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Abstract. The displacement of Rb atoms in a magneto-optical trap (MOT) caused by the force of a finite
time series of counter-propagating frequency modulated light pulse pairs is measured as a function of the
chirp of the pulses. The frequency modulated light pulses induced ®*Rb 5281/2 F =3« %Rb 52P3/2
F’' = 2,3, 4 excitation and de-excitation of the atoms. The result of this excitation de-excitation process
is a force causing the acceleration and, consequently, the displacement of the maximum of the spatial
distribution of the trap atoms. The time dependence of the populations of the levels of the atom are
calculated — including also the 8Rb 5281/2 F =2 and F’ = 1 states — as the result of the interaction
with the finite train of counter propagating frequency modulated light pulses by the solution of the Bloch
equations. As the result of the measurement the interval of the chirp of the frequency modulated light of
given intensity where the transitions take place, are determined. The results of the experiment and the
expectation on the basis of model calculations are in qualitative agreement.

PACS. 32.80.Lg Mechanical effects of light on atoms, molecules, and ions — 32.80.Pj Optical cooling of

atoms; trapping

1 Introduction

Frequency modulated light pulses can cause, for instance,
adiabatic transitions among atomic energy levels in case
of appropriate pulse parameters. The adiabatic transition
(AT) induced by frequency modulated light pulses in the
case of two level atoms is well-known (see for instance [1]
and references therein). The theory of AT can be found
in many textbooks, for instance [2]. The process was thor-
oughly investigated in many experimental and theoretical
works (see references in [3]). There are also many theoret-
ical and experimental investigations of the AT where two
light beams and three levels of the atoms are involved in
the process (for instance cascade transitions among three
levels [4]). Peculiarities appear when transition is possible
to more than one level [5]. One of these is the favoured
population increase of the level getting to resonance first
during the frequency sweep of the light pulse when the
frequency range of the frequency modulated light cover
many atomic resonances [6]. The AT is investigated even
in the case of molecules when the transition is possible to
many levels because the frequency of the light sweeps over
many resonance frequencies [7]. The transition probabil-
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ity, consequently the population of the various levels can
not be calculated by the relatively simple formulas of the
adiabatic transition in this case. It depends on the param-
eters of the levels and the light in a very complicated way
and is given by the solution of the Schrodinger equation
for probability amplitudes of the levels involved.

The AT is the way to transfer mechanical momentum
to an atomic ensemble without increasing its temperature.
This process is used to deflect atomic beams [8]. The ef-
ficiency of the deflection depends on the efficiency of the
transfer of mechanical momentum from the light to the
atom. Therefore, it depends on the efficiency of the AT
which is smaller than 1 in the case of many level atoms.

The efficiency of the transfer of momentum from the
light beam to the atom was investigated. For this purpose
excitation and consecutive de-excitation of a bunch of cool
Rb atoms (in the transitions ¥Rb 52S; /5 F' =3 < **Rb
52P3/o F' = 2,3,4) were induced by finite time series of
frequency modulated pairs of counter-propagating laser
pulses. The atoms were cooled in magneto-optical trap be-
fore the interaction. The result of the interaction was the
displacement of the maximum of the spatial distribution
of the atoms from his initial position. This displacement
depends on the number of pulses in the series and the
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parameters of the light pulses i.e. on the peak intensity
and the chirp of the pulses.

The light beams of the trap were also present during
the interaction. Namely the presence of the trap beams
causes only about twenty percent reduction of the dis-
placement observed without trap beams.

The displacement of the atoms depending on the chirp
of the light pulses was measured at a given peak light in-
tensity. It was found that the displacement of the atoms
was larger for series of back and forth propagating light
pulse pairs than for the train of light pulses propagating
only in one direction in a restricted interval of the chirp of
the pulses. Otherwise the displacement of the trap atoms
was always smaller for back and forth propagating pulses
than for pulses propagating only in one direction. Con-
sequently, there was “adiabatic like” transition up and
down, excitation and de-excitation, in defined interval of
the chirp.

We can conclude that the momentum transferred from
the light to the atom in the direction of the first (+¢)
light pulse is larger for the case of to and fro propagating
light pulses than for pulses propagating only in one direc-
tion. Outside of this interval of the chirp the transferred
momentum is always smaller than in the case of pulses
propagating into one direction.

