Eur. Phys. J. D (2022) 76:70
https://doi.org/10.1140/epjd/s10053-022-00386-7

THE EUROPEAN
PHYSICAL JOURNAL D

®

Check for
updates

Regular Article — Nonlinear Dynamics

Coherent manipulation of trapped Rb atoms by
overlapping frequency-chirped laser pulses: theory and

experiment

Kéroly Varga-Umbrich"2, Jézsef S. Bakos', Gagik P. Djotyan!, Zsuzsa Sérlei!, Gdbor Demeter!, Péter N. Igndcz!,

Béla Raczkevi', Janos Szigeti', and Miklés A. Kedves!?

! Wigner Research Centre for Physics, Konkoly-Thege Miklés tt 29-33, Budapest 1121, Hungary
2 Present address: Robert Bosch Kft., P.O. Box 331, Budapest 1475, Hungary

Received 2 December 2021 / Accepted 11 March 2022 / Published online 20 April 2022

© The Author(s) 2022

Abstract. We present results of experimental and theoretical studies of coherent momentum transfer to
rubidium atoms in a magneto-optical trap by pairs of counter-propagating frequency-modulated (chirped)
laser pulses. The counter-propagating pulse pairs partially overlap each other leading to multiphoton
interaction processes. We show experimentally that the mechanical momentum transferred to atoms in
this scheme of interaction is larger than in the case of non-overlapping pulse pairs acting separately on
the atoms. Results of numerical simulations that take into account all relevant hyperfine energy states of
Rb along with the influence of relaxation and re-pumping processes are in good agreement with obtained

experimental results.

1 Introduction

Coherent manipulation of atomic (molecular) ensem-
bles without heating them is a central problem to
be solved in all experimental studies and applications
where conservation of the atomic phase is a crucial
issue. It is the case, for example in atomic interfer-
ometry (see, e.g., [1-5], as well as review papers [6,7]
with references therein), in the transportation of atomic
ensembles between different steps of laser-cooling sys-
tems, (for example during the creation of Bose—Einstein
condensates), [8,9] and many other fields of science and
technology.

A powerful scheme of coherent manipulation of the
mechanical states of atoms is stimulated Raman adi-
abatic passage (STIRAP) whose important advantage
is that the atomic population transfer between ground
states in A-structured atoms takes place without con-
siderable excitation of the atom. The coherence of the
interaction is thus preserved [10] and the scheme is
useful in state-of-the-art manipulation schemes [11,12].
The population transfer is achieved using two par-
tially overlapping laser pulses (pump and Stokes) in
a counter-intuitive sequence. They provide adiabatic
following of a dark superposition of the ground states
that contains no intermediate excited state probabil-
ity amplitude [6,7]. Since the transfer of the atomic
populations takes place through a two-photon (Raman)
absorption-emission process, mechanical momentum
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— =
equal to h (kp — ks) will be transferred to the atom,

where k, and ks are wave vectors of the pump and
Stokes waves. Consequently, the atom will receive a
mechanical momentum equal to % (k, + ks) when the
STIRAP pulses are counter-propagating. While the
preservation of the atomic coherence is an important
inherent property of STIRAP, the overall value of the
transferred mechanical momentum to atomic beams is
limited due to the Doppler shift induced by the varia-
tion of the atomic velocity during the momentum trans-
fer [6,7]. There are also other schemes of the coherent
manipulation based on the recoil technique in a stand-
ing wave geometry, (see [8,13-17]). In these schemes,
a large frequency detuning should be applied to sup-
press excitation of atoms and preserve the atomic coher-
ence. The large frequency detuning, however, may sig-
nificantly decrease the interaction efficiency.

Strong cooling/accelerating forces can also be
induced by counter-propagating frequency-modulated
continuous beams as in the case of the sawtooth-wave
adiabatic passage (SWAP) technique [18]. The fre-
quency of the radiation is modulated in a sawtooth
pattern over the transition frequency where the slow
upward ramp fulfills the adiabatic conditions but the
fast downward ramp is diabatic. Efficient cooling of
a precooled atomic ensemble has been demonstrated
using a dipole-forbidden transition of strontium [19].
The same method can also be applied for the prepa-
ration of a magneto-optical trap [20]. This method is
especially useful for inducing strong stimulated forces
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on atomic or molecular species with a narrow linewidth
or lacking a cycling transition.

Another important scheme for the efficient transfer
of mechanical momentum from light to atomic ensem-
bles is based on stimulated excitation and de-excitation
of atoms by counter-propagating laser pulse pairs [21].
The scheme may be easily described on a two-level
model atom. If a laser pulse excites the atom, the lat-
ter acquires mechanical momentum equal to that of the

absorbed laser photon hk:_L) (k_,—: being the wave vector
of the laser pulse). A subsequent laser pulse similar to
the first one but propagating in the opposite direction
will de-excite the atom to its ground state resulting in

>
the atom receiving a recoil momentum equal to hkr.
Overall, the atom will receive a mechanical momentum

equal to 2hk;—L) after interacting with the pair of counter-
propagating laser pulses. The method requires that each
pulse transfers the atomic population with close to a
hundred percent probability. This can be achieved by
using 7-pulses or frequency-chirped (FC) laser pulses
that transfer population in the adiabatic passage (AP)
regime [21-23]. Of course, the duration of the pulses
and the time interval between them have to be much
shorter than the relaxation time of the atomic system to
avoid the spontaneous decay of the excited state and to
preserve the coherence. Adiabatic passage can be used
effectively to implement the method for more compli-
cated, multilevel atomic [6,7,24,25] or molecular [26]
systems as well. It is worth noting that the cycle of
excitation and de-excitation resulting in the transfer of
2hk; momentum can be repeated at a high rate, so
the overall force on the atoms or molecules can greatly
exceed the light pressure force mediated by excitation
spontaneous-emission cycles [26-30].

