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Abstract. We investigate the properties of two separate
dipole traps, realised using a cw mode-locked Ti:sapphire
laser and a cw mode-locked Nd:YVO4 laser, red-detuned by
25 nm and 284 nm, respectively. Approximately103 laser-
cooled85Rb atoms were confined in the traps at≈ 50µK,
with no observable heating after initial loading. The life-
times of the traps were consistent with limitations imposed
by wavelength-dependent photoassociation losses and col-
lisions with background vapour. Determination of the ac
Stark shift of the780 nm cooling transition using a weak
probe beam showed no observable difference between using
narrow-bandwidth or mode-locked trapping light. Techniques
for trapping and focusing of atoms based on the dipole force
of blue and uv light become much more accessible through
efficient doubling, tripling and quadrupling of mode-locked
sources. This opens up the possibility of manipulating more
technologically interesting species.

PACS: 32.80.Pj; 32.80.Lg; 32.60.+i

Manipulation of laser-cooled atoms using the dipole force ex-
erted by light has become a powerful tool in the repertoire
of techniques available to the laser-cooling experimental-
ist [1–3]. The primary benefit of using the conservative dipole
potential is that atoms may be trapped, guided or focused
with virtually negligible scattering rates and correspondingly
low heating rates [4–7] and long coherence times [8]. Laser-
cooling applications include trapping of atoms [9] (including
BECs [10]), guiding atoms along hollow optical fibres [11,
12], and focusing of atoms for atom lithography [7, 13–15].
Several geometries have been investigated, ranging from the
simplest red-detuned focused laser beam [1] through to blue-
detuned inverted pyramids [16] and atomic funnels [17].

To our knowledge all experiments to date have used
single-frequency or narrow-band dipole light, but there are
significant advantages of using cw mode-locked sources
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which have yet to be exploited, in particular when consid-
ering the possibilities for extending the range of atoms of
interest beyond the alkali metals. Primarily, the high efficien-
cies of non-linear frequency conversion afforded by the very
high peak powers available in short-pulse lasers extends the
range of easily accessible high-power optical sources well
into the blue and uv. For instance cw mode-locked light can
be frequency doubled with efficiencies exceeding40% in
a single-pass configuration and> 70% in simple resonant en-
hancement cavities [18]. cw mode-locked lasers at≈ 1µm
are readily available and can be frequency doubled or quadru-
pled [19] to obtain high-power sources of far-detuned light
for technologically interesting species such as chromium,
indium, silver and aluminium, which all have resonance tran-
sitions in the blue and uv part of the spectrum.

In this paper we demonstrate the trapping of laser-cooled
85Rb atoms in two red-detuned dipole traps using two sepa-
rate laser sources, both of which can be operated in mode-
locked or narrow-band configurations. In both cases approxi-
mately 103 atoms were confined in the traps at≈ 50µK,
with no observable heating after initial loading. In one case
(using a Ti:sapphire laser tuned to about805 nm) the life-
times of the traps were consistent with limitations imposed by
wavelength-dependent photoassociation losses [20], which is
a problem that can be exacerbated by the wider bandwidth of
the mode-locked source. In the other trap (using aNd:YVO4
laser at1064 nm) the lifetimes for narrow-band and mode-
locked operation were virtually identical and consistent with
the limit imposed by the vacuum pressure. We probed the
cooling transition at780 nmand investigated its ac Stark shift
to compare the properties of the dipole traps, both in mode-
locked and narrow-band operation. A simple extension of
conventional dipole trap theory allows one to calculate the
properties of mode-locked dipole traps as a superposition of
many single-frequency traps. For detunings larger than the
mode-locked laser bandwidth the average trap depths and
scattering rates are virtually identical to the single-frequency
case with the same average power and detuning.

Compact solid-state cw mode-locked lasers at1µm typ-
ically have pulse lengths of a few ps, average powers of up
to several W and repetition rates in the100 MHzrange. They
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are commercially available and becoming increasingly re-
liable. For example, lasers using saturable Bragg reflectors
(SBR) [24] are self-starting, can have high average power
(≈ 10 W) and very short pulses (< ps) and are extremely
stable [25].