In the experiment, the frequency of the light consec-
utively coincides with energy levels of the atom during a
light pulse. Consequently, this case can not be treated as
being that of the two level atoms. Therefore, in order to
get more detailed insight into the processes under consid-
eration, a computer code for the solution of Bloch equa-
tions for density matrix elements was assembled. The code
takes into account the effect of the frequency modulated
light pulses, the spontaneous decay of the excited states
and the effect of an additional light beam re-pumping the
atoms from the lower ground state 5281/2 F = 2 to the up-
per one 5281/2 F = 3. It describes the temporal behavior
of the populations, fine and hyperfine structure coherences
of the six hyperfine (two ground 5281/2 F = 2,3 and four
excited 52P3 /o F' = 1,2,3,4) levels of the **Rb atoms [9].

The result of the simulation coincides with the result
of the experiment if the instantaneous finite bandwidth
of the frequency modulated light is also taken into ac-
count. According to both the theory and the result of this
experiment one can conclude that “adiabatic like” tran-
sition takes place in a comparatively narrow window of
the chirp in the case of multilevel Rb atoms at the given
intensity of the frequency modulated light pulses. This re-
sult is unexpected on the basis of the simplified extension
of the theory related only to the case of two levels.

In the paper the experimental arrangement consisting
of a MOT and the set-up generating frequency modulated
light pulses is described in Section 2. The measurement
of the chirp of the generated light pulses is also described
here. The measurement of the displacement of the trap
atoms as the function of the chirp of the light pulses are
described in Section 3. Computer simulation and discus-
sion of results are also given in Section 3. Summary and
conclusions can be found in Section 4.
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Fig. 1. The experimental arrangement. The MOT is in a glass
cube. z,y, z are the directions of the trap beams indicated by
arrows. Rb atom beam covers the atom loss of the trap. M
mirror reflects the light of the diode laser frequency modulated
by the RF source. The offset of the frequency modulation is
determined by the DC voltage supply. FP is the Fabry-Perot
interferometer of finesse 40. The chopper is the moving part of
an electric relay.

2 Experimental apparatus and generation
of frequency modulated light pulses

2.1 The experimental set-up

The experimental arrangement can be seen in Figure 1.
The Magneto-Optical Trap (MOT) is of the known con-
struction [10]. The three circularly polarized laser beams
retro reflected by mirrors forming o — ¢~ configuration
cross each other in the center of the quadrupole magnetic
field. Semiconductor diode laser is used as the source of
the trap light beams. The frequency of the laser is stabi-
lized with a precision better then 1 MHz using the fluores-
cence light of an atomic beam. The frequency of the light
is tuned to under the 58,/ F' = 3 — 5P3/5 ' = 4 res-
onance transition frequency of the 8°Rb atoms by about
20 MHz. Another semiconductor, Lamb dip frequency sta-
bilized laser is used for re-pumping the atoms in the tran-
sition 581/ F' =2 — 5P3/5 I’ = 3. The diameter of the
atomic cloud in the trap is about one millimeter. The tem-
perature of the atoms is in the region of some pK as it is
calculated from the measurement of the free expansion of
the trap atoms. More details can be found in [10].

A train of frequency modulated pulses propagating in
the £¢£ directions interacts with the atoms of the trap. The
time period between the pulses of the train is 60 ns. The
pulses of the train return to the trap in the —&-direction
with a time delay of 3 ns after being reflected by a mirror
(M). Consequently the atoms interact with a train of to
and fro propagating pulse pairs.

If the adiabatic criterion for the transition **Rb 523 5

F =3 < ®Rb 5?P3 5 F' =4 is fulfilled [1] i.e.
eme = RT > 1 (1)

and
by < R? (2)
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R is the Rabi frequency, 7 is the duration of the light pulse
and by, is the chirp, the atoms are excited by the first (4¢&)
pulse and return to the ground state induced by the re-
turning (—¢) pulse. The atoms receive +2hk momentum
in the &-direction according to the theory of adiabatic pas-
sage of two level atoms [11]. /i is the Planck constant and
k is the wave number of the light wave. The motivation of
the experiment is to measure the transmitted momentum
in the case of real, multi-level atom.