It has been suggested in theoretical works that the
momentum transfer to a two-level atom by a pair of
counter-propagating laser pulses may be significantly
increased if the pulses are not acting separately but
partially overlap each other when interacting with the
atom [31,32]. In Ref. [31], counter-propagating, par-
tially overlapping pulses with constant (non-equal)
frequencies detuned from the atomic resonance were
considered. A similar scheme of counter-propagating
(retro-reflected) pulses but with linearly chirped car-
rier frequencies was considered in Ref. [32]. In both
cases, a possibility of the coherent transfer of 2nhky
momentum (with n > 1 being an integer) to the atoms
by a single pulse pair was shown theoretically. This
effect may be explained in terms of adiabatic quasi-
energies in momentum space. The atom can be adia-
batically transferred from its initial momentum state
to a final state characterized by a momentum value of
2nhky with a probability value depending on the peak
intensity of the pulses and the delay between them. A
nonlinear multiphoton interaction of the atom with the
overlapping counter-propagating laser pulse pair takes
place: the atom with some probability may virtually
absorb n photons from one laser pulse and emit n
photons into the counter-propagating pulse gaining a
momentum equal to 2nhky. The original scheme of non-

@ Springer

Eur. Phys. J. D (2022) 76:70

4 ]
120.6 MHz
5Py, F: 3 ‘ ‘
63.4 MHz
2
] | | 29.4 MHz
A=780.2 nm b bl
3
5%, F: 3036 MHz
2

Fig. 1 Structure of the hyperfine levels of the $Rb Dy
transition. The spacings are not shown to scale between the
manifolds

overlapping, counter-propagating pulses can be thought
of as the n = 1 ‘small overlap limiting case’ of the mul-
tiphoton process.

While the theory of this multiphoton process is well
developed and the underlying physics understood, an
experimental confirmation of this effect has not yet
been provided. It is evident however that implementa-
tion of such an efficient scheme of mechanical manipula-
tion of atoms (molecules) may significantly improve the
techniques utilized in atomic interferometry and other
fields of science where efficient transportation of atomic
or molecular ensembles is needed without disturbing
the coherence of the systems. This technique may also
find applications in atomic (molecular) lithography, as
well as for the capture of atoms or small particles in an
optical trap [33].

In this paper, we present a theoretical and experi-
mental analysis of the momentum transfer to an ensem-
ble of Rb atoms initially collected in a magneto-optical
trap (MOT) in the field of counter-propagating and
partially overlapping laser pulses with frequency chirp.
Numerical simulations are performed using a theory
that takes into account the full structure of the hyper-
fine energy levels of the Dy line of the 8°Rb atoms
(see Fig. 1), spontaneous relaxation processes and opti-
cal pumping of the atomic population. The laser pulse
parameters are taken in the simulations as close as pos-
sible to the ones used in the experiment and theoretical
predictions are compared with experimental results.

2 Experiment

The multiphoton adiabatic acceleration experiments
were carried out on ®°Rb atoms initially collected in a
magneto-optical trap of the conventional arrangement
[34-38] (see Fig. 2). The vapor of rubidium atoms was
produced using an alkali metal dispenser (SAES Get-
ters). The trapping optical force was generated by an
external cavity diode laser (ECDL; type EOSI-2001)
tuned 10 MHz below the 58/, F = 3 — 5P3/ I = 4
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Fig. 2 Schematic upper view of the experimental arrange-
ment. M and QW represent ‘mirror’ and ‘quarter wave
plate,” respectively. Some technical details (e.g., the vertical
MOT and re-pumping laser beams, the anti-Helmholtz coils
and the deflection of the chirped laser beam by a wedge) are
omitted for simplicity

hyperfine transition. Re-pumping (F = 2 — F’' = 3)
was provided by a laser diode (Sanyo DL-7140), and
both lasers were frequency stabilized to the respec-
tive transitions by saturated absorption technique. The
retro-reflected beam of a frequency-chirped diode laser
system was directed at the atomic cloud at a small angle
with respect to one of the horizontal MOT laser beams.
The beam was focused to produce a spot diameter
of about 0.7mm at the MOT, overlapping the atomic
cloud. The waist of the focused laser beam was actu-
ally placed on the reflecting mirror in order to achieve
the same spot size in the forward and backward prop-
agating beams. The laser beam after passing the MOT
cloud was deflected by a wedge and then reflected back
by a mirror, providing the backward propagating laser
beam. The forward and backward propagating beams
crossed each other at the MOT cloud at a small angle
so that back-reflection of the beam into the laser could
be avoided. The distance of the mirror from the MOT
cloud was about 45cm so the delay time between the
forward and backward propagating pulses was about
3ns.

