̄k as described in the ARP-mediated force picture.

4. Results
As shown in figure 3 we viewed the atomic distribution at the
end of the beam line with a video camera and saved the image.
A typical picture is shown in figure 4(a), and a plot of the atomic
intensity profile is shown in figure 4(b). From figure 4(b) we
can determine that the average transverse velocity change of
atoms deflected by this force +v ∼ 3.8γ /k ∼ 76h̄k/M =
76× the recoil velocity. For an interaction time of 40τ resulting
from d = 4 mm, this corresponds to a force of 3.8 Frad , about
3/5 of the prediction of the model. Moreover, it may be
much stronger at lower velocities than at v ∼ 3.8γ /k, but
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our measurement is only an average over this range. What is
important here is that the velocity range of this force, measured
here in only one direction, is ∼ ± 3.8γ /k corresponding to
∼7.6vc , considerably larger than that for Frad .
Another possible reason for the large difference between
the anticipated and measured forces is that the ARP conditions
of equation (1) are not very well fulfilled for our laser
parameters. For ' = 60γ and δ0 = 100γ the first condition
of equation (1) is only weakly satisfied. Moreover, ωs = 10γ
gives δ̇ ∼ 300γ 2 so the condition δ̇ ≫ 2γ δ0 is also only
weakly satisfied because δ̇ is only 1.5 × 2γ δ0 . Nevertheless,
the observed force significantly exceeds Frad .
For the data shown in figure 4, the laser frequency was
symmetrically modulated around resonance, i.e. ωℓ = ωa ,
where ωa is the atomic resonance frequency. Curiously, we
observed larger forces when the laser was blue detuned from
resonance and phases other than π/4 were used.
Figure 5 shows the deflection achieved when ωℓ − ωa =
60γ and φ = π/10. In this data, the distance from the
interaction region to the detector was decreased from 70 to
30 cm so that atoms with larger transverse velocities would
not bypass the MCP. The measured transverse velocity change
in figure 5 is +v ∼ 9γ /k ∼ 175h̄k/M. For these data, 7 mm
vertical slits were used to set the interaction time to 70τ and
therefore the observed deflection corresponds to a force of
∼5Frad , closer to the ARP model force of 6.4Frad .
The unexpected result of forces considerably larger than
Frad under a wide range of relative phases φ and values
of β has been predicted in numerical calculations [17]. A
similar situation arises in the results of measurements of the
bichromatic force, where laser parameters that satisfy the
conditions of the π-pulse model result in a force that is much
smaller than the maximum observed (see figure 1 of [12]).

5. Conclusions
We have demonstrated that the strength of the ARP force is
≫Frad and its velocity range is ≫vc , and thus it is comparable
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in many ways to the bichromatic force. In some sense,
the ARP force arises from a frequency modulation of light
in counterpropagating beams whereas the bichromatic force
arises from an amplitude modulation. Both can be described
by appealing, simple models that involve the relative phase
of the modulation of the counterpropagating beams. Yet the
strongest force in both cases is observed under conditions that
do not satisfy their respective models. These are interesting
subjects for future study, both numerically and experimentally.
Nevertheless, we believe that the fully implemented ARP force
also has the capacity to stop our He* beam in a distance of less
than 1 cm, much shorter than the 2 m required to stop He*
with Frad .
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