The output from a cw mode-locked laser is a train of
coherent pulses repeating at the roundtrip time of the laser
cavity. The spectrum of the laser is therefore a comb of modes
separated by the free spectral range of the laser and span-
ning a bandwidth corresponding to the inverse of the dura-
tion of the individual pulses. The perfect coherence between
the individual modes [22] and thereby successive pulses en-
sures that this type of laser is an ideal source for high-
resolution laser spectroscopy [23]. The atomic response from
the individual pulses add up coherently to yield a signal
with a linewidth comparable to what would be obtained with
a single-frequency source.

A notable difference between single-frequency and cw
mode-locked operation of a dipole trap is encountered when
considering the trap losses, particularly due to photoassocia-
tion [20]. When two trapped atoms collide the laser can excite
a bound state in the ‘molecular spectrum’ formed by the long-
range interaction potential of the atoms. In general this will
lead to a significant amount of energy being transferred into
kinetic energy and the two atoms are expelled from the trap.
This is particularly a problem in the red-detuned trap where
the atoms are confined to a high-intensity region. However, in
the single-frequency case it can be avoided either by detun-
ing far enough that the trapping laser is below the first excited
state of the ‘molecule’ or by tuning in between two lines of
the ‘molecular spectrum’ [20]. In the mode-locked case only
the former works as the bandwidth of the laser far exceeds the
line spacing.

The maximum instantaneous trap depth using a cw mode-
locked laser is typically2–5 ordersof magnitude larger than
when using a single-frequency laser of the same average
power. However, as the atoms only experience the trapping
potential for a correspondingly short fraction of the time, the
force felt by the atom and averaged over a few pulses is the
same in the two cases, and the most naive model for the
trap would therefore suggest that the trajectories of atoms are
identical. Indeed, this argument holds as long the repetition
rate of the laser is much larger than the trap oscillation fre-
quencies so that parametric oscillations are not driven. Most
cw mode-locked lasers operating in the ps regime easily sat-
isfy this condition as typical trap oscillation frequencies are
of order a few tens of kHz. This intuitive temporal view of the
trap works well, however, to calculate the trap properties it is
much easier to consider the mode-locked light in frequency
space where the single-frequency theory of dipole traps can
be applied as a linear superposition.

1 Theory

We first review the ac Stark shift of an atomic level due to
single-frequency light of detuning∆ and intensityI . The gen-
eral expression for the potential energy,U, of the ground state
is given by [26]

U = h∆

2
ln(1+ p) , (1)

wherep is the saturation parameter given by

p= I

ISat

Γ 2

4∆2+Γ 2
. (2)

Γ is the linewidth of the transition andISat is the satura-
tion intensity of the transition. The scattering rate,S, is given
by [26]

S= Γ p

2(1+ p)
(3)

In the case of typical single-frequency dipole trapsp� 1,
such that ln(1+ p)≈ p, and∆� Γ , yielding the familiar re-
sult [9] thatU = h(I/Isat)(Γ

2/8∆) andS= (I/ISat(Γ
3/8∆2).

The trap depth expressed in Kelvin is given byhΓ 2/(12kB ISat)
(I/∆). The counter-rotating term in the rotating wave ap-
proximation contributes an extra≈ 15% to the trap depth
using theNd:YVO4 laser and less than2% for the Ti:sapphire
at 805 nm. These equations reduce to give a trap depth of
100IµK for 85Rb using a Nd3+ based laser (≈1.06µm)
and 110IµK for the Ti:sapphire laser at805 nm, where
I is expressed in units ofmW/µm2 and the780-nm and
795-nm transitions have average saturation intensities of 2.4
and 4.8 mW/cm2, respectively, for linearly polarised light.
The corresponding scattering rates are0.18I s−1 and31I s−1,
respectively.