Frequency-chirped laser pulses with duration in the
nanosecond range were generated by slicing pulses from
the continuous wave (CW) radiation of the current-
modulated diode laser using electro-optical modulators.
The appropriate frequency modulation was adjusted by
the parameters of the sinusoidal modulation of the driv-
ing current of the laser diode (Sanyo DL-7140) operat-
ing at 780 nm wavelength. A modulation frequency of
16.7 MHz was chosen so that the delay time between
the consecutive pulse pairs (60 ns) was longer than the
decay time of the excited Rb atoms (26.2ns), but at
the same time, the repetition rate was high enough to
ensure an efficient interaction. The chosen value of the
repetition rate was a compromise between conflicting
requirements and not ideal for this kind of experiment,
it was the result of an optimization procedure to observe
maximum acceleration of the atomic cloud.
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The pulses were cut out from the CW radiation
by integrated lithium-niobate amplitude modulators of
Mach—Zehnder interferometer setup. In order to reach
high enough intensity contrast of the pulses, two mod-
ulators were used in series. It is known that certain
kinds of (viz. Z-cut) electro-optical intensity modula-
tors can introduce residual chirp [39,40], which is pro-
portional to the time derivative of the control voltage,
i.e., it is most pronounced at the steep sloping edges of
the pulses. One of our modulators (Eospace AZ-0K5-10-
PFU-PFU-780) has this property, while the other one
(Photline NIR-MX800-LN-10), being X-cut, is free of
chirp. These modulators were controlled with two dif-
ferent pulse generators by opening the chirp-free mod-
ulator for a shorter period, thereby blocking the poten-
tially chirped light from the Z-cut modulator during
the steep sloping edges of the pulses. As a result, we
could not observe any frequency chirp introduced by
the pair of modulators by interference measurements
on the output laser pulses.

The pulses were then amplified by diode laser ampli-
fiers (Toptica BoosTA) to a peak intensity of up to
about 100 W/cm? necessary to reach the adiabatic
interaction regime. Pulse trains consisting of about
5000 pulses were chopped by a mechanical shutter made
from an electric relay.

The frequency evolution of the modulated laser radi-
ation was monitored during the experiments by measur-
ing its interference with the frequency stabilized beam
of the ECDL operating the MOT [41]. This beat signal
was detected by a fast photodiode (New Focus 1591NF;
4.5 GHz bandwidth) and recorded by a digital oscillo-
scope (Tektronix DPO7354; 3.5 GHz bandwidth). The
interference signals registered together with the pulse
shapes and timings were evaluated by curve fitting pro-
cedures for each shot and so the parameters of the fre-
quency sweep during each pulse train were calculated.
Therefore, the frequency dependence of the phenomena
could be investigated with a fairly high resolution. The
frequency evolution during the pulses, obtained from
the evaluation process, is illustrated in Fig. 3 for a par-
ticular set of modulation parameters.

The acceleration of the atomic cloud was recorded
by image intensified CCD cameras which were trig-
gered with an appropriate delay (about 160us) with
respect to the start of the pulse train. The exposure
length of the CCD camera was set to about 100-140 s,
that is, an integrated image of the acceleration of the
MOT cloud was taken during a few thousand pulse
pairs. In Fig. 4, typical images of the atomic cloud can
be seen without and with acceleration by the chirped
pulse sequences. Since unfortunately our image inten-
sifier could not be operated in gated mode, the expo-
sure time was determined by the CCD camera, resulting
in blurred images of the moving atomic cloud during
the exposures, thereby limiting the resolution of the
measurements. The re-pumping laser radiation of the
MOT system was continuously switched on in order to
repump atoms from the lower ground hyperfine level to
the upper one. However, the main laser beams consti-
tuting the MOT effect were shut off about 150 ws prior
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Fig. 3 Frequency evolution during the laser pulse,

obtained from the evaluation process for a particular set of
modulation parameters. The dashed (blue) line represents
the sinusoidal frequency evolution, calculated by the fitting
procedure. Zero frequency denotes the resonance frequency
of the rubidium transition 5S; /o F' = 3 — 5P3,2 F’ = 4. The
pulse shape [solid (red) line] is fitted to the measured signal
assuming rise and fall sections described by Erf-functions;
the actual pulse duration (FWHM) is 7.74ns in this case.
The frequency range swept by the laser is +145.7 MHz —
—349.5 MHz during this pulse

(a) () (c)

Fig. 4 Pictures of the atomic cloud taken with the inten-
sified CCD camera (average of 20 shots); a original MOT, b
accelerated from 1 direction and c accelerated by the over-
lapping counter-propagating pulse pairs

to the start of the chirped laser pulse train, so that no
restoring force of the MOT on the atoms could inter-
fere with the acceleration due to the adiabatic transfer
processes.