If the reflection mirror (M) is removed the atoms are
excited by the (+&) pulses receiving +7ik momentum. The
excited atoms return to the ground state spontaneously
and get no more momentum in this returning process on
average.

2.2 The principle of generation of frequency
modulated pulses

The frequency modulated light is generated by sinu-
soidal modulation of the current of a semiconductor laser
diode [8]. The frequency of the modulation is 16.7 MHz.
The result of the modulation is a peak to peak frequency
excursion between 1.5 and 2.4 GHz depending on the volt-
age of the modulation from 2.5 to 3.5 V peak to peak on
the diode laser input resistance 50 €. This frequency ex-
cursion usually used in the experiments a.,,; = 1.9 GHz
in Figure 2. The resonance frequencies of the transitions
from the upper ground level to the upper three excited lev-
els ¥Rb 52P3/, F' = 4,3,2 subtracted that of the 5S; /o
F=3—5P3 F’ = 4 transition are marked in the figure
with horizontal lines (h, i and k).

The light pulses were generated transmitting the fre-
quency modulated light of the diode through a Fabry-
Perot interferometer (FP) tuned to the resonance of the
85Rb 5281/2 F =3 < %Rb 52P3/2 F’ = 4 transition
(h line). The full frequency width at half maximum inten-
sity of the interferometer is Avyynm =~ 500 MHz. There-
fore the other two transitions of the atom can be also ex-
cited if all the three levels are inside the extreme values of
the frequency modulation. Trains of pulses of 10 ms long
are formed by a chopper. The moving part of an electrical
relay served as the chopper.

Figure 2 shows the configuration of the experiment
schematically. The frequency at the working point (g(ig))
of the modulation (i.e. the offset, the frequency of the laser
diode without modulation) — can be changed by changing
the d.c. current of the diode (ip). Curve (e) shows the
time (t) dependence of the frequency deviation (Av(t)) of
the diode laser from the resonance frequency of the ®°Rb
5281/2 F =3 < %Rb 52P3/2 F’ = 4 transition as the
result of the modulation. Simply sinusoidal dependence of
the frequency on time is assumed here. This is confirmed
by experimental results (see later).

Light pulses are formed always when the laser fre-
quency crosses the resonance of the Fabry-Perot inter-
ferometer (FP) i.e. when the detuning from the atomic
resonance crosses the zero value. The time at the peak of
these light pulses versus the offset is specially measured
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Fig. 2. (Color online) The time and amplitude scenario of

the measurement. The light pulses (a), (c), are formed at zero
crossing of the modulated frequency (e) of the diode laser.
Curves (b), and (d) are the reflected pulses. Av is the fre-
quency deviation from the resonance frequency of the 3°Rb
5’Si/2 F =3 < ¥Rb 5°P3;, F’ = 4 transition. The ampli-
tude of the light pulse (a) is normalized to 1. The amplitude of
other pulses is normalized by the amplitude of the (a) pulse. ¢
is the normalized amplitude. The time function of the current
of the laser diode is (f). Curves (h), (i) and (k) are the 3°Rb
52 S1)2 F =3« 85Rb 52 P32 F’' = 4,3,2 transition frequen-
cies extracted the frequency of the 85Rb 5281/2 =3 < %Rb
5°P3/, F’' = 4 transition frequency. The (frequency) offset of
the working point of the modulation from the resonance of
the FP interferometer i.e. from the resonance frequency of the
85Rb 5281/2 F =3 8%Rb 52P3/2 F’ = 4 transition is (g).

(see below). The time function of the chirp is calculated
from this time versus offset function (see later).

The train of light pulses starts at ¢ = 0. Curve (a) of
Figure 2 demonstrates the fifth pulse with “downward”
chirp of the pulse train when the decreasing frequency of
the laser diode crosses the FP resonance. The pulse (b) of
Figure 2 is the pulse reflected by the end mirror and fol-
lows the light pulse (a) with 3 ns delay. The pulses (a) and
(b) propagate into the +&- and —¢-direction (see Fig. 1).
For the simplicity, the pulses are taken as of Gaussian
shape here. The amplitude of the +£ pulse is normalized
to 1 in the figure at g = 0. @ is the normalized amplitude.
The amplitude of the —¢ pulse is normalized by the ampli-
tude of the +£ pulse. The amplitude of this pulse is smaller
than that of pulse (a) because of the loss of intensity in
the reflection and the excess propagation path.

