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Atom femtosecond optical trap based on spectrally filtered laser

radiation

A.M. Mashko, A.A. Meysterson, A.E. Afanasiev, V.I. Balykin

Abstract. We have examined the use of alkali metal (rubidium)
vapour for spectral filtering of broadband pulsed laser light that is
used to produce a femtosecond pulsed optical dipole trap. It has
been shown that, even at large detuning of the centre emission
frequency from the frequency of atomic transitions, spectral com-
ponents present in the wings of the laser emission line are capable
of heating localised atoms, thus reducing their lifetime in the
atomic trap. Using atomic vapour for filtering the laser emission
spectrum, we have suppressed its spectral components resulting in
heating. This has made it possible to increase the lifetime of atoms
in the pulsed optical dipole trap to a value comparable to their
lifetime in an optical trap formed by narrow-band cw laser light.
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1. Introduction

The first experimental studies concerned with the laser
cooling [1] and trapping [2] of neutral atoms used alkali
metal atoms. A variety of basic studies [3] and practical
applications [4] require that the range of elements that can
be cooled and localised with the use of optical fields be
extended. The major challenge in this context is to imple-
ment processes for laser cooling of atoms. The reason for
this is that the absorption lines of most atoms lie in the UV
spectral region, for which no efficient light sources are
available [5]. It is due to this that laser cooling has so far
been demonstrated for only a limited number of atoms [6]:
26 elements whose absorption spectra fall in the visible and
near-IR spectral regions.

Optical localisation of atoms does not require any laser
sources with a frequency in resonance with that of atomic
transitions, but the depth of the optical potential is inversely
proportional to the laser frequency detuning from the fre-
quency of an atomic transition [7], which leads to a small
potential depth at large frequency detuning. The decrease in
the depth of the optical potential can be compensated for by
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increasing the laser light intensity, but this approach presents
a number of technical difficulties related to the use of high-
intensity light.

Laser sources for cooling and localisation are especially
necessary in the case of atoms whose transition frequencies lie
in the UV spectral region. Of most interest are hydrogen and
antihydrogen atoms, which can be used in basic research [8].
Also interesting and practically important are the cooling and
localisation of atoms that are used in organic chemistry (car-
bon, oxygen and nitrogen) [5]. All the above elements have
absorption lines suitable for cooling and localisation and
lying in the UV spectral region. At present, only pulsed laser
sources emitting in the UV spectral region are mainly avail-
able [9]. The few cw lasers are multimode and have a narrow
frequency tuning range and low power. In connection with
this, it is planned that UV radiation for atom cooling and
trapping will be ensured by nonlinear conversion of light
from pulsed laser sources (second, third and high harmonic
generation).

A theoretical analysis of laser cooling with the use of
pulsed laser light was presented by Kielpinski [5]. Like in the
first experiments on laser cooling of atoms with cw lasers,
pulsed cooling was demonstrated for alkali metal atoms
using pico- and femtosecond pulses [10, 11]. In addition,
Clarke et al. [12] and Shiddiq et al. [13] demonstrated optical
localisation of rubidium atoms using picosecond light
pulses. At the same time, attempts to localise atoms using
femtosecond light pulses were unsuccessful for a long time,
even though such localisation was possible according to the-
oretical predictions [14, 15]. This was thought to be mainly
due to the photoassociation of atoms in the optical poten-
tial, which can be an effective loss channel for atoms in a
trap [16].

Further detailed investigation of atom heating processes
in a pulsed optical potential made it possible to optimise
laser beam parameters so that femtosecond localisation of
atoms became feasible. This allowed us to localise rubidium
atoms using femtosecond light pulses [17]. In the case of
optical atom localisation, the following main channels for
atom losses from an optical potential can be distinguished:
(1) interaction with residual vapour, (2) atom photoassocia-
tion processes in the optical potential, (3) momentum diffu-
sion processes due to dipole force fluctuations and (4)
momentum diffusion processes due to resonance photon
scattering. As shown by Afanasiev et al. [17], the main phys-
ical process responsible for the heating of atoms in a pulsed
optical potential is momentum diffusion driven by dipole
force fluctuations. Moreover, pulsed localisation revealed
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Figure 1. Power spectral density of the light used to localise atoms and the position of the absorption lines of Rb atoms.