The obtained CCD image data were evaluated by
assuming a uniform acceleration of a cloud of atoms
with a Gaussian distribution in space. The finite inte-
gration time during the acceleration was taken into
account by numerical integration of the accelerating
Gaussian distribution. The intensity distribution of the
integrated image of the Gaussian atomic cloud acceler-
ating in the x direction can be described as:

<(33 - 1’02-;2(1152/2)2 n (y 2_gy20)2) dat
(1)

where xy and yo denote the initial position of the cen-
ter of the MOT cloud, o, and o, are the Gaussian
widths of the atomic distribution, and a is the accel-
eration. It was assumed that the widths of the cloud

t2
I(z,y) = A/ exp

t1
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distribution in coordinate space do not change during
the acceleration process, which is consistent with the
assumption of the adiabatic acceleration without heat-
ing the atomic ensemble. The model function obtained
in this way was used in a least squares curve fitting pro-
cedure in order to get the parameters of the mechani-
cal momentum transfer, in particular, the value of the
acceleration which determines the force acting on the
atoms by the chirped laser pulses.

The purpose of the experiments was to study the
effect of the multiphoton adiabatic momentum transfer
as a function of the frequency sweep parameters, and
to optimize these for maximum efficiency. Therefore,
the acceleration of the MOT cloud was measured with
different chirp speeds and pulse duration values, with
varying offset of the frequency sweep. The frequency
offset was controlled by varying the DC component of
the drive current of the laser diode, that is, the region
of the frequency modulation was shifted with respect to
the atomic transition. At each setting of the interaction
parameters, the images of the displaced MOT cloud
were taken twice: with the forward propagating pulse
train only, and with both the forward and backward
propagating pulse sequences, in order to compare the
mechanical effect of the single-side illumination with
that of the overlapping retro-reflected pulse pairs. The
picture of the initial position and spatial distribution of
the MOT cloud without the modulated laser pulse train
was also taken for reference. After evaluating the images
of the displaced MOT clouds, the obtained acceleration
values were displayed versus the frequency offset of the
chirp.

The results of one measurement sequence can be seen
in Fig. 5. The acceleration of the MOT cloud versus the
detuning of the pulse central frequency from the atomic
resonance (denoted by A) are shown for the single-side
and two-sided illumination and the ratio of these two
quantities is also depicted. Acceleration is measured in
units of hkr,/Teycle, i-€., in momentum change per laser
pulse cycle, normalized by the photon momentum. The
maximum pulse intensity was about 100 W/cm2 cor-
responding to the Rabi-frequency times pulse duration
product £2gr x 7 = 27 x 8. The pulse duration was about
7.7 ns, and the chirp rate about —60 MHz/ns. The max-
imum acceleration achieved by the counter-propagating
pulses is 3.09hk, /Tcycle7 near the symmetric frequency
run with respect to the atomic resonance during the
pulse. The maximum acceleration achieved by single-
sided illumination is also at the same detuning value
and is 1.36hky,/T,ycle, the ratio of the two quantities
has a maximum of 2.3. The fact that the maximum
momentum transfer for counter-propagating, overlap-
ping pulses is over 3hky per cycle indicates that multi-
photon processes do take place during the interaction.
The value does not equal 2nhk; however, so it can-
not clearly be associated with an adiabatic process in
itself. The maximum value for single-sided illumination
is also higher than the single ik, per cycle that can be
attributed to single-photon absorption from a pulse fol-
lowed by spontaneous emission. This is due to the pulse
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Fig. 5 Results of the multiphoton adiabatic acceleration
experiment sequence performed with 7.7 ns pulse duration
and 100 W/ cm? peak intensity of the chirped laser pulses.
The acceleration of the MOT cloud (in units of fikz /Tcycle)
versus the detuning of the pulse central frequency from the
atomic resonance is depicted for the single-side and two-
sided illumination. The ratio of these two quantities is also
drawn

duration (7.7ns) not being negligibly short compared
to the spontaneous lifetime (26 ns). However, the fact
that counter-propagating pulses are more than twice as
effective is a firm indication that multiphoton processes
are at work.

It should be noted that the fitting calculations were
also attempted by including the possible broadening of
the atomic cloud. However, inconsistent results scatter-
ing around zero and showing no reasonable value for
this parameter were obtained. Probably the effect was
too small to be resolved due to the long camera expo-
sure time and thereby limited resolution of our mea-
surement.

In the following, theoretical considerations and com-
puter simulations are presented and compared to the
experimental results shown here.

3 The concept of computer simulations

As the experimental results in themselves do not
demonstrate clearly the occurrence of multiphoton adi-
abatic passage processes, a detailed theoretical model of
the experimental situation was derived and simulated
on computer. There are several factors in the exper-
iment that may make observation of these processes
difficult. First, Rb has a complicated hyperfine struc-
ture, the lasers crossing the resonance frequency with
some transitions, but not others. Second, we measure
only the cumulative effect of a prolonged interaction of
the atomic ensemble with the sequence of laser pulse
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pairs for a time much longer than the spontaneous life-
time. Third, because spontaneous decay may transfer
the atomic state to the ' = 2 ground state that is
out of the interaction range of the chirped pulses, a re-
pumping beam is active during the experiment to pre-
vent the accumulation of atoms in this non-interacting
ground state, further complicating the situation.

