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Abstract: We demonstrate real-time feedback control of atomic center
of mass motion in a cloud of laser cooled cesium atoms. Using the ve-
locity measurement technique of recoil-induced resonances, the average
velocity of the atomic cloud is obtained. This information is used to
give a correction from a moving optical lattice. We are able to bring
the cloud of atoms to a stop with a controllable amount of heating.
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1 Introduction

Manipulating ensembles of particles with feedback has evolved significantly since its use
toincrease the luminosity of antiproton beams [1]. This has led to proposals for cooling
neutral atoms [2] and ions [3], as well as manipulation of wavepackets with uitrafast laser
pulses [a]. The basic ideafor feedback control of a physical system involves several sreps.
First, a measurement is made which probes the state of the system. Second, a correction
to the system state is performed based on the result of the measurenrent. These together
constitute feedback which may be used to control the system. The measurement as well
as correction method vary among the various proposais and experiments in ttre field.
In an experiment where the state of a system is to be controlled, it is desirabie for
the measurement to be as nondestructive as possible. Some experimental work [5] has
involved the use of a high finesse optical cavity to monitor the position of an atom in real-
time and to trigger on a far-off-resonance dipole force trap (FORT) to confine the atom
to a cavity mode. Other recent work [6] has involveid making position measurements of
atoms in an optical lattice and feedback to alter the oscillations of the atoms within the
lattice. In this demonstration of real-time feedback control, we use the method of recoil-
induced resonances (RIR) [7, 8] to make a center-of-mass momentum measurement of
a cloud of atoms and a moving optical lattice for changing the state of the system.

. This experimental demonstration of real-time feedback control is a simplified single
iteration model of stochastic cooling as discussed in Ref. [2]. A stochastic cooling setup
entails a measurement and feedback determined correction as discussed here, but also
includes a mixing process whereby the particles are allowed to rethermalize. In such
a case, many iterations may be used to damp momentum fluctuations for instance. In
this demonstration) a measurement and correction are applied but without subsequent
state mixing. This is not stochastic cooling, but rather a single iteration of a possible
feedback sequence. Instead of damping out the momentum fluctuations of the ensemble,
the average momentum of the entire group is damped. A measurement of the velocity
distribution is made in order to obtain the center of mass velocity of the ensemble of
Particles. The information is used in real-time to provide feedback correction to the
system in the form of a time dependent optical potential. This potential is a moving lD
optical lattice which traps the atoms and slows them to rest in the laboratory frame.
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The measurement-correction feedback iteration is
the ensemble.

done with relatively minor heating of

2 Experimental Setup

Our experiments are performed using cesium atoms from a standard vapor-cell magneto
optic trap (MOT). The MOT apparatus used is described in detail in Ref. [9]. We trap
approximately 106 cesium atoms with Gaussian distributions in position and momentun
with widths of a, _ 180 pm and o, : 8.5 hk, respectively. Here, k _ 2r lA is the
wavenumber, with wavelength ) - 852 nm. The experiment starts when the MOT is
turned off and the atomic cloud is allowed to fall freely under the influence of gravity for
10 ms, during which it expands to a width oa = 350 pm. After these 10 ms, the cloud is
subjected to a velocity measurement through the method of recoil-induced resonances
(RrR) [7, 8].

The RIR measurement involves two beams with frequency difference 2dy intersecting
in the atomic cloud at angle d. The beams are both detuned from atomic resonance b|
Ar. (= 6 GHz in our case). Stimulated Raman transitions between motional states are
driven which result in coherent scattering of photons from one beam to the other. The
resonance condition [10] for these transitions is

26u - 
\rr,g 1r7 (1)

where u, is the velocity in the direction of momentum change between the beams which
is vertical in the present work. By choosing a value of 25u, a certain velocity class of the
ensemble undergoes stimulated Raman transitions making the scattering rate dependent
on the population in the different motional states. Sweeping 26u,lherefore, may be used
to probe the system's velocity distribution. If done linearly at the appropriate rate, the
power in the beams will change in proportion to the derivative of the atomic momentum
distribution. This method provides a measure of the velocity distribution but is of l imited
sensitivity due to mechanical and electrical noise. The sensitivity of this measurement
can be greatly enhanced by the application of frequency-modulation (FM) spectroscopy
techniques [10].