its characteristic feature due to the extremely broad spectral
composition of light: the spectral components (at wave-
lengths of 780 and 795 nm) present in the wings of the laser
emission line and close to atomic resonance can cause heat-
ing of localised atoms. In this work, we propose and demon-
strate a method for eliminating quasi-resonance components
in the laser emission spectrum through the absorption of
these components by dense rubidium atomic vapour in an
outer cell. This made it possible to perform narrow-band
spectral filtering of the localising light. In this paper, we
examine this filtering method in the case of the localisation
of rubidium atoms in a pulsed optical potential.

2. Spectral properties of pulsed light

As pointed out earlier, the use of ultrashort laser pulses for
cooling and localising neutral atoms will make it possible to
extend the range of atoms that can be used in atomic optics.
At the same time, in going from continuous-wave narrow-
band light to pulsed light, it is necessary to take into account
its spectral width and mode composition. In particular,
ensuring proper interaction of atoms with optical comb fre-
quencies made it possible to cool them [10]. If pulsed light is
used for atom localisation, it is also necessary to take into
account its spectral composition. The reason or his is that,
even at large laser frequency detuning from the frequency of
an atomic transition, the optical field contains spectral com-
ponents that are in resonance with atomic transitions owing
to the broad spectral composition of the light. This is par-
ticularly important of one uses femtosecond light pulses
whose spectral width can reach 10—50 nm, which consider-
ably exceeds the spectral width of a laser source operating in
continuous mode.

The possibility of atom localisation in an optical dipole
potential is based on the fact that heating processes due to
resonance scattering of laser photons by a localised atom are
suppressed because of the large laser frequency detuning [18].
The presence of spectral components of light in resonance
with optical transitions of atoms leads to effective heating of
the atoms (an increase in the energy of the atoms in the opti-
cal potential) and, as a consequence, a decrease in the lifetime
of atoms in this potential. It is this situation which occurs
when femtosecond light pulses are used. In such a case, the
spectral width of laser emission is comparable to the laser fre-

quency detuning from the atomic transition frequency. As a
result, the localising light contains a small fraction of light
whose wavelength is in exact resonance with the wavelength
of the absorption line of atoms.

To localise rubidium atoms, Afanasiev et al. [17] used
femtosecond light pulses with a centre wavelength of
825 nm and spectral width of 15 nm. Rubidium atoms have
two absorption lines, at wavelengths Ap, = 795 nm and Ap,
= 780 nm, which correspond to transitions from the 5S;,,
ground state to the 5P, and 5P5), excited states. Figure 1
shows the emission spectrum of laser pulses used to inves-
tigate rubidium atom localisation, together with the posi-
tion and relative intensities of the absorption lines of
rubidium atoms. The strength of the D, line is half that of
the D, line, but the localising light frequency detuning for
it (Ap, = 30 nm) is smaller than that for the D, line (Ap, =
45 nm).

The average laser output power was 20 mW. It is seen
from Fig. 1 that the spectral power in the region of the
absorption lines of rubidium is low. However, it differs
from zero because the emission spectrum of a mode-locked
pulsed laser is limited by the spectral gain bandwidth of the
active medium and lies in the range 750 —-900 nm in the case
of a Ti:sapphire laser. Results of additional measurements
with band-pass filters show that, in a spectral range equal
to the absorption linewidth of rubidium (6 MHz), the
power at the frequencies of the D; and D, lines is ~140
(Pp,) and ~0.56 pW (Pp,). The considerable difference in
power is due to the fact that the D, line is close to the cen-
tre frequency of the pulsed laser. If such laser light is
focused onto an area 8 um in radius, these powers corre-
spond to intensities Ip, = 70 uW ¢cm and Ip, = 0.28 uW
cm~2. These intensities are extremely low compared to the
saturation intensity of atomic transitions: I = 4.49 mW
cm2 and I3 = 2.50 mW cm2 for ¥Rb in the case of lin-
early polarised light [19]. In continuous mode, the laser
operates predominantly on a few competing frequency
modes, and the power spectral density in the region of the
absorption lines of rubidium is negligible.

