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Motional Sidebands and Direct Measurement of the Cooling Rate in the Resonance
Fluorescence of a Single Trapped Ion
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Resonance fluorescence of a single trapped ion is spectrally analyzed using a heterodyne technique.
Motional sidebands due to the oscillation of the ion in the harmonic trap potential are observed in the
fluorescence spectrum. From the width of the sidebands the cooling rate is obtained and found to be in

agreement with the theoretical prediction.

PACS numbers: 32.80.Pj, 42.50.Lc, 42.50.Vk

Since the first preparation of a single atom in a Paul trap
and observation of its resonance fluorescence [1], investi-
gation of this light has revealed a range of unique prop-
erties. Examples are its nonclassical nature [2] and the
highly nonlinear response, in the form of sudden intensity
jumps, of a multilevel atom to continuous laser excitation
[3]. The fluorescence is, at the same time, a unique tool
for determining the state of the atom. This is particularly
obvious for a single particle where each photon emission
marks the respective projection of the atomic wave func-
tion into the final state of the corresponding transition. It is
also of great interest to study, through its resonance fluo-
rescence, the motion of a single laser-excited particle, e.g.,
for investigating laser cooling schemes or in connection
with proposals for quantum state manipulation or quantum
information processing with trapped particles [4].

The spectrum of fluorescence of a motionless two-level
atom exhibits an elastic part (Rayleigh peak) which is o
correlated with the exciting light, and an inelastic con-
tribution, the Mollow triplet [5]. While the latter marks
spontaneous transitions between the dressed states of the
combined atom-light quantum system and appears when
the light intensity approaches saturation, the elastic contri-
bution dominates for light levels below saturation. For a
free atom this spectrum is modified by the recoil shift. For
a trapped atom the elastic peak is unshifted, and sidebands
appear at the characteristic frequencies of the motion in
the trap [6—8], with sizes that depend on the amplitude of
this motion. The spectral width of these sidebands reflects
the effective decay of the motional states of an atom in the
trap, i.e., the rate of transitions which change this state.
In particular, if laser excitation provides optical cooling of
the trapped atom, the sideband width reflects the equilib-
rium of heating and cooling transitions in the steady state.
While such sidebands have been observed in the fluores-
cence spectrum of ensembles of trapped neutral atoms [9],
their investigation for a single particle and analysis of their
width has not been done so far [10]. The measurement of
cooling rates is highly interesting in experiments with cold
atoms or ions, in particular when many levels or several
light fields are involved such that an optimal set of parame-
ters is hard to find solely from theoretical arguments.
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In this paper we report on a measurement of the reso-
nance fluorescence of a single trapped barium ion which
reveals sidebands of the elastically scattered light due to
the various components of the ion’s motion in the trap-
ping potential. From the width of the sidebands which
correspond to one of its vibrational modes in the Paul trap
quasipotential we deduce the cooling rate induced by the
exciting laser. This method will enable us to perform de-
tailed studies of motional effects of laser radiation in situ,
i.e., during the laser excitation without further analysis
tools.

In the experiment, a single Ba® ion is trapped in a
1.4 mm diameter Paul trap. The ion is generated by
impact ionization of a weak thermal Ba atomic beam with
an electron beam inside the trap. The trap is suspended in
UHV and driven with a 500 V,, radio frequency signal
at fpyy = 19 MHz. The ion is laser cooled by simul-
taneous excitation on its Sy, < Py and Py < D3pp
resonance lines at 493.4 and 649.7 nm, respectively [11].
See Fig. 1 for the relevant levels of Ba®. The 493 nm
light is produced by a frequency doubled diode laser
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FIG. 1. Experimental setup. The inset shows the relevant
levels and transition wavelengths of Ba®. Resonance fluores-
cence at 493 nm is investigated. AOM stands for acousto-optic
modulator, BS for beam splitter, PBS for polarizing beam split-
ter, and X2 for frequency doubling. fuix is varied to observe
the various spectral components of the fluorescence.
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with external grating resonator described in Ref. [12].
This laser is frequency stabilized to a Te, resonance line
666 MHz away from the Ba™ line, by modulation transfer
spectroscopy [13]. The 650 nm light is generated by a
diode laser with an external grating resonator, stabilized
to an optical resonator. Both lasers have linewidths well
below 100 kHz. The laser beams are combined on a
dichroic beam splitter before they are focused into the
trap, and both light fields are linearly polarized. The
laser intensities at the position of the ion are in the range
of 200 mW/cm? (493 nm) and 100 mW/cm? (650 nm).
The 650 nm laser is close to resonance; the 493 nm
laser is red detuned by about the transition linewidth
(I' = 15.1 MHz) for Doppler cooling. A 2.8 G magnetic
field which is orthogonal to both the laser wave vector
and the laser polarization defines a quantization axis and
lifts the degeneracy of the Zeeman sublevels. The precise
parameters are determined by fitting an eight-level Bloch
equation calculation to a scan of the fluorescence intensity
vs the detuning of the 650 nm laser [14].