The experimental setup used is shown in Fig. 1 and is similar to that which is
described in Ref. [10]' The two RIR beams start as a single beam generated by a
Ti:Sapphire laser which produces approximately 500 mW oitigtt detuned 6 GHz red
of the 65; (]r - 4) -+ 6Pg(F' : 5) transition near 852 nm. This beam is sent through
an acousto-optic modulator (AOM) operating at 80 MHz. This modulator (AOMI) is
used to split the original beam into a pair which have a frequency difference of 80 MHz.
This pair is to become the pump and probe beams.

The zeroth order beam from AOM1 is double passed through AOM2 operating at
54 MHz+62 where 6u rs a variable frequency. The double p*r-ullo*s the iriving fre-
quency of the AOM to be swept without steering the beam- It is then spatially filtered
to clean the beam profile and aligned to hit the atomic cloud after a 10 ms free fall. The
beam has a frequency that is shifted 108 MHz *25u relative to the original beam, and
has a Gaussian intensity profi le with a Lf e2 waist of 750prm. This is the pump beam.

The first order bearn from AOM1 is double passed through an electro-opti. phase
modulator (EOM) operating at 28 MHz. The EOM is used 1o put sidebands on the
carrier at *28MHz ' We drive the EOM to produce sidebands 2.5 dB below the carrier.
The purpose of double passing the EOM is for reduction of residual amplitude mod-
ulatiorr created by the EOIvI as the birefringence of the lithium niobate crystal drifts
in time resulting in polarizatton modulation of the output beam at the driving fre-
quency' Without compensation, the parasitic change in polarization results in a change
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in beam amplitudc upon passing througtr the polarizing beant splitter cube that follows
the EOM. The riouble pass setup with the quarter-wave plate allows us to correct for
the drifts of EOIv{ birefringence and reduce this effect. Following t}re EOM double pass'

the beam is spatially filtered and aligned to intersect the atomic cloud where it has a
1/e2 waist of 750 pm. Since the beam was originally derived as the first order of AOM1,
the carrier is 80 MHz above tire original Ti:Sapphire beam with sidebands at 53 MHz
and 108 MHz. This is the probe bcam.

The stimulated R.aman transitions between motiottal states result from the interac-
tion of the purnp beam (108 N{Hz *26u relative to ttre original Ti:sapphire beam) and the
upper sideband of the probe beanr (at 108 MHz) whir;h intersect at an angle 0 - 4.5".
The frequency difference here is 2dz, whicii is experirnentally controlied. Depending on
the frequenc-v differencre, Ranran trarrsitions are driven as the resonance condition is met,
as in Eq. (1) A frequericy differerrce of 25u _ 0H2, for exarnple, corresponds to rest in
the laboratgry frame, whereas2Su - *320 Hz corresponcls to velocity classes at *1u",
where r.r," is the recoil velocity for cesiuln. For a typical RIR measurernent, dz is linearly
swept over a rarrge that includes tl ie entire velocity distribution. The best sweep rate
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for an optimal signal depends on the power in the beams as well as the detuning from
atomic resonance [10]. Typically, the pump and probe beams have powers of 35 mW
and 15 ff iw, respectively, with du swept at a rate of T4.3MHzls.

After the beams interact with the atoms, they exit the chamber where the pump
beam is blocked. The probe beam passes through AOM3 after which the first o.de. is
detected by u photodiode. This additional AOM is used as a fast shutter to prorect
the photodetector from receiving intensities above the damage threshold during the
correction phase which wil l be described shortly. Prior to interaction with the atomi, the
FM sidebands on the probe beam were equal in intensity. The RIR interaction with the
atoms results in the scattering of photons from the pump beam into the upper sideband
of the probe beam. The imbalance between the FM sidebands results in the amplitude
modulation measured by the photodetector. The output of the detector is, therefore,
a signal at the sideband frequency (28 MHz) with an amplitude that is proportional
to the intensity mismatch between the sidebands (i.e. to the scattering rate that is
proportional to the derivative of the velocity distribution).

The output of the photodetector is amplified and rnixed with the original 28 MHz
signal appropriately phase shifted which is subsequently low-pass filtered to remove
the high frequency component and is then amplif ied. The result is a DC level with
the dispersive RIR signal on top of it. The DC level f luctuates to some degree due to
fluctuations of the residual amplitude modulation. A typical RIR scan is shown as plot
(a) in the timing diagram in Fig. 2.