Let us estimate the lifetime of rubidium atoms in an opti-
cal potential when they interact with additional resonance
bichromatic laser light having the above intensities. To this
end, it is necessary to estimate the rate of photon scattering by
an atom. This can be done by finding a steady-state atom
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population distribution in a three-level medium with a com-
mon ground state (Fig. 1).

The 5S;,, ground state is denoted as |0), and the 5P, and
5Ps), excited states, as |1) and |2), respectively. Dipole-allowed
transitions are only possible between the following states:
|0y = |1) and |0) = |2). The |0) - |1) transition corresponds to
the D) line of rubidium, with a wavelength Ap, =795 nm, and
the |0) = |2) transition corresponds to the D, line, with a wave-
length Ap, = 780 nm. The dynamics of such a system when it
interacts with a bichromatic field comprising two components
that have intensities /; and /, and are in resonance with the
|0y = |1) and |0) — |2) transitions, respectively, can be described
using equations for a density matrix:

dg“ =11 (po1 — p1o) — Lpu,

t

dp2 _ o r

a4 = 1£22(po2 = pa) = Dop22,

dpor _ iQi(p11 — poo) — Lipor )
dr 2 ’

dpo _ — oy — L2
T 1822(p22 — poo) 5 P2,

poo+pii+pr=1,

where Q) and ©, are the Rabi frequencies of the |0) - |1)
and |[0) - |2) transitions, respectively, and I'y = 2nx5.75
MHz and I, = 2nx6.07 MHz are natural widths of the
excited states. In this system of equations, we assume that
the probability of exciting an atom from the |0) state to the
[1) (]2)) state by a laser field at the frequency of the |0) = |2)
(10) = |1)) atomic transition with an intensity 7, (I;) is low
compared to the probability of the resonance transition.
This assumption is valid at typical experimental light inten-
sities.
In a steady state, we have

dpn _ dp  dpo _ dpo 0
de = dr — de — dr T

and the solution to this system of equations has the form

1+ Ts)l + +52)

poo= I+si+92+3s8)
1 1
751 (1 + 7S2) (2)
11 = 5
P (1 + 51+ 524+ 3515)
S (L4 Ls1)
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1+ 51+ 24 3815)
where
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Si= Il.sm = 2<T1>

is the saturation parameter of the |0) = |i) (i = 1,2) transition.

At typical experimental laser field intensities, calculations
give the following steady-state populations: pyy ~ 0.992,
pi~ 7.7 % 1073 and py, ~ 5.6 X 107, Even though the dipole
moment of the atomic transition corresponding to the D; line
of rubidium is smaller than that for the D, line, a considerably
larger fraction of the excited state population is concentrated
at the |1) level (in the 5Py, state). The reason for this is that
resonance light intensities are considerably lower than satura-
tion intensities and, hence, the absorption remains linear. At
the same time, the intensity of the light interacting with the
|0y = |1) transition is several orders of magnitude higher than
that of the light interacting with the [0) — |2) transition
because the D; line is close to the centre frequency of the
pulsed laser.

The sought rate of photon scattering by an atom is given
by R{ = Ipi. Since an atom receives a recoil momentum in
each scattering event, the photon scattering rate determines
the momentum diffusion coefficient D of the localised atom
[20]. In the three-level system under consideration, the total
momentum diffusion coefficient is given by

D=Di+Dy=1 3 RF (k) (3)

i=12

where hk; is the recoil momentum for the scattering of a
photon with a wavenumber k;. Under the conditions of the
experiment being described, we have D =9.7 X 1070 ] kg/s.
The momentum diffusion coefficient determines the life-
time of an atom in an optical potential, which can be esti-
mated as the time 7 needed for the energy of an atom of
mass m to increase by the depth of the localisation poten-
tial, Uy [21]:

o 4)

T:D.