Light pulse is generated also when the frequency of
the light crosses again the FP resonance moving “upward”
after the minimum. The amplitude of this pulse depends
on the (frequency) offset of the working point (g) of the
modulation. The amplitude of this pulse

— is minimum at zero offset because of the about 90°
phase lag between the time function of the frequency
of the radiation and that of the current (f) — con-
sequently the intensity — of the laser diode at the
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Fig. 3. (Color online) The “ringing” of the Fabry-Perot inter-
ferometer. (e’) is the frequency curve of the transmitted light
pulses (a) and (c) modified by the ringing of the interferom-
eter. Curve (ch) is the chirp calculated from the curve (e’).
Curves (h, i, k) are the “transition frequencies” of the Rb
atoms.

modulation frequency 16.7 MHz; (the current is nor-
malized to 1 in the figure);

— is comparable to that of pulse (a) at offset g =
:I:amf/2.

The reflected light pulse is delayed by 3 ns (pulse (d)).
The amplitude of pulses (c) and (d) is normalized by the
amplitude of pulse (a) in Figure 2.

2.3 Numerical simulation of the light pulse formation
by Fabry-Perot interferometer

Special care was taken to the choice of the speed of the
frequency modulation in order to avoid the ringing of the
FP interferometer [12]. For that purpose, the inequality

B w'Ts
1= (Aputm /2)

has to be fulfilled according to the expression (18) of the
paper [12]. w’ is the time derivative of the frequency and

<l (3)

Awfwhm = 21 Av. (4)
The time constant of the interferometer
2FL
= . 5
Ts o ( )

F,L and c are the finesse, the distance of the FP plates
and the speed of light. The n factor is between 0.06 and
0.2 depending on the chirp in our measurements.

The — assumed till this time — harmonic time func-
tion of the frequency deviation (line (e) in Fig. 2) and that
of the chirp is modified only slightly as the result of ringing
on the basis of computer modeling using the expressions
(14) of [12] (see the (¢’) and the line (ch) of Fig. 3).
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This modification on the chirp

— takes place far from the time when the frequency of
the laser (line (¢’)) crosses the energy levels (h, i, k);

— takes place when the frequency of the laser is more
then 500 MHz away from the resonances of line-width
about 6 MHz (fwhm).

The line with the pulses (a) and (c) shows the intensity
of the light pulses formed by the FP taking into account
the effect of the ringing also.

The position of the trapped atoms was measured by
an image intensified CCD camera. The details of the ge-
ometry of the measuring set-up are published in [10]. The
exposure time and the whole interaction time were usually
125 ps and 280 us respectively.

In order to see the effect of the influence of the trap
beams they were switched off for the time of the interac-
tion with the frequency modulated pulses in some cases of
the measurement. There was only about 20 percent differ-
ence in the displacements of the maximum of the atomic
distribution. Consequently the force of the frequency mod-
ulated pulses is far larger than the restoring force of the
trap. Therefore the trap beams were on during the inter-
action and the observation time in most cases. The pic-
ture of the trapped atoms was taken with the light of the
fluorescence excited by the trap laser beams. The spa-
tial distribution of the trapped atoms was determined by
measuring the spatial intensity distribution which is digi-
tized and stored in the memory of a PC. The position of
the maximum intensity of the fluorescence of the trapped
atoms is calculated. In one point of the parameters of the
measuring run twenty measurements were taken and the
mean and the variance as error are calculated.

2.4 Measurement of the chirp of the frequency
modulated light pulses

The chirp equals the tangent to the frequency curve (e)
of Figure 2 at the point where the curve (e) crosses the
resonance h of the atomic transition 5S; o, F' = 3 — 5P3/5
F’ = 4. Namely the light pulse is formed here because the
Fabry-Perot interferometer has peak transmission also at
this point.

Therefore the frequency of the light has to be measured
depending on the time. For that purpose the shape of
the transmitted pulses formed by the FP interferometer
is measured by a fast photodiode and registered with a
digital storage oscilloscope at various offset values (see
Fig. 4).