The most straightforward analysis of trapping using a cw
mode-locked laser is carried out in the frequency domain.
We consider the output of the laser as a comb of modes sep-
arated by the free spectral range of the laser and spanning
a bandwidth corresponding to the inverse of the duration of
the individual pulses. We only consider the case where the
bandwidth of the pulse is less than the detuning of the laser
from resonance. The average scattering rate and trap depth
due to the mode-locked light is then the sum of the average
scattering rates and trap depths due to the individual modes,
given by (3). This is justified by considering that each in-
dividual mode sets up an oscillating dipole moment in the
atom. This mode can transfer energy to and from the atom
over long time scales because the atom and the field oscillate
at the same frequency. There is no contribution to the aver-
age energy transfer due to the other modes interacting with
this dipole moment because the energy is transferred back and
forth between the atom and the field at the beat frequency.
Therefore the transfer of energy over long time scales can
only be achieved by the interaction of the dipole moment with
the mode that created it. We can therefore describe the inter-
action of the mode-locked laser with the atom as a sum of
the independent contributions of the individual modes. This
is valid as long as the total scattering rate obtained is much
lower than saturation. For the Ti:sapphire andNd:YVO4 traps
the excited state populations are≈ 3.7×10−6 and≈ 8.0×
10−8, respectively, hence the approximation is valid. The trap
depth calculations are performed in an analogous manner. For
higher laser intensities and/or smaller detunings the interac-
tion between the individual modes will have to be taken into
account. This may be done more appropriately in the time do-
main, where the laser output is seen as a series of coherent
pulses generally separated by less than the decay time of the
atomic coherences.

We modeled the output of the Ti:sapphire laser used in
the experiment as a series of sech2 pulses with an average
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detuning of10 nmfrom the795-nm line. The envelope func-
tion of the amplitude of the comb of modes is also a sech2

function, yielding a time–bandwidth product of 0.315. For the
1-ps pulses used in the experiment the FWHM of the fre-
quency comb is0.68 nm. We sum the contributions of each
mode to the scattering rate and include the variation of the
detuning with each mode for both the780-nm and795-nm
transitions. The calculated increase in the average scattering
rates and trap depths are0.27% and0.072%, respectively,
compared to the corresponding single-frequency case. We
therefore conclude that there should be virtually no difference
in the trap properties using mode-locked rather than single-
frequency light in these typical operating conditions for the
Ti:sapphire trap, other than photoassociation effects. With the
Nd:YVO4 trap the differences are completely negligible.

Table 1 gives a summary of the properties of the lasers
used and the theoretical parameters of the dipole traps ob-
tained using the effective single-frequency model.

2 Experimental details

The experimental set-up was based upon a standard MOT
which is described in more detail elsewhere [27]. A single-
frequency Ti:sapphire laser provided the power for the cool-
ing and probe beams, and a sideband injection-locked laser
diode [28] was used as a repumper. Samples of≈ 108 atoms
of 85Rb were obtained in this system at a temperature of
≈ 20µK.

A dipole trap was constructed with≈ 300 mW of light
from a tunable mode-locked Ti:sapphire laser with a repeti-
tion rate of80 MHz and a pulse width of≈ 1 ps. A tightly
focused spot was imaged into the centre of the MOT using
a 2f −2 f relay lens arrangement, see Fig. 1. The16.5-µm
1/e2 spot size radius was found by measuring the divergence
of the light upon exiting the vacuum apparatus assuming
a pureTEM00 beam. The light was typically detuned10 nmto
the red of the795-nm transition to give a time-averaged trap
depth of≈ 770µK.

