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Trapped-Ion State Detection through Coherent Motion

D. B. Hume,* C. W. Chou, D. R. Leibrandt, M. J. Thorpe, D. J. Wineland, and T. Rosenband
Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80305
(Dated: December 12, 2011)

We demonstrate a general method for state detection of trapped ions that can be applied to a
large class of atomic and molecular species. We couple a “spectroscopy” ion (27Al+) to a “control”
ion (**Mg") in the same trap and perform state detection through off-resonant laser excitation
of the spectroscopy ion that induces coherent motion. The motional amplitude, dependent on the
spectroscopy ion state, is measured either by time-resolved photon counting, or by resolved sideband
excitations on the control ion. The first method provides a simplified way to distinguish “clock”
states in 27Al", which avoids ground state cooling and sideband transitions. The second method
reduces spontaneous emission and optical pumping on the spectroscopy ion, which we demonstrate
by nondestructively distinguishing Zeeman sublevels in the 'Sy ground state of 27 AlT.

Experiments on individual quantum systems face the
challenge of isolating the system from the environment
while making it accessible to external measurement and
control. One way this conflict appears is during state
detection when small energy differences between quan-
tum states are amplified into directly measurable sig-
nals. According to quantum theory, projective measure-
ment leaves the system in its observed eigenstate, some-
times called a quantum nondemolition or nondestructive
measurement. However, unwanted perturbations to the
quantum state make this ideal difficult to achieve ex-
perimentally, and near-perfect projective measurements,
characterized by occasional “quantum jumps” between
discrete signal levels, have been realized in only a few
physical systems [1-5].

In the case of a trapped ion, “electron shelving” has
become a standard technique used for projective mea-
surements [1]. Here, a transition between two atomic
eigenstates acts as a switch for resonant photon scat-
tering observed with a photon counter. This requires a
fast cycling transition at a suitable wavelength for laser
sources and photon detectors, such that optical pump-
ing does not disrupt the state being measured. To over-
come this limitation, quantum logic spectroscopy (QLS)
was developed to indirectly detect the state of one or
more “spectroscopy” ions by coupling them to a “con-
trol” ion of a different species [6, 7]. The QLS detection
sequence begins by cooling the ions close to the ground
state. Subsequent motional sideband transitions imple-
ment a quantum gate between the spectroscopy ion and
the control ion whose state is then detected. One draw-
back of QLS is the requirement of ground state cooling,
which adds significant experimental complication. More-
over, QLS cannot be applied in general to complicated
atomic systems because it relies on narrow optical tran-
sitions in the spectroscopy ion, which must be accessible
by CW laser sources. For most ion systems such a res-
onance is unavailable or, through spontaneous emission,
leads to depumping away from the measurement basis.

Here, we demonstrate state detection that does not
rely on photon scattering and sideband transitions on

the spectroscopy ion, making it suitable for a larger class
of atomic and molecular systems. As with QLS, laser ex-
citation on the spectroscopy ion induces state-dependent
motion that is detected using a control ion. However, to
avoid photon scattering, we apply only off-resonant inter-
actions with the spectroscopy ion through a Stark shift
S dependent on the spectroscopy ion state |i). Spatial
variation of the Stark shift (i.e. due to an intensity or
polarization gradient) gives rise to a state-dependent op-
tical dipole force, FO(r,t) = —VS®. When the dipole
force is modulated at the frequency wp; of a normal
mode of motion [8-10], the ions behave like a classical
driven harmonic oscillator with resonant driving force,
FO(t) = Fo(i) cos(wprt + dnr), where Féi) is the ampli-
tude of the Stark—shift gradient at the ion position, and
o is its phase.

Due to resonant enhancement, the ion motion induced
by this force can be detected with high sensitivity. Recent
work has demonstrated force detection by time-resolved
photon counting at the level of 5 yN (yN = 1 x 10724 N)
[11, 12], equivalent to a Stark shift gradient of approxi-
mately 7.5 kHz over 1 pym. Furthermore, motional side-
band transitions [6-8] allow for sensitivity to motion at
the fundamental limit of single quanta. Such high sensi-
tivity can be exploited to make projective measurements
by utilizing far off-resonant interactions with the spec-
troscopy ion that strongly suppress state transitions from
photon scattering.