3.1 Theoretical description

For the theoretical description of the experimental sce-
nario we use the master equation for the interaction of
the atoms with the laser fields which can be written in
the compact operator form [42]:

i o 2]
515[)——%[[{’/7] 27, +1Z@ (2)

where p is the density operator, H= ﬁA + fIAF, fIA is
the atomic Hamiltonian, H ar 1s the interaction Hamil-
tonian and I is the spontaneous decay rate. The Lind-
blad superoperator 2][c] for an operator ¢ is defined as

1
Il = cpe* = 5(c ep+ pete) (3)

and &, are the atomic lowering operators for o, 7 and

o~ polarizations

0q = Z DF,m§F’7m"va><F/7m/| (4)
Fm;F’ m’

(m' = m — ¢). The |F,m) and |F’,m’) represent the
ground and excited state hyperfine levels, respectively,
and the coefficients D ;57 s for 85Rb are tabulated in
[43]. The atomic Hamiltonian operator with this nota-
tion is:

Ha=> hép|F,m)(F,m|+ Y hép |F',m') (F',m/].
F,m F’' m/’
(5)

Here, Aidr and hdp: represent the energy shifts rela-
tive to the ground and excited state line center and
are defined using ) 0 (2F +1) = 0, 63 — 02 = 27 *
3035.7 MHz for the ground and ), 0 (2F' +1) =0,
64 — 03 = 27 % 120.6 MHz, 03 — o = 27 * 63.4 MHz and
09 — 01 = 27 * 39.4 MHz for the excited states.

We describe the interaction with the classical laser
field E in the dipole approximation, using the rotating
wave approximation. The interaction Hamiltonian then
assumes the following form:

HAF:gL Z

Fom,F’ m/'

(QFm Fr e |[F'ym') (Fym] + h.c.)

(6)
Here, 25 m, F/ m is the Rabi frequency for the |F, m) —
|F’, m') transition composed as 2 . 5/ m/ = Dpm F'.m’
Qp—mr, where 2, = =2 (J||d|J") E; with (J||d|J")
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being the reduced matrix element and E, is the posi-
tive frequency part of the ¢ component of the field in a
spherical basis. This formalism is capable of describ-
ing the time evolution of the atomic system under
the action of any number of laser fields with decoher-
ence due to spontaneous emission included. Additional
coherence decay mechanisms (e.g., due to collisions) are
negligible in our case.

The first part of the field used in our simulation is
the pair of Gaussian pulses propagating along the z
direction with linear polarization:

+ _ 412
2% (t) = AT exp (_(252:5) + igoi(t)> . (N

Here, 2% are the complex, slowly varying envelope
functions for the field. The upper (lower) indices are
for the pulse propagating in the positive (negative) z
directions, 7 is the pulse duration parameter, t;’ =0,
t, = 7q is the delay of the second pulse. The phases are
taken to represent pulses with linear frequency chirping:

= AG—t) - St - @)

where A and (§ are the detuning from the atomic reso-
nance and chirp speed, respectively (the same for both
pulses). One of the initial phases was assumed ¢ = 0,
while the other accounts for atoms that (due to a
slightly different location along the z-axis) interact with
the counter-propagating pulses having a different rela-
tive phase. In addition to the counter-propagating pulse
pair, the CW radiation responsible for re-pumping from
the F' = 2 ground state sublevel is also added as this
field is not switched off during the interaction.

Once the time evolution of the atomic state has been
calculated, the mechanical effect of the pulse pair on
the atom was calculated via the quasi-classical force as
in [25]

F = 7VﬁAF
h o )
= {|F, M) (| (sz’m’F,’m, - zm;f,jn’F,’m/)
F.m
Fom!
B E | (0925 1 s = 525 ) o (9)

(The spatial derivatives of the slowly varying envelopes
2% (t) were neglected). The expectation value of the
momentum transfer to the atom is thus given by

(Ap) = / Tr[pF)dt. (10)

which still depends on the relative phase parameter ¢ .
To calculate experimentally observed quantities, one
must perform a scan in the range ¢, € [0,27] and
average the results to take into account that atoms at
slightly different locations experience a different rela-
tive phase between the two counter-propagating fields.
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Therefore, calculating the average (Ap) with respect to
the ¢y scan as well as the standard deviation o, gave
us the overall acceleration of the atomic ensemble as
well as the possible heating of the atomic cloud.

3.2 Signatures of multiphoton adiabatic passage

With certain pulse length, intensity, frequency chirp
and time delay parameters, the counter-propagating
laser pulse pair may drive multiphoton adiabatic pas-
sage, which shows up in the simulation as (Ap) = 2nhk
and o4, = 0 simultaneously for an atomic ensemble
initially in the ground state. This happens not only
for two-level atoms, but also for the complicated level-
scheme of 3°Rb. However, in this case they were found
to occur only when the pulse bandwidth is considerably
wider than that used in this experiment [25]. Further-
more, under the current experimental conditions, the
interaction of a single pulse pair with an ensemble in
the ground state cannot be observed, only the effect of
a prolonged interaction with a duration much longer
than the spontaneous lifetime. This is not necessarily
a major problem because if the delay time between
the two pulses of the counter-propagating pair is much
smaller than the time between the pairs, the momentum
transferred to the ensemble as well as the heating will
be close to the ideal (Ap) = 2nhk and o, = 0 values
[44,45]. Thus, the signature of multiphoton adiabatic
passage happening can still show up as a ‘plateau’ in
the curve of (Ap), coupled with a minimum in o, as
pulse parameters are varied slightly.