The RIR measurement determines the average momentum of the cloucl of atoms as
a zero-crossing of the RIR curve, and this information is used in a feeclback scheme
to stop the atoms. The intersecting bearns create a standing wave or one cjimensional
lattice that is moving at a velocity of

l r l - ,  )'t'ri," : 'zou 
, r.rO ^

with respect to the laboratorv and

u: j : - '  -26u= ,  1, ,  -  Zr w 
2 sin(0 12) m

(2)

(3)

with respect to the atoms. Assuming that the atoms are not init ially at rest in the
laboratory frame, a l inear frequency sweep uniformly decelerates the lattice unti l i t
comes to a stop with respect to the atoms. Beyond in'hich, the lattice accelerates in the
opposite direction unti l i t comes to a stop in the laboratory frame. The zero crossing
of the RIR lineshape corresponds to when the lattice is stationary with respect to the
atoms. By turning up the intensity of the beams at the zero crossing, deep potential
wells are created that drag the atoms along with them as the standing wave comes to
rest in the laboratory frame. This procedure of measurement and correction thereby
stops the cloud of atoms in the laboratory frame.

To accomplish this, the RIR signal from the amplifier is fed into an analog electronic
trigger circuit. The trigger circuit measures the DC level and subtracts it from the total
signal. This leaves only the dispersive RIR lineshape which is compared to a reference
voltage level. A trigger signal is generated once the signal passes the threshold level (see
plot (a) in Fig'2)' Note that the trigger pulse actually comes prior to the zero crossingof
the dispersive signal. To compensate for this offset, appropriate delays are added to the
electronics that are triggered off this puise. These delays are typically 20pr,s and are not
visibie on the timing diagram in Fig. 2. The output of this comparator trigger is then
used to init iate the sequence that stops the atoms. A timing diagram of this sequence
is shown in Fig. 2.

.u,iii
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F ig.  2.  Timing diagram of  vol tage s ignals involved in feedback scheme. The vert ical
axis is  arbi t rar i ly  scaled for  each s ignal .

The first curve (a) in Fig. 2 is the untriggered RIR signal shown for reference. It
is proportiorral to the derivative of the momentum distribution. Curve (b) shows the
generated trigger pulse, curve (c) shows the linear frequency sweep which changes slope
after the trigger for the reason explained below, curve (d) is an RIR signal that was used
in a trigger sequence, and curve (e) shows the control signal for the correction which is
achieved by increasing the intensity of both RIR beams. The combination of signals (c)
and (e) brings the atoms to a stop in the laboratory frame as described above. During
the high intensity phase (after the trigger), AOM3 is turned off (via an RF switch) to
protect the photodetector. This is seen in curve (d) which is the triggered RIR signal.
At the point of trigger on the curve, the l ight to the photodetector is turned off and the
signal vanishes (compare with curve (a)).

The increased intensity of the RIR beams provides the correction. The intensity in
each beam increases according to 1(t) - /(0) lQ+ft)2 [11], This is an adiabatic increase
to avoid heating the atoms during this process due to a sudden momentum kick. In the
experiment we used T - 44.4 kHz which disturbed the sample very little. T\rrning on
the lattice more quickly was observed to heat the cloud significantly. On the other hand,
size constraints limit the amount of time allowed for the adiabatic turn on. The beam
size and cloud size are matched for an optimal RIR signal. Therefore, if the intensity
is not raised quickly, the atoms will move out of the beam overlap region, and will not
be caught in the moving lattice. The initial powers in the pump and probe beams were
35mW and 1SmW, and were adiabatically increased to 75mW and 70mW, respectively.
Curve (e) in Fig. 2 is the amplitude modulation signal to AOM1 and AOM2 (with
different heights for each) that provides this increase to higher intensity.