If pulsed laser light is used for atom localisation, there
is no steady-state optical potential. Nevertheless, the depth
of the potential can be estimated using average intensity
parameters [13]. This is possible because the laser pulse
repetition rate f.., = 80 MHz far exceeds the frequency of
atomic oscillations in the potential well [17]. The depth of
the optical potential produced by linearly polarised light
with average intensity 7 and centre frequency w, for rubid-
ium atoms with atomic transition frequencies wp, and wp,
corresponding to the D; and D; lines and an atomic transi-
tion frequency w, with no account for the fine splitting of
excited states, can be estimated using the well-known rela-
tion [7]

2
Vo= BTy 2 (5)
CUS \wlas — WDy Wlas — WD

If 20-mW laser light with a centre wavelength A = 825 nm
is focused to a spot radius of 8 um, the depth of the potential
is Uy=1 x 10727 J = 74 uK. According to (4), the lifetime of
atoms in an optical dipole trap, limited by momentum diffu-
sion, is 1.5 ms. This short lifetime is due to the heating of the
atoms by the localising field spectral components that are in
resonance with the D; and D, absorption lines of Rb atoms.
The contributions of the D and D, lines to the atom lifetime
are p, = 1.5 ms and 7p, = 185 ms.
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3. Spectral filtering of light

It follows from our calculations that the spectral distribution
of pulsed light has a strong effect on the lifetime of atoms
localised in a pulsed optical dipole trap. To increase the life-
time of atoms in an optical potential, it is necessary to sup-
press the spectral components of the localising field at the
absorption frequencies of Rb atoms. Under the experimental
conditions of this study, the shortest measurable lifetime of
atoms in an optical potential is ~100 ms. According to our
calculations, to reach this lifetime the power of the spectral
components that are in resonance with the rubidium lines
should be reduced by 70 times.

The power of the corresponding spectral components of
the localising field can be reduced in several ways. The sim-
plest one is to use a notch filter. This approach has a serious
drawback. The operation of such a filter relies on interference
effects, so, passing through the layered structure of the filter,
pulsed light of short duration breaks up in the time domain
into a sequence of pulses. Such a configuration cannot be
considered as a pulsed optical dipole trap with a particular
pulse duration.

An effective solution to the problem of spectral filtering is
to use a rubidium atomic vapour cell as a spectrally selective
filter. When laser light passes through an optical cell filled with
saturated rubidium vapour, the vapour absorbs light at the
absorption frequencies of the Rb atoms. Absorption coeffi-
cients depend on the length of the cell and its temperature,
which determines the concentration of atoms in the cell [22].

Figure 2 shows laser light transmission spectra of a cell
with isotopically natural rubidium atomic vapour near the D,
absorption line at different temperatures. The transmission
spectra were obtained at a laser light intensity below the satu-
ration intensity. With increasing temperature and, hence,
atomic vapour concentration, the absorption coefficient
increases. Thus, a heated rubidium atomic vapour cell can be
used as a notch filter [23].

At cell temperatures above 70 °C, the selective absorption
is so strong that the resonance spectral components of the
laser light have no effect on the dynamics of atoms in the trap,
and the lifetime of the atoms in the optical dipole trap formed

by the light transmitted through the cell increases. It should
be noted that, owing to the Doppler effect, light is absorbed in
a broad spectral range, which further reduces the possibility
of photon scattering in the wings of the absorption lines of the
localised atoms. As the temperature is raised to 200°C, indi-
vidual absorption lines merge and the rubidium vapour cell
becomes an effective notch filter with a bandwidth of ~8 GHz.
The absorption spectrum near the D1 line of rubidium is sim-
ilar in shape to that in Fig. 2 [24].
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Figure 2. Transmission spectra of a cell with saturated Rb atomic va-
pour near the D, absorption line at different temperatures.

It is worth noting two features of using a vapour cell as a
filtering component.

First, when femtosecond laser pulses propagate through a
dense absorbing medium under our experimental conditions,
their shape does not undergo any significant changes: such
changes occur only if the centre frequency of the pulses lies
near absorption lines [25].