4 Results of the simulations

4.1 The effect of a single pulse pair

To investigate whether we may observe the signatures of
multiphoton adiabatic passage processes under the cur-
rent experimental circumstances, we performed several
numerical simulations to determine the behavior of the
atoms during the interaction. First, we computed the
interaction of an atomic ensemble with a single pulse
pair using pulse parameters identical to those in the
experiment (peak intensity Ineax = 100 W/cmz, pulse
duration 7 = 7.7ns (intensity FWHM), chirp speed
B = —62MHz/ns and the detuning A = —40 MHz).
We examined the average momentum transferred to
the ensemble (Ap) as well as the heating of the ensem-
ble o4, as a function of the delay between the pulses
74. The atoms were assumed to be in the F' = 3
ground state initially for this calculation. Figure 6
shows the results, clearly displaying peaks of increas-
ing momentum transfer with the simultaneous drop in
standard deviation in the vicinity of the peaks just as
expected from previous theoretical calculations [25,32].
The value of momentum transfer is closest to ideal in
the case of the peak around 8.5ns delay, where the
maximum momentum transfer is 3.34 hk, quite close
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Fig. 6 Momentum transferred by a single pulse pair to the

atomic ensemble (Ap) and ensemble heating o, as a func-
tion of delay between pulses 74

to the ideal 4hk level and the heating is also the low-
est. The process is not perfect however, mostly due to
the fact that the overall duration of the process (7.7 ns
pulses with 8-9ns delay) is the same order of magni-
tude as the lifetime of the excited state. The higher
peaks which should correspond to 6hk, 8hk, etc. are
even further from ideal, (the transferred momentum is
much less) not only because of spontaneous emission,
but also because the intensity is insufficient for perfect
adiabatic passage.

It is interesting to observe that the 2hk plateau (non-
overlapping pulse case) seems not to work at all even
though it is this process that would require the smallest
intensity. One reason for this is of course that with pulse
durations over 7ns and a delay exceeding 12ns, spon-
taneous emission has a serious effect. Another impor-
tant reason for this peculiarity is associated with the
excited state hyperfine structure of 8°Rb and the fact
that the pulse duration and the full bandwidth are such
that the pulse overlaps resonance with several excited
state hyperfine sublevels sequentially. The first pulse,
being chirped from blue to red becomes resonant with
the FF = 3 — F’ = 4 hyperfine transition first and
thus transfers the atomic population to F’ = 4. By the
time it becomes resonant with the F = 3 — F/ = 3
and F = 3 — F/ = 2 transitions, the ground state
is already empty. The second pulse, becoming reso-
nant with the F' = 3 — F’ = 4 transition returns
the atomic population to the F' = 3 ground state only
temporarily. It subsequently becomes resonant with the
F=3—F =3and FF =3 — [’ = 2 transitions and
the atoms are excited again (in fact they are distributed
between the two excited states I = 3 and F’ = 2). The
momentum eventually transferred by the two pulses is
not 2hk. Figure 7 shows the corresponding changes of
the atomic state populations during the laser pulses.
In order to illustrate the series of population trans-
fers during the pulse sequence clearly, these populations
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Fig. 7 Populations of the hyperfine levels during the inter-
action with a pair of identical, non-overlapping, chirped
laser pulses. The atom is transferred to the excited state
F’ = 4 by the first pulse, but transferred eventually to a
superposition of the F’' = 2, [' = 3 hyperfine states by the
second pulse. Spontaneous emission was ignored in this cal-
culation. The dotted line shows the time dependence of the
laser pulse amplitude

were calculated without taking spontaneous emission
into account.

It is thus quite significant that in the overlapping
pulse case the population transfer (and momentum
transfer) works quite well for the 4hk plateau despite
the hyperfine-level structure. As an interesting test, we
repeated the non-overlapping pulse calculation with the
chirp of the second pulse reversed, i.e., going from red
to blue. The 2hk momentum transfer and the return of
the atoms to the F' = 3 ground state is achieved in this
case because the second pulse becomes resonant with
the F =3 —- F' =3 and F = 3 — F’ = 2 transitions
when the ground state is still empty. Naturally, such a
reversal cannot be achieved in the experiment with the
pulses simply being retro-reflected from a mirror. Fur-
thermore, such an approach is not convenient because
multiphoton adiabatic passage cannot be induced with
two pulses of opposite chirp direction.

Finally, Fig. 8 shows the momentum transfer by a
pair of overlapping pulses and by a single pulse (no
retro-reflected, counter-propagating pulse) as a func-
tion of the central detuning with a delay 74 = 3ns,
the same as used in the experiment. It can be seen
that the momentum transferred by a single pulse in the
adiabatic interaction regime is around 1hk, the value
slightly exceeding it is due to the duration of the pulse
being not much smaller than the spontaneous lifetime.
At the same time, overlapping pulses deliver much more
momentum per pulse pair. However, the experimental
delay of 74 = 3ns is not at a momentum transfer peak
as can be seen in Fig. 6, which also shows that there is
a considerable heating at this delay as well.
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Fig. 8 Momentum transfer by a pair of overlapping laser
pulses (solid line) and by a single pulse (dashed line) to an
atomic ensemble, as a function of the central detuning of the
chirped pulse. The laser pulse parameters are the same as
for the calculations shown in Fig. 6, the delay is 74 = 3 ns.
The atoms are in the F' = 3 ground state initially

4.2 The effect of a sequence of pulse pairs

Clearly, the effect of a single pulse pair cannot be
observed in the experiment because the sequence of
laser pulses was gated to allow about 5000 pulse pairs to
interact with the atomic cloud. Therefore, what we can
observe is only the cumulative effect of the 5000 laser
pulse pairs, the effect of a single pair has to be inferred
from this observation. However, to calculate the inter-
action with 5000 pulse pairs for comparison of theory
and experiment is not feasible for lack of sufficient com-
puting power.