The 493 nm resonance fluorescence of the ion is ana-
lyzed with a heterodyne detection setup shown in Fig. 1
[15]. Using a slightly simpler scheme, with a frequency
shift in only one arm of the heterodyne setup and with
a frequency selective photodetector, Hoffges et al. [16]
have observed the elastic part of an ion’s resonance fluo-
rescence, but no motional sidebands. In our setup, the
fluorescence at right angle to the direction of the laser
beams, in the direction of the magnetic field, is colli-
mated with an f/0.7 lens. This light consists of the two
o-polarized components corresponding to the Pj/,(m =
*+1/2) to Sy2(m = F1/2) transitions, and its elastic part
is linearly polarized, because the two o-polarized com-
ponents are coherently superimposed. For creating a lo-
cal oscillator beam, the green laser light is divided into
two beams which are frequency shifted by 112.5 MHz
(beam 1) and 80 MHz (beam 2) using acousto-optical
modulators (AOMs). Beam 1 excites the ion while beam
2 is superimposed with the collimated fluorescence on a
polarizing beam splitter PBS1. The beam sizes of the col-
limated fluorescence and the local oscillator (beam 2) are
adjusted for optimum overlap, using telescopes. Their or-
thogonal polarizations after PBS1 are mixed with a A/2
plate and a second polarizing beam splitter PBS2 to cre-
ate an interference signal. The two output signals of PBS2
are detected on two fast photodiodes (50 MHz bandwidth,
80% quantum efficiency). By subtracting their photodiode
currents, the interference term S « E|,Efjyor between the
fluorescence and the local oscillator is filtered out. Be-
cause of the frequency shifts in beams 1 and 2, this in-
terference product (i.e., its elastic part) is expected at a
frequency of 32.5 MHz, the difference frequency of the
two AOM drives, while any motional sideband due to
an oscillatory motion with frequency f; would appear at
32.5 MHz =nf;,n = 1,2,.... The reason for using two
AOMs is that their difference frequency is not generated

elsewhere in the setup, such that no electrical cross talk
perturbs the final signal; neither can any residual ampli-
tude modulation in one of the beams create a 32.5 MHz
signal on the photodiodes. The interference signal S is
mixed with an rf reference signal at variable frequency
fmix around 32.5 MHz, low-pass filtered, and finally ana-
lyzed on a fast Fourier transform (FFT) spectrum analyzer
with 100 kHz maximum bandwidth. All rf sources, i.e.,
the trap drive, the AOM supplies, and the rf reference, are
phase locked to the same 10 MHz master oscillator.