Second, the use of a rubidium atomic vapour cell in
conjunction with broadband pulsed laser light is analogous

Ti:sapphire laser

MOT laser light

Probing laser

CMOS
camera

Figure 3. Schematic of the experimental setup used to study the effect of spectrally selective light filtering on the lifetime of atoms in a pulsed opti-
cal trap: (/) polarising beam splitter, (2) phase plate, (3) mirror, (4) mechanical shutter.
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to frequency comb spectroscopy, a method developed in
recent years [26]. In that method, the spectrum of an ele-
ment of interest is obtained by assessing the absorption of
the spectral components of an optical comb that corre-
spond to absorption frequencies. The selective frequency
filtering of pulsed light proposed by us for producing an
optical dipole potential corresponds to the limiting case of
frequency comb spectroscopy. Central to our approach is a
complete absorption of the spectral components corre-
sponding to the excitation frequencies of atomic transi-
tions of atoms being localised.

4. Experimental setup

The effect of spectrally selective filtering of femtosecond
pulses on the lifetime of localised atoms was studied using
420-fs pulses. The lifetime of atoms in an optical trap was
measured as a function of rubidium atomic vapour cell
parameters. The absorption in the cell was controlled by vary-
ing its temperature.

Figure 3 shows a schematic of the experimental setup. The
formation of cooling and probing laser fields was described in
detail elsewhere [27]. The procedure used to measure the life-
time of atoms in an optical potential was similar to that
reported by Afanasiev et al. [17].

A key component of the experimental setup was a vac-
uum chamber with a residual vapour pressure of ~7 X
10710 Torr. To localise atoms in the optical dipole trap,
they were precooled in a magneto-optical trap (MOT).
Subsequent sub-Doppler cooling of atoms allowed the
temperature to be lowered to 40 uK. The kinetic energy of
atoms at this temperature is comparable to a 74-uK depth
of a potential well produced by pulsed laser light with an
average power of 20 mW focused onto an area of 8-um
radius (average intensity /=9.95x 103 W cm2). The pulsed
optical dipole trap was produced by a Ti:sapphire laser
with a pulse duration of 50 fs and a spectral bandwidth of
15 nm (the emission spectrum of the laser is shown in
Fig. 1).

To suppress the momentum diffusion driven by dipole
force fluctuations due to the high laser pulse peak intensity
[17], the pulse duration was increased. To this end, the
laser beam was passed through a 19.5-cm-thick quartz
glass plate. Because of group velocity dispersion, the laser
pulse duration increased to ~420 fs. Thus, the optical
dipole trap was produced by chirped laser light whose
spectral composition was determined by laser oscillator
parameters.

After the pulse duration was increased, the beam was
directed to a rubidium vapour cell for spectrally selective fil-
tering. Similar to those used previously [28, 29], the cell was
made from sapphire and had YAG windows. The use of these
materials allowed us to heat the cell to a temperature of 250 °C
using a three-compartment furnace. The vapour temperature
was determined from the temperature of the cell extension
containing a macroscopic amount of rubidium. The tempera-
ture of the cell windows was 10°C above that of the cell exten-
sion to prevent rubidium condensation on the windows.
When light was passed through the cell, the spectral compo-
nents of the light that were in resonance with the Rb atoms
were effectively absorbed.

Next, the laser beam was focused into the MOT region.
The loading of atoms into the dipole trap was begun 300 ms

before switching off the MOT. After the loading of atoms
into the optical potential, the laser beam and magnetic field
producing the MOT were switched off. We experimentally
determined the lifetime of atoms in the optical potential. To
this end, the number of atoms localised in the optical poten-
tial was measured as a function of trapping time. The trap-
ping time was determined as the time interval between the
instant when the MOT had been switched off and the instant
when the optical dipole trap had been switched off by a
mechanical shutter. The atoms in the dipole trap were
detected by measuring the intensity of atomic Rb fluores-
cence excited by resonance light having the same spatial
configuration as the light used to produce the MOT. To
reduce the background signal from the rubidium atoms in
the vacuum chamber, the diameter of the laser beams used
for probing (1.2 mm) was considerably smaller than the
diameter of the MOT beams (10 mm). The magnetic field
was switched off simultaneously with the MOT and remained
switched off during probing (to avoid MOT formation from
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Figure 4. Effect of the rubidium atomic vapour cell temperature on the
lifetime of atoms localised in the optical potential produced by pulsed
laser light.

the vapour coming from the vacuum chamber). The use of
this probing scheme allowed us to detect atoms in the optical
molasses configuration [30], which offered the possibility of
increasing the probing time and signal-to-noise ratio. The
fluorescence of the atoms in the trap was recorded using a
Hamamatsu ORCA-Flash 2D camera (C11440).