The frequency offset is proportional to the offset of
the current of the diode laser which is proportional to the
value of a micro-dial of a potentiometer regulating the
current of the diode. The unit of gradation of the micro-
dial (M) is used as the unit of current, consequently, as
the unit of the offset.

As the first step the time of the maximum of the
pulses is determined versus the value of the micro-dial
as a dummy parameter.
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micro dial M (see the figure and the text).

As the second step the time integrated spectrum of the
diode laser is measured simultaneously. This spectrum de-
pending on the value of the micro-dial is taken by using a
CCD camera at the exit of a spectrograph and a Fabry-
Perot interferometer in series. The picture is digitized and
stored in the memory of the PC. The end points of the
band spectrum of the laser diode light caused by the mod-
ulation are measured. The frequency of the end points of
the band determines the offset frequency versus the value
of the micro-dial.

The measured time of the maximum values of the
pulses versus the value of the micro-dial and the offset
frequency versus the value of the micro-dial gives the fre-
quency versus time function.

For the calibration of the zero value of the offset a light
beam separated from one of the light beams of the trap
is used. (This is frequency stabilized to 20 MHz below
the Rb atomic transition.) The result of the measurement
can be seen in Figure 5 together with a fitted sine function
(see also Fig. 2). Sine function is fitted to the measurement
data because the preceding comparison of the result of the
simulation (Fig. 3 curve ') with the assumed sine function
(Fig. 2 curve e) shows little deviation from each other.

The chirp can be calculated by numerical derivation
of this frequency versus time function. The result can be
seen in Figure 6.

The frequency of the laser diode crosses the resonance
of the Rb 525/, F = 3 < %Rb 5?P3/y F' = 4 tran-
sition “downward” at 240 ns as can be seen in Figure 5.
The chirp is —90 MHz/ns at this time as can be seen in
Figure 6. Similarly the “upward” crossing is at 267 ns and
the chirp is 92 MHz/ns.

3 Measurement of the atomic displacement,
computer simulations and discussion
of the results

The aim of the experiment is the determination of the
position of the maximum intensity of the fluorescence of

Fig. 5. The frequency excursion versus time function of the
frequency modulated light. Points are the results of measure-
ment. Continuous curve is the fitted harmonic function.
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Fig. 6. The time function of the chirp of the diode laser light
calculated from the data of Figure 4. Continuous line is a fitted
harmonic function.

the trapped atoms depending on the chirp of the light
pulses at given intensity of the frequency modulated light.
The chirp depends on the offset of the working point of
the diode laser.

In the first step the fluorescence light distribution of
the trapped atoms without the influence of the light pulse
train of chirped frequency is measured using the image
intensifier and the CCD camera. The picture is digitized
and stored in the memory of the computer. The position
of the maximum of the distribution (&) is searched and
registered by a program. In the following & = 0 is as-
sumed.

In the second step the frequency modulated pulse train
propagating only into the +&-direction is let to interact
with the atoms in the trap for 280 us long and in the
second half of this time duration a picture is taken by
the CCD camera with 125 ps exposure time. The trapped



146

atoms are excited by every pulse of the train and return to
one of the ground states spontaneously. The result is the
force acting on the atoms in the +£-direction. The atoms
move under influence of this force to the position charac-
terized by the new value of the position of the maximum
of the fluorescent light distribution i.e. of the maximum
of the spatial distribution (&) in the coordinate system
where & = 0.

In the third step the M mirror is shifted into the &
light beam reflecting it. The reflected light pulse arrives
to the trapped atoms with 3 ns delay. (The life time of
the excited states is 27 ns.) The time and the duration
of the exposure of the camera and time duration of the
interaction with the train of these pulse pairs (propagat-
ing into the +¢- and —&-direction) are the same as in the
second step. The light pulse arriving first and propagat-
ing into the +£&-direction excites the atom while the back
reflected light pulse induces de-excitation. In the simplest
case the momentum transferred to the atom is 2hk. Ac-
cording to this simplest expectation the force is doubled
in comparison to that case of the second step. In any case,
larger force is expected in the third step than in the sec-
ond one if the de-excitation of the atoms is induced by
the light. I.e. the momentum transmitted to the atom in
the de-excitation process is in the same direction as that
of the excitation. The atoms move under the influence of
this force to a new position. The maximum of the fluo-
rescent light distribution i.e. the maximum of the spatial
distribution will be (&2).