The second mode-locked trap was constructed using
a home-madeNd:YVO4 laser with a saturable Bragg re-

Table 1. Properties of the two mode-locked lasers and the dipole traps con-
structed with them. The calculations are based on the spot sizes estimated
by measuring the divergence of the dipole beam, assumed to be diffrac-
tion limited. The trap depth is given by the sum of the contributions to the
5S1/2 state ac Stark shift due to the5P1/2 and 5P3/2 states, using the theory
described above. The counter-rotating term has been included in these cal-
culations and the trap depths, scattering rates and phase changes per pulse
are all peak values

Ti:sapphire Nd:YVO4

Repetition rate,MHz 80 240
Mark-space ratio 12,500 130
Power,mW 300 2800
Spot size,µm 16.5 26.3
Wavelength,nm 805 1064
∆ f S state (P3/2), MHz 10.8 5.25
∆ f S state (P1/2), MHz 13.3 2.80
Trap depth,µK 770 260
Scattering rate,s−1 22 0.47
Phase change per pulse,φ 2π/2.8 2π/23
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Fig. 1. The experimental arrangement based upon a conventional MOT and
two separate cw mode-locked lasers. A frequency-tunable probe beam was
used to measure the number of atoms in the trap and to scan the cooling
transition

flector (SBR) mirror to produce the mode-locking [25]. The
small loss (< 1%) in SBR mirror saturates at high peak pow-
ers, forcing the laser to mode-lock. This laser yielded an
average power of3.6 W at 1064 nm, of which 2.8 W was
used in the dipole trap, yielding a time-averaged trap depth
of ≈ 260µK. The pulse widths were33 ps. A flipper mir-
ror was used to easily switch between the two dipole traps,
enabling quick comparisons of the traps to be made and aid-
ing alignment of theNd:YVO4 laser. Direct comparisons of
the properties of traps in narrow-band and mode-locked op-
eration could be made by replacing the SBR mirror with
an ordinary high-reflection mirror. The power output was
observed to be as stable as when in mode-locking opera-
tion. When the Ti:sapphire mode-locking mechanism was
disrupted the laser output was a similar beam consisting
of a number of simultaneously oscillating modes but with
large power fluctuations (≈ 5%) on timescales of order
30 kHz.

The dipole trap was loaded by focusing the dipole beam
through the centre of the MOT whilst filling for0.5 s, and
then switching the cooling beams off. The repumping beam
was left on for2 ms longer to pump all the atoms into the
F = 2 ground state to eliminate losses due to spin-flip colli-
sions. Approximately103 atoms were held in the traps. The
dipole light was kept on for a variable length of time before
a tunable probe beam, resonant with theF = 3→ F = 4 cool-
ing transition, and the repumping beam illuminated the trap.
The probe beam was circularly polarised and was propagated
along the axis of the dipole trap and retroreflected through
a quarter-wave plate. This configuration leads to a linearly
polarised standing wave (corkscrew) probe of constant in-
tensity. The dipole light was on or off during this time to
provide an easy comparison of the spectra of free space versus
trapped atoms. The images of the dipole trap were captured
on a CCD camera synchronised with the probe beam and
the images analysed on an oscilloscope. For the experiments
probing the cooling transition (see Sect. 3) the intensity and
duration of the probe beam were chosen to be as small as
possible (0.2 mW/cm2 and 0.5 ms) whilst still maintaining
a reasonable signal-to-noise ratio. This minimised trap loss
due to heating when probing on the high-frequency side of the
cooling transition.
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The temperature of the atoms in theNd:YVO4 dipole
trap was measured to be≈ 50µK by examining the bal-
listic expansion immediately after switching off the dipole
light. During loading the atoms are spatially distributed
throughout the trap, and thus have different potential ener-
gies, leading to large temperatures when the MOT light is
switched off. Some boil-off quickly occurs leading to the
more moderate temperature observed. There was no mea-
surable increase in temperature of the atoms in the dipole
trap from 100 msup to at least1000 ms– we studied the
Nd:YVO4 trap because its long lifetime permitted us to meas-
ure the heating rate for long times. Due to the falling cloud
of untrapped atoms it was impossible to image the dipole
trap reliably before100 ms. Using the calculated trap prop-
erties given in Table 1, the trap volume corresponding to
a depth of50µK is ≈ 1.6×10−7 cm3, with a length of ap-
proximately2 mm. By comparing the fluorescence of dipole
trap with the MOT we estimate that more than1000 atoms
are trapped, giving an average trap density of greater than
6×109 atoms cm−3.