The frequency sweep is also altered after the trigger pulse. At first, the linear fre-
quency sweep is stopped during the adiabatic turn on. Ideally, the lattice velocity should
follow ttre free fall velocity of the atoms during the adiabatic turn on, but that is difficult
due to signal delays (especially due to the low pass filter), therefore we simply hold the
lattice at its current speed. Secondly, the acceleration of the lattice after the adiabatic
turn-on (proportional to the slope of the frequency) is changed. In an accelerating lat-
tice, atoms will undergo Landau-Zenertunneling [12], escaping the lattice, and will not
be stopped. The constant acceleration is decreased to avoid this tunneling, but kept
high enough so that atoms would not exit the beam overlap before being stopped. The
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initial lattice acceleration for the RIR scan was
for slowing.

810 m/s2 and was changed to 150 m/s2

10 15 20 25 30 35
t (ms)

Fig' 3. Center of mass position of a cloud of atomic cesium fall ing. The data on the
lower curve (r )  is  fa l l ing under gravi ty wi th no correct ion.  The data on the upper
curve (x)  is  fa l l ing wi th a correct ive s low-down at l0 ms.

3 Results

The primary result of this experiment is shown in Fig. 3. The data points on the lower
curve (o) correspond to the initial cloud of atoms falling under gravity with no corrective
slow-down. These are averaged over five free fall sequences. The dashed curve is a
ballistic trajectory of the MOT falling under the influence of gravity.

The data points on the upper curve (x ) correspond to atoms that were stopped and
then allowed to fall again averaged over ten correction sequences. For the first l0 ms,
the atoms follow the same free fall curve as described previously. The RIR and slow-
down sequence starts at 10 ms after the initial release from the MOT. The sequence
stops the falling atoms and then releases them to fall again approximately 1.b ms later.
The dotted curve is a ball istic trajectory with an init ial momentum of 0 hk at 1l.b ms.
There is good agreement between the data and the idealized trajectory.

Ideally, the trigger pulse turns on the deep well lattice at a time when both the
average velocity of the atoms and the lattice are the same. In this case, we achieve
stopping efficiency of approximately 80% of the atoms. Perfect stopping efficiency is not
possible in our system due to the lower intensities in the wings of the beams creating
smaller potential wells that can not slow the atoms. Another source of lower efficiency
is noise on the RIR signal which causes the trigger time to vary. This leads to a velocity
mismatch between the atoms and the lattice. Typically, the noise causes triggering
within a window of 7 recoil velocities about the ideal trigger point. This problem is
observed to result in loading efficiencies into the lattice as low as b0%.

To measure the heating effects of this method we plot the width of the cloud o,
with time in Fig. 4. From this fit, we determine the momentum width in ol(t) =
ol(o) + t2 o| I M 2. Before the correction sequence the momentum distribution" has a
width of o, : 8.5 hk and after op : 12.2 hk.

Heating results from various sources including spontaneous emission and coherent
processes involved in the RIR measurement. The beams operate at a detuning of 6 GHz
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Fig.  4.  Temperature measurement of  the c loud af ter  stopping showing the c loud's
expansion as a funct ion of  t ime.

red from the atomic transition whicir allows for a reasonably small rate of spontaneous
emission. We measure heating to about oo _ I hk from this effect alone. A larger
detuning may be used to decrease the spontaneous emission at the expense of a lower
well depth for the corrective slow-down.

The RIR measurement is only approximately nondestructive. There is an increase in
themomentum width due to the coherent scattering of photons 110]. In our system, the
momentum distribution after an RIR measurement when not followed by a corrective
slow-down has a width of oo - 16 hk. In the correction scheme, this heating effect is not
fully present since the RIR scan is halted after the trigger which takes place before the
halfway point in the scan. The heating effect of the coherent scattering may be reduced
by decreasing the scattering rate. This may be accomplished by reducing the power
in the beams and/or increasing the detuning. Of course, this is at the expense of the
signal for the obvious reason that the signal is smaller if fewer photons are scattered.
F\rndamentally, the measurement can not be fully nondestructive. Ultimately, the degree
of nondestructiveness is determined by the threshold of the RIR measurement, which
ideally is dictated by the shot-noise limit.

4 Conclusions

The basic result of this proof-of-principle experiment is that real-time measurement and
correction feedback are possible with a controllable amount of perturbation. The center
of mass motion of the atoms was controlled in real-time with minimal disturbance to the
sample. As demonstrated, this method does not rely on any a priori information about
atomic motion. As lorrg as the average velocity of the cloud is within the measurement
range of the RIR scan, the scheme will work on any unknown average velocity.
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