The experimental system, sketched in Fig. 1(a), con-
fines a 2°Mg™t ion and a 27AlT ion along the axis
(2) of a linear Paul trap whose normal mode frequen-
cies for a single Mgt ion are {w,,wy,w.,} = 27 x
{5.1,6.8,3.0} MHz. The ion pair Mg-Al has an equilib-
rium separation of 3.1 pum, with a quasi-center-of-mass
(COM) [13] mode frequency of wp; = 27 x 2.94 MHz,
corresponding to a spread in the ground-state wavefunc-
tion of 2, = 5.64 nm and z, 4, = 5.86 nm for Mgt and
Al respectively. The optical dipole force is produced
by two ot-polarized, counter-propagating laser beams,
which interfere at their focus (~ 40 pm diameter) to pro-
duce a “walking” wave intensity pattern [8]. The beams
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FIG. 1. (color online) (a) Experimental setup (DISC = dis-
criminator, FPGA = field programmable gate array, PMT =
photomultiplier tube). Counter-propagating AltT 3P laser
beams (A ~ 267 nm) excite ion motion at their difference fre-
quency wns, which is phase-stabilized with an interferometer
near the ion trap. With a laser tuned near resonance, the
Mgt ion scatters photons that are counted and time-binned
with respect to the driving force in an FPGA. All laser beams
overlap both ions but because the AlI* and Mgt wavelengths
are substantially different, each beam interacts with only one
species. (b) During detection, the Mgt beam (A ~ 280 nm)
is tuned first above (blue, righthand rectangle) then below
(red, lefthand rectangle) the optical resonance, which ampli-
fies then damps the motion respectively. Fluorescence from
Mgt is modulated by the ion motion with the modulation
phase shifted by 7 between the blue and red pulses. (c) Peak-
to-peak Mgt fluorescence modulation of 20% when Al is
in the 1Sy state. In the ®P, state modulation is absent. The
motional period of 27 /was = 340 ns is divided into 16 photon-
arrival-time bins.

are detuned from the 1Sy — 2P, transition (linewidth
/27 = 520 Hz) [14] in A1t by Ag/2m ~ 20 MHz and
have a frequency difference Aw = wy;. To maintain
phase coherence between the lasers and the ion motion,
we measure the phase difference of the beams in an inter-
ferometer near the trap and stabilize it with an acousto-
optic modulator in one of the beam paths. We measure
a relative coherence time at the position of the ions of
about 200 s.

Our first experiment implements the excita-
tion/detection sequence depicted in Fig. 1(b). It
begins by laser cooling all normal modes to near the
Doppler limit. Next, the optical dipole force of duration
tq = 250 us, applied to the AlT ion, excites the COM
mode along the trap axis. We detect the induced
harmonic motion by observing the Mg¥ ion’s oscillating

velocity and resulting Doppler-shift as modulation of
the photon-scattering rate when the laser is tuned
to a slope of the ion resonance [see Fig. 1b]. The
o~ -polarized Mgt detection beam is focussed to a 60
pm diameter, propagates in a direction anti-parallel
to the magnetic field (at 45° to the z-axis) and is
nearly resonant with the |33251/2,F:3,mp =-3)
— |3p 2P3/2,F =4, mp = —4) cycling transition (fre-
quency wmg, linewidth Iy, =27 x 41.4 MHz). We
collect fluorescence photons with an efficiency of 0.4 %
during two laser pulses of intensity 3 kW/m2. The
first blue-tuned pulse (wpiwe =~ wmg + I'vy/2) ampli-
fies the ion motion while the second red-tuned pulse
(Wred = wmg — g /2) damps it [15]. Fluorescence during
both pulses is modulated at the frequency wys, albeit
with a 7w phase shift that is compensated electronically.
We choose the respective pulse durations (tpjue = 400 us,
trea = 200pus) empirically to maximize the detection
signal.

The above detection sequence is applied repetitively
to determine the A1t state. A sinusoidal fit to the time-
binned Mgt photon counts yields the modulation ampli-
tude at the calibrated frequency and phase of ion motion
[Fig. 1(c)]. We observe 20 % peak-to-peak modulation
relative to the mean fluorescence when AlT is in the 1.5
state. Figure 2(a) shows the modulation amplitude as
a function of time with periodic laser pulses inserted to
probabilistically drive 1Sy <> 3Py (Asp, = 267.0 nm).
The presence of modulation in the ion fluorescence cor-
responds to the AlT ion occupying the 1Sy ground state,
while its absence corresponds to the ion in the 3Py state,
which has negligible interaction with the 'Sy «+ 3P; laser
beams (Asp, = 267.4 nm). The quantum jumps visible
in the data are caused either by the periodic laser pulses,
or by spontaneous decay from the 3Py state. Figure 2(b)
shows a histogram of the modulation amplitude; these
data reach 93 % state-detection fidelity within 80 ms,
which could be improved by higher modulation ampli-
tudes or photon collection efficiency.