The trap lifetimes were determined by measuring the
number of atoms remaining in the trap versus the time held
in the traps. This was achieved by monitoring the fluores-
cence from the probe beam slightly red-detuned from the
cooling transition. TheNd:YVO4 traps in narrow-band and
cw mode-locked operation had experimentally indistinguish-
able lifetimes of 2.0±0.3 s, see Fig. 2, which is consistent
with the loss due to the background vacuum pressure. The
number of trapped atoms were also indistinguishable, demon-
strating that mode-locked lasers can trap atoms as effectively
as narrow-band lasers. The Ti:sapphire traps had lifetimes of
750 msand250 msfor narrow-band and cw mode-locked op-
eration, respectively. The shorter lifetimes of these traps are
consistent with the losses due to photoassociation present in
the wavelength region used (800–825 nm), as described ear-
lier. The mode-locked trap has a bandwidth of≈ 0.68 nmand
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Fig. 2. Direct comparison of the lifetimes of the dipole traps in cw mode-
locked and narrow-band operation. TheNd:YVO4 traps had experimentally
identical lifetimes of2.0 s, limited by background vacuum pressure, demon-
strating that mode-locked light can trap atoms as effectively as narrow-band
sources. The lifetimes of the Ti:sapphire traps operating at805 nm were
lower due to photoassociation losses, particularly in the mode-locked con-
figuration as a result of the large bandwidth (≈ 1 nm) of the light covering
many photoassociation lines. The solid lines are least-square fits to a single
exponential and the experimental values had errors of approximately10%

the average spacing between the photoassociation peaks at
these wavelengths are approximately0.5 nm[20]. The mode-
locked trap therefore has a shorter lifetime than the corres-
ponding narrow-band trap. By tuning the narrow-band trap-
ping light it was possible to observe variations in the loss
rates in a similar manner to Heinzen et al. The contribution
to the lifetime of the traps due to scattering of the dipole light
was negligible. The lifetime of the trap due to this scattering,
τ =U/2SErecoil, is calculated to be2200 sand140 sfor the
Nd:YVO4 and Ti:sapphire traps, respectively.

3 ac Stark shift

In a single-frequency trap the ac Stark shift can be regarded as
a shift in the oscillation frequency of the dipole moment of the
atoms, or equivalently as a continual phase advance of slip-
page compared to unperturbed atoms, see Fig. 3. In the case
of a cw mode-locked trap with the same average power as
a single-frequency trap, the phase change is compressed into
the duration of the pulses where the dipole moment rotates at
a different rate. Assuming a large MSR, the phase change per
pulseφ is then simply the phase change that would have ac-
cumulated during the time between consecutive pulses, and
is given byφ = 2πδ/R whereδ is the ac Stark shift of the
equivalent single-frequency trap of the same average inten-
sity, andR is the repetition rate of the pulses. We also assume
that the total scattering rate is small. Ifφ� 2π and the rep-
etition rate of the laser is greater thanΓ (so that there are
many pulses per decay lifetime), the observed ac Stark shift
is identical to that in the single-frequency case as the se-
ries of small phase shifts approximate to a smooth change
over the excitation time. This was confirmed by simulating
the absorption spectrum of an atomic line in such a pulsed
field using a frame rotation in which the dipole moment of
the atom evolves continuously and the driving electric field
evolves with appropriate phase changes at the repetition rate.
Taking the Fourier transform of this light with the exponen-
tial decay of the atom yields the absorption spectrum, which
was identical to continuous single frequency driving light for

Fig. 3. A representation of the oscillating dipole moment of an atom in
free space, in a single-frequency dipole beam and two cw mode-locked
dipole beams whereφ = 0.05π and φ = 2π. In this figure the single-
frequency dipole beam and the 0.05π mode-locked dipole beam have the
same average intensities but the phase of the atomic dipole moment evolves
differently, demonstrating the compression of the phase shift into the pulses
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the parameters used in both experimental traps. By increasing
the intensity and/or decreasing the detuning and the repe-
tition rate, it is possible to makeφ = 2nπ, wheren is an
integer. In this instance the trap potential still remains, be-
cause the ac Stark shift is present during the pulses, however
theobservedposition of the cooling transition is unshifted be-
cause the resultant phase of the dipole moment is unaffected
by each pulse. We therefore predict a wrap-around effect at
±R/2 in the position of the observed cooling transition as
φ increases.