5. Discussion

Figure 4 illustrates the effect of the rubidium atomic vapour
cell temperature on the measured lifetime of atoms localised
in the optical potential produced by pulsed light. It is seen
that raising the temperature of the atomic vapour and,
hence, the concentration of atoms in the cell leads to an
increase in the lifetime of the atoms localised in the pulsed
optical trap. The maximum lifetime reached is 1.2 s, which is
comparable to the lifetime of atoms in a trap formed by con-
tinuous-wave narrow-band light with the same optical
potential parameters (1.4 s). The distinction between the
lifetimes of atoms in the pulsed optical trap and cw trap can
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be accounted for by two physical effects: (1) high heating
rate of atoms in the pulsed trap compared to a cw trap due
to dipole force fluctuations (as a consequence of the high
peak pulse intensity) and (2) photoassociation processes,
which lead to losses of atoms in traps and have a high rate in
the pulsed trap [17].

Note that, in the absence of a rubidium atomic vapour
cell in the path of pulsed light, we failed to detect atom local-
isation. This means that the lifetime of atoms in the poten-
tial produced by broadband pulsed light without selective
filtering is far shorter than 50 ms. This time limitation is
related to the shortest possible trapping time of atoms in the
optical potential under the experimental conditions of this
study.

6. Conclusions

In this work, we have proposed and demonstrated a method
for increasing the lifetime of atoms in a femtosecond pulsed
dipole trap using selective filtering of the spectrum of the
broadband pulsed light producing the optical potential. It has
been shown that, if femtosecond light pulses are used for
atom localisation in a dipole trap, even at large detuning from
atomic resonances the spectrum of the localising field con-
tains light at wavelengths in resonance with absorption lines
of Rb atoms. These spectral components of the laser light
lead to heating of the atoms due to resonance photon scatter-
ing and, as a consequence, they escape the region of the opti-
cal potential.

To perform spectrally selective light filtering, we used res-
onance absorption of laser light in dense Rb atomic vapour.
This made it possible to effectively suppress the spectral com-
ponents at resonance frequencies of Rb atoms and increase
the lifetime of atoms in a pulsed optical dipole trap.

Dense alkali metal vapour is being used increasingly in
controlling laser light parameters. Note e.g. the develop-
ment of high-power alkali metal atomic vapour laser sources
[31], investigation of van der Waals interaction [32], coher-
ent population trapping [33], laser source emission fre-
quency stabilisation [34] and spatial and spectral coherent
control over atomic states with the use of pulsed light
[35, 36]. A characteristic feature of the above examples is
optimal temperature parameters of the atomic vapour used.
As shown in this work, a proper choice of atomic vapour
parameters allows one to increase the localisation time of
atoms in pulsed dipole traps. This is of particular impor-
tance in producing atom cooling and localisation systems
with the use of UV light.

In conclusion, note that, when femtosecond light pulses
are used for atom localisation in an optical dipole potential,
several factors resulting in the heating and loss of localised
atoms should be taken into account. First, the large spectral
width of pulsed light can lead to an increase in the efficiency
of atom photoassociation processes in the localisation poten-
tial [12]. Second, as shown earlier [17] one should take into
account the heating of atoms due to dipole force fluctuations
at a high peak intensity of localising light. Finally, as shown
in this study, additional spectral filtering of localising pulsed
light is necessary to completely exclude the spectral compo-
nents that are in resonance with absorption lines of the atoms
being localised. Therefore, atom localisation in a pulsed
dipole trap can be achieved only when all the above factors
are adequately taken into account.
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