Dividing the result of the measurement of the third
step by the one of the second step, &/& > 1 is expected
if the “up and down” transitions induced by the counter-
propagating pulses. (In other words, the ratio of the dis-
placement of the maximum of the spatial distribution of
the trapped atoms caused by the back and forth +& prop-
agating pulses and of that caused only by +& pulses is
expected to be larger then one in case of induced transi-
tions.)

Adiabatic transitions are expected if the inequali-
ties (1) and (2) are fulfilled. The indication that adiabatic
transition takes place may be that the experimentally ob-
served ratio of the displacements of the maximums of the
density distributions (of the trap atoms for the case of ££
beams and that only of the +& beam) is A’ =& /& > 1.

The one (+£) beam displacement increases gradually
with small but increasing chirp (see Fig. 7b curve b).
Namely the frequency of the laser crossing the (h) line
of Figure 2 “downward” induces excitation and the trans-
fer of hk momentum in the +&-direction. The following
“upward” crossing induces also transition, de-excitation
and the transfer of ik momentum in the opposite direc-
tion. This second, opposite momentum transfer gradually
disappears as the result of the decreasing intensity at the
“upward” crossing of the frequency. Namely, the light in-
tensity of the second pulse decreases with the rise of the
time between the “downward” and “upward” crossings
(see curve f of Fig. 2). To avoid the influence of this effect
on the result it is better to use the ratio A = & /£&; instead
of A’. & is the mean of & outside of the transient region.
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Fig. 7. (Color online) (a) The points with error bars show the
result of the chirp measurement depending f1 = amy/2— g(io)
i.e. on the offset (g) of the working point of the frequency
modulation. The continuous curve is a fitted function assum-
ing harmonic time function of the chirp. (b) The (two/one
beam) ratio of the excursions (A) from the equilibrium state
of the maximum of the spatial distribution of ®Rb atoms of
a MOT under the influence of a series of frequency modulated
light pulses propagating in two opposite versus only in one di-
rection (curve a). This ratio depends on the value of the chirp.
Curve b is the displacement of the maximum of the trap atom
distribution caused only by the (4¢&) light beam.
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This ratio depends on the value of the chirp
A(by,). This ratio depending on the chirp is measured
experimentally by changing the offset (g) and performing
the above described three steps of the measurement at ev-
ery value of the offset i.e. at that of the chirp. The result of
the measurement of the ratio A(bys,) (curve a) can be seen
in Figure 7b. The chirp was measured as described above
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(Sect. 2.4) and the result with the standard deviations can
be seen in Figure 7a as the function f1 = a.,,z/2 — g(io).
The continuous curve is the theoretical fit assuming sinu-
soidal dependence of the light frequency on time.

As can be seen in Figure 7b, the displacements of the
atoms of the trap is larger in case of ££ beams than in
that of +& beam only in a restricted interval of the chirp
from about 40 MHz/ns to 75 MHz/ns. Otherwise the ra-
tio of the two beam/one beam displacement is fluctuating
around 1 or smaller then one.

In order to get detailed insight into the processes under
consideration, a computer code for the solution of Bloch
equations for density matrix elements taking into account
spontaneous decay of the excited states was assembled to
describe the temporal behavior of the populations, fine
and hyperfine structure coherences of the six hyperfine,
two ground 5281/2 F = 2,3 and four excited 52P3/2
F’ =1,2,3,4 levels of the ®*Rb atoms [9]. In these simula-
tions, the upper ground state 5281/2 F = 3 and the 52P3/2
F' = 2,3,4 levels of the ®Rb atoms are involved in inter-
action with the frequency modulated counter propagating
laser pulses of given peak intensity. The re-pumping pro-
cess of the atomic population from the lower lying ground
state is also simulated by including interaction with the
re-pumping laser radiation in resonance with the 52S; /2
F=2— 52P3/2 F’ = 3 transition. The intensity of this
re-pumping laser is 1.8 mW /cm?.

The fit to the measured laser pulses (see Fig. 4) used
in the simulation. The free running diode laser has a finite
line-width. This line-width measured without modulation
is 27 MHz. It is assumed that this line-width remains the
same when the diode is frequency modulated by modu-
lating the current. This line-width causes an increase in
the intensity of the light at which the conditions for the
adiabatic passage are fulfilled. This finite line-width of the
radiation is taken into account in the simulation.