It has been shown that for two-level atoms the atomic
populations reach a stationary state (or, more precisely
a limit cycle) under the effect of the periodic driving of
repeated laser pulse pairs [44,45], provided the interac-
tion lasts much longer than the excited state lifetime.
The time dependence of the atomic populations will
be exactly the same during each laser pulse cycle. The
overall momentum gain delivered by a pulse pair, as well
as the overall diffusion in momentum space (heating)
will thus also converge to a constant, ‘stationary state’
value. We are dealing with a much more complicated
level scheme in this case, but it is not unreasonable to
expect a similar behavior, i.e., convergence to a station-
ary state for the momentum delivered per pulse pair.
If so, it is meaningful to compare the stationary state
momentum transfer to the average momentum transfer
of the 5000 pulse pairs of the experiment.

Further complications arise in the present case
because a re-pumping field is necessary which provides
optical pumping from the F' = 2 ground state and
the fact that the gating of the pulses yields gradu-
ally increasing pulse amplitudes for the first 500-600
pulse pairs. Another property of the experiment was
that while the laser beams of the MOT were turned off
to prevent trapping forces to interfere with acceleration
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provided by the pulses, the magnetic fields were still
present. This means that hyperfine levels split and res-
onance frequencies are shifted due to the Zeeman effect
as the atoms move out of the trap center. Finally, as the
atomic cloud accelerates, the central frequency of the
laser pulses propagating in opposite directions Doppler
shifts in an opposite sense, complicating the interaction
even more. Unfortunately, it is not possible to take into
account all of these effects in the simulation exactly.

To calculate the long-term effect of the counter-
propagating pulses on the atomic ensemble, we calcu-
lated the interaction of 30 laser pulse pairs with the
atoms and computed the evolution of the momentum
gain, as well as the heating effect on the ensemble from
cycle to cycle. We repeated the calculations with the
two pulses of a pair Doppler shifted in opposite sense by
the same amount using several values of Doppler shift.
This helps us evaluate the effect of frequency shifts
introduced by the atoms accelerating during the inter-
action. The re-pumping field was on during all these
calculations, preventing the buildup of atomic popula-
tion in the off-resonance ground state just as it was dur-
ing the experiment. We observed that most of the time,
(Ap) did converge to a stationary value as expected, but
in some cases, the momentum change per pulse itself
converged to a limit cycle behavior with a period of a
few pulse pair cycles. Depending on the value of the
detuning and the Doppler shift, we observed periods of
2, 5 and 10 pulse pairs. (The calculation was continued
for longer than 30 pulse pairs in these cases to observe
the convergence of the calculation to these limit cycles.)
When the cumulative effect of a large number of laser
pulse pairs is considered, we must average the momen-
tum gain over these limit cycles in addition to aver-
aging for the relative phase ¢~. This is the true long-
time average for the momentum transfer and heating
(momentum space diffusion) which can be considered
for comparison with the experimental data.

5 Comparison with experimental data and
discussion

To obtain theoretical values that can be compared
with the measured values, we calculated the long-time
average of the momentum transfer and ensemble heat-
ing for parameters corresponding to the experiment:
Ipea = 100W/cm? 7 = 7.7ns, 3 = —62MHz/ns,
T7q¢ = 3ns and for the power in the re-pumping beam,
P,=75mW/ cm”. The detuning was scanned between
—1 GHz to +0.55 GHz to obtain data comparable with
the observations. To check the sensitivity of the results
with respect to the acceleration of the atoms, we
repeated the calculation for several values of Doppler
detuning. The Doppler values were selected to corre-
spond to reasonable values after an interaction with a
few hundred pulse pairs, as seen by comparing with
the single recoil-event Doppler detuning value D,, =
7.7194kHz [42].
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Fig. 9 Long-time average of the momentum transferred to
the atomic ensemble (solid blue line) and the heating of the
ensemble (dashed red line) as a function of the detuning for
several values of the Doppler detuning. The experimental
value for the momentum transfer per cycle is drawn on each
subfigure with a dotted green line for reference

The stationary state of the average momentum trans-
ferred to the atoms by a pair of counter-propagating
laser pulses can be seen in Fig. 9 for several values of the
Doppler detuning. The experimental value is also plot-
ted on each of the figures for reference. It is immediately
visible, that for some values of the Doppler detuning,
the transferred momentum curve follows quite well the
experimental data, for others it is well above or below
it. There is also a slight shift along the detuning for the
curves which agree most with the experiment.