In a second experiment, similar to a proposal for
molecular-state detection [16], we explore a more
sensitive method for distinguishing small amplitudes
of coherent motion using resolved sideband transi-
tions on the control ion. In this method, two
hyperfine states of 2°Mg%t separated by 1.8 GHz
form a quantum bit |[|)yg = |2S%,F =3,mp =—3) and
Mmg = |QS%,F =2,mp = —2) as described in previ-
ous work [17]. During a detection cycle, the ions are
first cooled by stimulated-Raman transitions to near the
ground state of motion for the axial modes [18] before
applying the same optical dipole force described above.
This produces a coherent state of motion |3W) with
probability distribution p()(n) = e*‘ﬂ(i)|2|ﬂ(i)|2”/(n!) in
terms of Fock states, |n). We probe this distribution with
a red-sideband (RSB) pulse on the Mgt qubit transi-
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FIG. 2. (a) Steps in fluorescence modulation amplitude cor-
responding to quantum jumps between the 1Sy and ® Py clock
states in AlT, which are induced by a near-resonant laser
beam or by spontaneous decay. The amplitude is extracted
at the calibrated modulation phase and averaged over 0.53 s.
(b) Histogram of mean modulation amplitudes from the en-
tire data set. Dashed lines indicate the threshold for detecting
transitions.

tion [9], during which the ||)mg state probability evolves
as Pf) (trsb) = >, p@(n) cos®(Qntrsp). Here, Q, is the
RSB Rabi flopping rate for ||)mg|n) — [M)mg|n — 1) and
we have ignored relaxation of the MgT qubit which is a
small effect for typical pulse durations. A final Mg™ res-
onance fluorescence detection pulse distinguishes |1T)nig
and ||)mg. By repeating this detection cycle several times
we measure P for a particular RSB pulse duration ¢,
and gain information about 3 to identify the AlT state.

To demonstrate this method, we experimentally dis-
tinguish Zeeman substates of the AlT 15, ground state.
The applied static magnetic field By gives rise to six
Zeeman levels |I,m) for m = —5/2 to +5/2 that, in
the absence of other perturbations, are equally sepa-
rated in energy by hwop = |grupBo|, where g =
—0.00097248(14) is the nuclear g-factor [19] and up is
the Bohr magneton. During the detection sequence,
the optical dipole force leaves the ions in motional
state 3(™) dependent on the state |I,m). The primary
factor affecting 8™ is the Clebsch-Gordan coefficient
Cm = (3,m;1,1|Z,m + 1) that describes the relative
strength of the electric dipole coupling between |I,m)
and [P, F = 7/2,mpr = m+1). Also, the overall detun-
ing, Ay, =Ar+9¢sp,(5/2—m)upBy is shifted by the
linear Zeeman effect on the 3P; state. Here, gsp, ~ 3/7
is the 3P; g—factor, when nuclear and relativistic correc-
tions are neglected. For small Alt motional amplitudes
in the Lamb-Dicke limit (82, < Asp, /27V/2),

nta (% Com)”
18] = : (1)
|Am]
where € is the carrier Rabi rate for the

|[I,m=5/2) = |>°P,F =17/2,mp = 7/2) transition,
and n = 27r\/§z0,m/)\3p1 is the Lamb-Dicke parameter.

We calibrate €2, by optically pumping to [I,m = 5/2),
applying the optical dipole force for duration tg, then
probing the Fock state distribution with a Mg®™ RSB
pulse of variable duration [9]. We fit a coherent state
amplitude (/2) to the resulting curve and calculate the
other 3™ based on Eq. 1. In the experiment here,
with Q)/2r = 0.85 MHz and t; = 50 us, {3(™} =
{0.05,0.16,0.37,0.71,1.26,2.15} in order of increasing m.
We choose t,51, = 2.8 us to differentiate several of the Zee-
man states for a typical Rabi-flopping rate Q,—1/27 =
0.07 MHz.

In Fig. 3(a) we record quantum jumps of the fluores-
cence signal as a function of time when we repeatedly
apply the detection procedure without state prepara-
tion. Each data point corresponds to the average photon
counts from 120 consecutive detection cycles (1.6 ms cy-
cle time). Several distinct fluorescence levels are visible,
which agree with the above calibration. Jumps in the
fluorescence correspond to changes of the Zeeman state
that occur during the measurement process. The jumps
appear to be caused by polarization imperfection in the
3P; Raman beams. Here, residual 7 or o~ -polarization
can induce a two-photon stimulated-Raman process be-
tween Zeeman states. We estimate that a laser field with
3 % residual m-polarization would cause the observed rate
of quantum jumps.