Adiabatic process which results in two/one beam dis-
placement ratio greater than one takes place at compara-
tively small chirp according to results of our measurement.
The chirp is small near to the extreme value of the sinu-
soidal changing light frequency. The slower the change of
the frequency the larger the pulse duration is at the exit of
the Fabry-Perot interferometer (FP). If the extreme value
of the light frequency curve approaches the resonance of
the FP interferometer (i.e. the offset approaches the value
g = %anmyr/2, see Fig. 2), the two light pulses formed in
the period of decreasing frequency and in that of increas-
ing frequency are merged. Moreover the amplitude of the
light pulse formed with increasing frequency is comparable
to the one formed with decreasing frequency (see Fig. 8).
Therefore the Bloch equations have to be solved for to
and fro propagating pulses of complicated amplitude and
frequency properties (see Fig. 8 curves (a—c) with peak at
the zero crossings of the frequency curve (el)). These are
the shapes of the measured light pulses (see Fig. 4).

The offset (g) is around 0.93 GHz in the case of Fig-
ure 8. Curves (b—d) represents the reflected pulse arriving
to the trapped atoms with 3 ns delay propagating into
the opposite —¢-direction. The amplitude of the pulse (a)

147

0.5*Av @ N
(GHz) 194 510

)

0141 301
s ;

309

3038

d E
/ Jo07
Jo.
305

g 3

303

—]
1
(=]
E
population

J02

frequency deviation

ih

100

T T — T v T T T T T T 02
220 240 20 280 300 320 340 30
time (ns)

Fig. 8. (Color online) The time and amplitude scenario of the
measurement. Curve (N) is the time function of the popula-
tion of the ®°Rb 52P3/2 F’ = 2,3, 4 states normalized to one.
Curve (el) is the frequency deviation (Av) from the resonance
frequency of the ®*Rb 5°S;/s F = 3 < ®Rb 5°Py3,, F' = 4
transition. The amplitude of the light pulse (a) is normalized
to 1. @ is the normalized amplitude. Curves (h), (i) and (k)
are the transition frequencies subtracted the frequency of the
85Rb 5281/2 F=3<%Rb 52P3/2 F' = 4 transition. The (fre-
quency) offset of the working point of the modulation from the
resonance of the FP interferometer i.e. from the resonance fre-
quency of the ®*Rb 5°S; o F' =3 <> **Rb 5°P3/, F' = 4 transi-
tion is (g). The light pulses formed at zero crossing of the mod-
ulated frequency (el) of the diode laser. Curves (a), (c), and
(b), (d) are merged at this offset ¢ = 0.93 GHz. Curves (b)—(d)
are the reflected (—¢&) pulses and (e2) is the frequency function

of the reflected pulses.

is normalized to 1 at maximum intensity. The amplitude
of other pulses is normalized by the amplitude of the (a)
pulse. The normalized amplitude of the pulse is @.

The (k) and (i) lines represent the resonance frequen-
cies of the other two hyperfine transitions ®°Rb 52S; /2
F =3 < 8Rb 52P3,, F' = 3,2. Only the resonance (h)
is crossed by the (el§7 (e2) frequency curves in this case.
(e2) is the frequency of the reflected light pulse. The sum
of the population of the three excited levels 8> Rb 52P4 /2
F’ = 2,3,4 calculated by the computer is represented by
curve (N). The population of all Rb states involved in
the interaction is normalized to 1. The parameters are the
same in the experiment and in the simulation.

The value of the chirp at the crossings of the (h) line is
+16 MHz/ns and the minimum of the frequency curve is
—12 MHz. The maximal intensity of the chirped light pulse
of 0.11 W/cm?is taken in the calculation. The criterion for
adiabatic transition (1) is eg; = 9.8 as in the experiment.
It is remarkable that sudden population increase and af-
terwards a population decrease of the excited levels appear
as the result of the interaction with the frequency modu-
lated light pulses (see curve (N)). The transferred momen-
tum in the interaction with pulses propagating to and fro
is larger than that in the interaction with only one pulse
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Fig. 9. (Color online) The time function (N) of the population
of the ®*Rb 52P3/2 F' = 2,3, 4 states normalized to one un-
der the influence of counter propagating frequency modulated
pulses together with the time and amplitude scenario of the
measurement. All the data are the same as in case of Figure 7
except (g). In this figure g = 0.9 GHz.

propagating in +£-direction. The experimentally observed
momentum is smaller for ¢ beams than for +£ beam at
this chirp.