With the mixer frequency fnix setto fo = 32.45 MHz,
the elastically scattered light produces a signal at 50 kHz
on the spectrum analyzer. Such a signal, with the resolu-
tion bandwidth set to 61 mHz, is shown in Fig. 2. Clearly,
only one data point is significantly above the background
noise, thus verifying the o correlation between exciting
laser and fluorescence. The signal-to-noise ratio (SNR) is
17 dB (at unit bandwidth). The maximum SNR which can
be achieved depends on the rate N of fluorescence photons
that are detected. It is derived in the following way: The
spectral power of the signal S is Pg = S?/Av, where Av
is the detection bandwidth (or signal bandwidth, whichever
dominates), while the noise power is Py = E120, such that
their ratio is SNRyax = Efjuor/Av = N/Av. For this to
hold, the noise created by E), with no fluorescence present
[17] has to be the dominant noise in the photodiode signal
S. By varying the local oscillator power without a fluo-
rescence signal, we confirmed that this is the case in our
experiment and that the noise is close to the quantum limit.
With a typical scattering rate of (2.5-5) X 10* photons/s
into the solid angle that is collimated, and with 80% pho-
todiode quantum efficiency, the maximum possible SNR
turns out to be 35-40 dB. The comparatively low value
of 17 dB which we find is due to phase front distortions
induced by the collimating lens and a resulting low degree
of mode matching between the collimated fluorescence and
the local oscillator.
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FIG. 2. FFT spectrum analyzer signal around 50 kHz showing
bandwidth-limited heterodyne detection of the elastic (carrier)
peak of the resonance fluorescence.
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Because of the quadrupole radiofrequency field in a
Paul trap, the ion undergoes a driven oscillation at the
frequency fpyy = 18.53 MHz. This so-called micromo-
tion is in phase with the driving field, and its amplitude
is proportional to the ion’s distance from the trap center.
The sidebands to the elastic peak which this oscillation
generates can be observed on the spectrum analyzer, in
the same manner as the carrier, by setting fiix to fo =
nfpau1, n = 1,2,.... InFig. 3 we show the results of such
measurements. Because of the fact that the phase of the
micromotion is well defined, and because all rf sources are
phase locked, the width of the micromotion sidebands is
limited by the resolution bandwidth of the spectrum ana-
lyzer, just like the width of the elastic peak in Fig. 2.

The sizes of the micromotion sidebands are expected
to be proportional to |J,(m)|*> where J is a Bessel func-
tion, n = 0,1, =2,..., is the number of the sideband,
and m is the modulation index corresponding to the ion’s
oscillation. With the micrognotion edescribed by asinQ)z¢,
(Q) = 27 fpau1) and with k; and k; describing the laser
and fluorescence wave vectors, respectively, m is given by
m = a - (kg — k;) [16]. The particular value of m found
from the sidebands in Fig. 3 is 0.47. This corresponds to
a micromotion amplitude in the direction of k; — k; of
about 26 nm. By minimizing the micromotion, i.e., the
value of m, with the aid of such a measurement, the ion
can be placed in the trap center where the trapping condi-
tions are optimal [18]. At opteimumeconditions, i.e., if the
SNR reaches 40 dB, and a || k; — k;, this measurement is
sensitive to micromotion amplitudes of about 1 nm.

Apart from the forced micromotion oscillation, the
three-dimensional trapping in the rf-generated pseudo-
potential of a Paul trap results in three independent
modes of free vibration along orthogonal axes at three (in
general different) frequencies fiacro. In our case, these
frequencies are 620.5, 670, and 1301 kHz. Investigation of
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FIG. 3. Heterodyne signal showing the elastic peak (center)

and the n = %1 micromotion sidebands (right, left). For record-
ing the sidebands the FFT analyzer frequency is shifted by
* fpaur = £18.53 MHz. The FFT resolution bandwidth was set
to 1 Hz. Note the logarithmic ordinate scale.
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this so-called macromotion is our main purpose, because
these motional degrees of freedom interact with the laser
in a cooling process, and the corresponding sidebands
contain information about the motional state of the ion,
the efficiency of the cooling, and their dependences on
the laser parameters. It is also the macromotion which is
used in experiments on quantum state manipulation and
entanglement, in particular in the framework of quantum
information and quantum computation [19].

The macromotion is harder to detect in the heterodyne
signal than the micromotion because it is not correlated
with any applied rf source. In view of the noise con-
siderations above, detection of a macromotion sideband
requires that the rate of photons which contribute to the
sideband heterodyne signal is larger than the spectral width
of that sideband. Because of the inefficient mode match-
ing described above, this situation is not realized in our
present setup. However, the macromotion corresponds to a
damped harmonic oscillator (laser cooling being the damp-
ing mechanism) which can be driven with an additional
external field at some frequency fgive close to the macro-
motion frequency fmacro. Then, with foix set to fo =
nfdrive, the excited macromotion is detectable as a é signal
on the spectrum analyzer, and a scan of fgjve Over one of
the macromotion resonances reveals the response of that
oscillator mode to the drive, in particular the broadening
of the resonance due to laser cooling. The result of such a
measurement is shown in Fig. 4. Here, the upper trace cor-
responds to the height of the elastic peak ( fmix = fo) asin
Fig. 2, while the lower trace corresponds to the height of
the sideband at furive ( fmix = fo T+ fdrive), both as func-
tions of fyrive around the 620.5 kHz macromotion mode
frequency. The driving voltage was applied to an electrode
about 1 mm away from the ion; its power was —60 dB m.
The axis of the excited vibrational mode is at 45° between
the direction of the laser and the observation, as was found
from the image of the ion at much higher drive power.