The tendency of the fluorescence to persist at a partic-
ular level indicates the nondestructive nature of the de-
tection method. This is possible without a cycling tran-
sition for the Zeeman sublevels because the off-resonant
laser pulses give only a small probability (= 1 x 1074
for m = 3/2) of spontaneous-Raman scattering through
the 1Sy <+ 3P, transition in a single detection cycle. In
this regime, a histogram of averaged fluorescence levels
(Fig. 3(b)) for the entire detection record exhibits sepa-
rate maxima in the distribution, which correspond to the
resolvable states.

To further characterize this detection protocol, we per-
form a nuclear magnetic resonance experiment on the 1S,
electronic ground state of 27 Al*. An oscillating magnetic
field By coswpt in a direction perpendicular to the static
field By induces transitions between Zeeman states. Our
case of small detuning (Ap = wp — wop < wp) and
weak drive (B; < By), allows the rotating—wave approxi-
mation, where the angular momentum is affected primar-
ily by the component of the oscillating field that rotates
about By in the same sense as the Larmor precession of
the magnetic dipole. In the general case we solve the cou-
pled Schrédinger equations to determine the probability
Py (t) of finding the ion in state |I,m).

We initialize AlT in [I,m = 5/2) and plot the fluo-
rescence signal for different values of Ap as a function
of the B-field modulation pulse duration (Fig. 3(c)). In
the experiment By = 0.74 mT (wop =~ 27 X 8.3 kHz).
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FIG. 3. (a) Quantum jumps between Zeeman substates of the 'Sy, I = 5/2 manifold in Al*. Points record the fluorescence
levels in bins of 120 consecutive detections (1.6 ms detection duration). Dashed lines show predicted fluorescence levels based
on the calibration for m = +5/2. top Several minutes of repeated detection cycles. bottom A detailed view of 50 seconds
of the detection data. (b) A histogram of the ion fluorescence signal (mean taken in bins of 120 experiments). (c) Magnetic
resonance experiment an 2?Al" ion initialized in the 'Sy, m = 5/2 state with Ag = 0 (filled circles) and Ap = 2Q5 (open
squares). The solid curves are calculations of fluorescence based on a fitted value of Qp, and an initial thermal motional mode
with (n) = 0.15. Dashed lines show the expected detection fluorescence levels for different Zeeman states.

A fit to the data for zero detuning (Ap = 0) yields the
Rabi flopping rate Qp, and this value is used to calcu-
late the curve for Ag = 20 with no additional free pa-
rameters. Uncertainty associated with depumping during
detection and imperfect ground state cooling affects the
agreement between theory and experiment. For the the-
oretical curves shown here we use a residual (thermal)
Fock state occupation of (n) = 0.15 based on a separate
calibration from sideband measurements after cooling.

In summary, we have explored a general method for
detection of quantum states of trapped ions and have
experimentally implemented two specific protocols to de-
tect states in AlT by exciting state-dependent coherent
motion. Although demonstrated on single ions, the same
approach can be used to detect the states of multiple
ions, and the optical driving force can be created in a va-
riety of configurations with respect to laser frequencies,
geometry, and polarization. As one practical application,
the modulated fluorescence method can simplify Al* op-
tical clocks [19] because lasers for ground-state cooling
and resolved—sideband transitions are no longer needed.
Technical improvements such as higher photon-collection
efficiency and further optimized laser pulses can increase
state-detection efficiency. Electromagnetically-induced
transparency [20] may also improve efficiency, because
the reduced atomic line-width in this configuration en-
hances the velocity-sensitivity of the ion fluorescence.

Furthermore, the resolved—sideband method provides
greater sensitivity to small amplitudes of motion that
are generated by weak, non-destructive, interaction be-

tween the Stark-shifting lasers and the spectroscopy ion.
Because internal state changes from spontaneous-Raman
scattering can be suppressed, the present technique ap-
proaches the textbook ideal of a quantum measurement,
where state collapse is the only effect. This provides a
new route to perform spectroscopy on ion species where
state changes from optical pumping are problematic.
For example, the method might be used to detect ro-
vibrational resonances in molecular ions [16, 21] by ob-
serving the magnitude and phase of coherent motion ex-
cited by far-off-resonant lasers.
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