Obviously, none of the plotted curves can be directly
compared to the experimental data on its own. Dur-
ing the prolonged interaction with the laser pulses, the
atoms will be accelerated and the Doppler detuning
changes as the atomic velocity increases, so the momen-
tum transfer per pulse pair also changes in time as
shown in Fig. 9. The experimentally measured curve
is therefore some average over the displayed theoretical
curves. Indeed, calculating (Ap) for a single detuning,
but a detailed set of Doppler values we may observe,
that the atoms experience a series of transitions across
momentum transfer maxima and minima as they are
accelerated (see Fig. 10). The curves resemble the
momentum transfer and heating curves plotted as a
function of 74 of Fig. 6 and are in fact very closely
related. Because the chirp is close to linear near the

Page 9 of 11

70

—(Ap)

----oa,

0.01 0.02 0.03
fp (GHz)

0.04 0.05 0.06

Fig. 10 Momentum transferred to the ensemble by a pair
of overlapping pulses and the heating of the ensemble for
A = 0GHz as a function of the Doppler detuning. a The
effect of the first pulse pair and b the long-time average
after reaching the stationary state. 7¢ = 3ns, other pulse
parameters are the same as for the previous figures

pulse maximum, a slight frequency shift means that the
forward propagating pulse will become resonant with
the atomic transitions a bit sooner, while the backward
propagating pulse a bit later. Thus, Doppler shifting
the forward and backward propagating pulses in an
opposite sense effectively increases the delay parame-
ter between the pulses.

It can also be seen by comparing the subfigures of
Fig. 9, that the trend that when (Ap) is large, the heat-
ing tends to be smaller is true for any value of A, not
only A = 0. This, together with the fact that the long-
time average of the momentum transfer is (Ap) > 2hky,
clearly indicates that multiphoton adiabatic processes,
though imperfectly realized, occur during the long-term
evolution of the atomic translational states. Because
of the prolonged interaction, several multiphoton order
processes are probably active during the acceleration
one after the other. The coherent acceleration due to
a single multiphoton plateau is limited in time by the
changing effective delay between the pulses due to a
changing Doppler shift and the atomic ensemble expe-
riences heating during the transition between processes
with various multiphoton orders. This certainly sets a
limit on the applicability of the method.

Finally, we note that in our experiment, the aver-
age force that the atoms experience will be dependent
slowly on time also because when the atoms leave the
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trap center, an increasing magnetic field shifts the reso-
nance frequencies by an increasing amount. This addi-
tional complexity was not taken into account in the
calculations.

6 Summary and conclusion

To summarize, we have studied the interaction of
counter-propagating, frequency-chirped laser pulses
that overlap each other with a cloud of Rb atoms ini-
tially captured in a magneto-optical trap. We mea-
sured the average acceleration of the atomic cloud
due to prolonged interaction with a large number of
laser pulse pairs. We performed numerical simulations
of the interaction that included the complex multi-
level structure of the Dy line of rubidium, spontaneous
relaxation processes and the various laser fields active
during the interaction. The overall momentum trans-
ferred to the atomic ensemble cannot be calculated
exactly in this fairly complex experimental situation,
SO a precise quantitative comparison between experi-
mental data and simulation results is not possible. Nev-
ertheless, the good qualitative correspondence between
the two suggests that the simulations can be used to
interpret the interaction and the observed acceleration
of the atomic cloud.

Theory and experiment suggest that the atomic cloud
is accelerated due to multiphoton adiabatic transitions
induced by the overlapping pulses. The fact that the
overall average momentum transfer per pulse pair is
greater in the experiment than 2hk is firm evidence for
this. We showed that the acceleration process can per-
sist for times much greater than the spontaneous life-
time. At the same time, it is clear that the combined
effects of long-time interaction with spontaneous emis-
sion, population loss to and re-pumping process from
the F' = 2 hyperfine-level, spatially dependent mag-
netic field and time-dependent Doppler detuning all
work together to break down a clean adiabatic process
in our case.

Nevertheless, we proved that multiphoton adiabatic
passage induced by counter-propagating, overlapping
frequency-chirped pulses is an effective tool for the
acceleration of an atomic ensemble. The overlapping
pulse case is better than the sequence of counter-
propagating, non-overlapping pulses for several reasons.
First, the interaction time is much shorter for a single
pair (much less time for spontaneous emission), so the
coherence of the interaction is maintained more easily.
Second, the momentum transferred by a single pulse
pair is 2nhk, some integer multiple of the 24k momen-
tum transferred by the adiabatic interaction with a
pair of non-overlapping pulses. The order of the process
depends on the interaction parameters (pulse duration,
pulse delay, chirp speed, pulse peak intensity). Third,
multiphoton adiabatic transitions generated by over-
lapping pulses are more robust when the bandwidth of
the pulses is wide enough to encompass multiple excited
state hyperfine sublevels, but not wide enough such that
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the transform limited bandwidth is higher than sub-
level separation. In this setting, separated pulses trans-
fer atoms to the wrong final state if the direction of the
chirp for pulses is the same. Overlapping pulses are not
only several times more effective in this case, but they
are the only possible tool that can be used. Finally, we
also showed that the increasing Doppler detuning of the
pulse frequencies when the atoms accelerate effectively
changes the delay parameter between the pulses of an
overlapping pair. This limits the time for which a single
multiphoton order interaction can be effective. For pro-
longed interaction, several different multiphoton orders
may be traversed with transition periods between them
where the atomic ensemble is heated.
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