If the offset of the frequency modulated pulses is g =
0.90 GHz the pulses of decreasing and increasing frequency
crossing are separated more from each other than in the
case of Figure 8 (see Fig. 9).

The value of the chirp at the crossings of the (h) line is
+30 MHz/ns and the minimum of the frequency curve is
—47 MHz. The maximum of the intensity of the chirped
light is 0.33 W/cm?2. The criterion for adiabatic transi-
tion (1) is eps = 8.4 as in the experiment. It is remark-
able that there are two excitation de-excitation processes
at the crossings of the frequency curves following each
other in three nanosecond time intervals. The transferred
momentum is the highest.

Greater displacement for £¢& beams than for +£ beam
i.e. A > 1 was observed experimentally in the interval of
the chirp from 39 to 71 MHz/ns (see Fig. 7b). The experi-
mentally observed maximum of the displacement is at the
chirp about 47-51 MHz/ns. Consequently, the experimen-
tally observed interval of the chirp where A > 1 seems to
be at little higher chirp value then that would be expected
according to the change of population of levels given by
the code.

At zero offset the chirp has maximum value
99.5 MHz/ns at the (h) line (see Fig. 10). The light pulses
(a) and (c) of decreasing and increasing frequency are
clearly separated in time. The amplitude of the pulse of
increasing frequency is far smaller than that of decreasing
frequency. The latter seems to have no influence on the
atoms (see curve (N)). The atoms are partially excited by
the light pulse of larger amplitude and decay exponentially
after some oscillation of small amplitude of the population.
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Fig. 10. (Color online) The time function (N) of the popula-
tion of the 8°Rb 52]?’3/2 F’ = 2,3, 4 states normalized to one
under the influence of counter propagating frequency modu-
lated pulses together with the time and amplitude scenario
of the measurement. All the data are the same as in case of
Figure 8 except (g). In this figure g = 0 GHz.

The maximal intensity of the chirped light is 0.81 W /cm?.
The criterion for adiabatic transition (1) is epr = 4.0 as
in the experiment. The experimentally measured displace-
ment of the atoms caused by to and fro propagating pulses
does not differ from that caused only by (+¢) pulses. This
is verified by the calculation which shows only excitation
induced by the light pulses. There is not de-excitation but
exponential decay of the population. Transferred momen-
tum to the atom in average is not expected in this decay
phase.

4 Summary and conclusions

The displacement of the maximum of the spatial distri-
bution of Rb atoms caused by frequency modulated light
pulse pair propagating opposite to each other is measured
in a MOT in dependence of the chirp of the pulses. This
displacement is compared to that caused by light pulses
propagating only in one direction. The frequency modu-
lated pulses are produced by transmitting the frequency
modulated light of a diode laser through a Fabry-Perot
interferometer tuned to the resonance frequency of the
85Rb 525 /5 F' = 3 < ®*Rb 5°P3/, I’ = 4 transition. The
chirp was measured by using a spectrometer combined
with a Fabry-Perot interferometer and a fast photodiode.
The chirp of the light pulses was determined depending
on the offset of the working point of the modulation from
the Rb 5281/, F =3 < %Rb 5?P3/, F' = 4 transition
frequency. The intensity of the pulses changed depending
on the chirp but the criterion for the adiabatic transition
Rt > 1 was always fulfilled. (R is the Rabi frequency and
7 is the full width of the pulse at half maximum.) It was
found that the ratio of the two measured displacements
is larger than one showing that adiabatic transitions take



J.S. Bakos et al.: Acceleration of Rb atoms in MOT

place. The adiabatic transition was observed in only a lim-
ited region of the chirp in contradiction to the usual ex-
pectation. The deviation from the usual expectation may
be explained by the simultaneous interaction of the light
with many levels of the atom. The experiment is modeled
by numerical solution of the Bloch equations. The sim-
ulation, at least qualitatively, confirms the results of the
experiment.
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