Figure 4 shows how the elastic scattering decreases
while the sideband scattering increases around the macro-
motion resonance. The two traces were fitted with
functions |A,J, (m( farive))|?, n = 0O for the carrier, n = 1
for the sideband, where m( fqrive) Was assumed as

m(fdrive) =

Mmax (1)

1+ ( fdnz;/f;ucm )2

as expected for a damped harmonic oscillator. We find
a maximum modulation index mpy,x = 1.5 and a width
of the macromotion resonance Af = 750 Hz. This width
corresponds to the effective linewidth that the ion’s oscilla-
tor eigenstates in the trap acquire due to the ongoing laser
excitation which makes the ion change its motional state
[7,8,16].

To compare this cooling rate with the one derived from
a simple model, we describe the motion of the ion by a
driven and damped harmonic oscillator. Some limiting
conditions are fulfilled in our experiment: The cooling
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FIG. 4. Heterodyne signal showing the sizes of the elastic peak
(upper trace) and the sideband of the weakly excited macromo-
tion (lower trace) as functions of the excitation frequency frive.
For the elastic peak the FFT analyzer frequency is kept fixed
while for the sideband it is shifted by fysve. The bandwidth
is 1 Hz.

rate is much smaller than the linewidth of the transition
I', i.e., the velocity changes only negligibly during one
lifetime, and both the recoil frequency hk?/2M = 27 X
5.9 kHz, M being the ion mass, and the maximum Doppler
shift kvp,x are smaller than the oscillation frequency (the
latter being the Lamb-Dicke condition). Therefore we can
calculate the cooling rate, i.e., the damping coefficient,
from the radiation pressure that acts on the ion during its
oscillation [20],

F(v) = ikI'Pp(A — kv), (2)

where Pp is the probability of finding the ion in the P/,
state and A is the detuning of the 493 nm laser from the
atomic resonance frequency. With A negative and of the
order of I", and for kv < I',|A| the velocity-dependent
part of F(v) amounts, in first order, to a friction force

Fy = —aMuv that the ion experiences [20], and
=2 ﬁ_kz r dﬁ (3)
“ T oM dA

corresponds to the linewidth induced by the laser cool-
ing. All parameters in Eq. (3) refer to the 493 nm laser.
We can neglect the contribution of the 650 nm laser to the
cooling because this laser is set to yield maximum fluo-
rescence (Agso = 27 X 5 MHz), such that dPp/dAgso =
0. By calculating dPp/dA from the same eight-level
Bloch equations that determine our experimental parame-
ters [14] Agozs = —27 X 19 MHz, L1953 = 189 mW/cm?,
Isso = 107 mW/cm?, we get @ = 27 X 640 Hz which
agrees well with the measurement.

In conclusion, the spectrum of resonance fluorescence
from a single harmonically confined ion in a Paul trap was
observed using heterodyne detection. Aside from the elas-
tic peak, the spectrum exhibits sidebands due to the weakly
excited macromotion of the ion in the trap. Investigation
of these sidebands allows for an analysis of the cooling
rate, without affecting the motional state of the ion by,
e.g., probing pulses. The measured cooling rate in our ex-
periment compares well with a simple model calculation.
Moreover, micromotion sidebands are observed which, by
minimizing their amplitude, can be used to actively com-
pensate for residual micromotion down to the nm level.
These techniques will prove useful in the context of pre-
cision spectroscopy with ion traps and, in particular, for
the preparation and manipulation of vibrational quantum
states of motion as they are required for quantum informa-
tion experiments with trapped ions.
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