The observed frequency shift of the transition is given by
the sum of the ac Stark shifts of theS1/2 manifold and the
individual P3/2 states that are being probed. The levels in
the S1/2 manifold all shift by the same amount because∆
is much greater than any of the energy splittings within the
manifold and the combined contributions to the ac Stark shift
from all the hyperfine levels in eachP state add to give the
same total shift. However, each individual mF state in each
P manifold experiences a shift that depends on the oscilla-
tor strengths of the transitions to theSstate levels. Therefore
the observed ac Stark shift is dependent on the upper state
of the transition being probed. We assume an even distribu-
tion in the ground mF levels since the atoms can be in all
possible states after being in the MOT. For theNd:YVO4
trap the average contribution to the observed shift due to the
P states is5.25 MHz×0.77. The measured temperature of
≈ 50µK leads to a reduction in the average ac Stark shift of
≈ 13%, leading to a total expected shift of10.5 MHz. Ex-
perimentally the shift was found to be≈ 5 MHz, see Fig. 4,
and we observed the same shift to within experimental error
when we switched to narrow-band operation of theNd:YVO4
laser. There was therefore no observable difference in trap be-
haviour between mode-locked and narrow-band dipole traps
in this regime.

Estimating the spot size by measuring the beam diver-
gence would tend to overestimate the intensity as the beam

Fig. 4. Frequency scans of the cooling transition whilst theNd:YVO4 and
Ti:sapphire cw mode-locked traps were on, and with the atoms in free
space. An AOM was used to scan the probe beam. The shift of the transi-
tion in the cw mode-lockedNd:YVO4 trap is smaller than the theoretical
predictions but identical to the shift observed using the laser in narrow-
band operation. The predicted observable shift of the Ti:sapphire trap is
28.2 MHz, outside of the range of the scan, but a broad, weak feature is still
observed. The feature does not change when the mode-locking mechanism
is disrupted to give narrow-band light

profile is affected by spherical aberration in the relay lens
(a bi-convex lens with a focal length of25 cm and a diam-
eter of 2.7 cm) as well as any deviation from a perfect
TEM00 laser mode and distortions of the beam along the op-
tical path. We are not aware of a full Gaussian treatment
of the spherical aberration problem, but by using an ex-
pression for the third-order spherical aberration [21] we can
calculate the variation in the classical focal length over the
1/e2 intensity radius (≈ 1 cm on the lens) to be≈ 2 mm. If
a TEM00 beam with a divergence of19 mrad(as observed
with the Nd:YVO4 laser) is defocused by2 mm the beam
cross-sectional area more than doubles. This suggests that
a significant part of the difference between observed and ex-
pected ac Stark shifts is due to spherical aberration from the
relay lens.

The experimental scans of the Ti:sapphire trap were
not wide enough to observe a feature at the predicted shift
of 28.2 MHz, given by the same methodology as in the
Nd:YVO4 trap, but we did detect a broad feature shifted
by ≈ 2.5 MHz from the unperturbed line. Again, there was
no experimentally observable difference in the scans when
narrow-band Ti:sapphire light was used.

4 Conclusions

We have demonstrated two separate dipole traps constructed
using both cw mode-locked and narrow-band laser light. The
lifetimes of the traps were measured and consistent with the
frequency properties of the dipole light. Spectroscopy of the
cooling transition demonstrated that there was no observable
difference between cw mode-locked and narrow-band lasers
in the regimes used. We conclude that mode-locked dipole
beams can be used to open the doorway for trapping and
focusing more technologically interesting species using effi-
cient non-linear frequency conversion of mode-locked laser
sources.
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