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Investigating a qubit candidate: Spectroscopy on the5,,, to Dy, transition of a trapped calcium
ion in a linear Paul trap
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A single “°Ca’ ion is confined in a linear Paul trap and Doppler-cooled onSheto P, dipole transition.
Then the narrow quadrupo® , to D, transition at 729 nm is probed. The observed spectrum is interpreted
in terms of the Zeeman substructure superimposed with oscillation sidebands due to the harmonic motion in the
trap. The height of the motional sidebands provides a sensitive method to determine the ion’s temperature and
thus allows us to test sub-Doppler laser cooling schemes needed for quantum state preparation and quantum
computation. We also observe the dynamics induced by Rabi oscillations on a carrier transition and interpret it
in terms of the thermal state which is reached after Doppler cooling.

PACS numbgs): 32.80.Pj, 03.67.Lx, 42.50.Lc

[. INTRODUCTION trap[6,7]. Elementary logic gates have been performed on a
single ion by using two internal states as one qubit and the
Linear strings of ions confined in a radio-frequency Paultwo lowest states of a mode of oscillatip8] as the other
trap have recently been proposed by Cirac and Zoller taubit. For this proof-of-principle experiment, no individual
serve as the quantum register of a quantum comd@€&  addressing was required. Deterministic entanglement of two
[1]. In principle, the same features that make trapped iongons was achieved] by differentially displacing the ions
prime candidates for atomic frequency standards also pronfrom the trap center with the help of additional dc potentials.
ise to fulfill the stringent requirements associated with pro-Thus the interaction strength with a laser beam directed at
cessing of quantum information: Coherent evolution and coboth ions was tuned by varying the relative amount of mi-
herent control of the interaction between the quantum bit€romotion experienced by the displaced ions. Scaling this
(qubity in the register, high-efficiency readout of the regis-technique to more than two ions is possible in principle but
ter, and isolation from the environment. The ion trap QC alsovould require a special trap desigh0].
has no fundamental scaling limits in contrast to the nuclear In this paper we report on high-resolution spectroscopy of
magnetic resonance approadl. In a linear ion trap, the the narrowS;-Ds;, quadrupole transition of a single cal-
qubits are implemented by the ions’ internal electronic statessium ion in a linear trap with a fractional resolution of
while qubit interactiongquantum gatgsare mediated by the Ap/v»=2.5x10 2 This transition at a wavelength of 729
mutual Coulomb repulsion of the ions. For small amplitudesnm is a possible candidate for a qubit transition with a cer-
this interaction leads to harmonic oscillatory motion df tain Zeeman sublevel of tH#;, manifold as the ground state
ions along all principal axes of the trap that can be describednd another Zeeman sublevel of tbe;, manifold (lifetime
by 3N normal mode$3]. A major requirement for using the ~1 9 as the excited state. The reason for using calcium as
oscillatory motion along the symmetry axis of the linear trapthe candidate ion is given by the fact that all relevant optical
as the “quantum bus’[4] is the ability to cool one of the transitions can be excited by readily available solid-state la-
normal modes along this axis to its ground state=0),  ser sources, in particular by diode and frequency-doubled
where n denotes the motional quantum number. Togethediode laserd4]. The lifetime of ~1 s is long enough to
with standard optical pumping into a given electronic stateallow for a hundred or more gate operatiqgés/en a typical
this initializes the quantum register before a quantum comRabi frequency of 50 kHzand thus presently does not im-
putation can be carried out. The actual computation accorgpose any limit on the coherence time in contrast to other
ing to the Cirac/Zoller scheme then requires the ability todecoherence mechanisms such as heating in the trap, laser
address the ions in the string individually in order to imple-frequency and intensity fluctuations, magnetic field fluctua-
ment quantum logic gates on ofeg., a phase shjfor two  tions, etc. In fact, an even longer lifetime of tBe;,, mani-
(e.g., a controlled-NOT gateions. Cirac and Zoller have fold would imply smaller matrix elements and thus would
proposed to use tightly focused laser beams addressed rquire higher laser power to drive ti8,,-Dg, transition.
each ion in the string. This technique has recently been inHigh cooling rates for sideband laser cooling on 8g-Ds/»
vestigated experimentally in our gro(ip]. transition can be achieved by “quenching” ti&;,, mani-
So far, one and tw@Be" ions have been trapped and fold with the help of a laser at 854 nm. Another reason for
laser-cooled to the ground state using a conventional Pawhoosing calcium is given by the fact that quantum shelving
involving the D5, manifold allows for 99.9% or higher reg-
ister readout. Thus, calcium appears to be a good compro-
*Present address: Department of Phy§i@ 33, California Insti- ~ mise ion in view of laser sources, coherence times, and trap-
tute of Technology, 1200 E. California Blvd., Pasadena, CA 91125ping parameters. As will be discussed below, our trap was
Electronic address: hcn@caltech.edu designed to allow for individual ion addressing with a tightly
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focused laser beam. This was achieved at the cost of rela
tively low motional frequencies along the trap axis, so

Doppler-cooling does not place the ion in the Lamb-Dicke
regime in which the ion is localized to much better than the ¢
wavelength of the laser light. In this case, higher-order Dop-a.,....
pler sidebands due to the oscillatory motion along the trap
axis are not efficiently suppressed and therefore show up ir
our recorded spectra. From the envelope of these sidebanc
we infer an upper bound of about 5.5 mK for the ion’s tem-

perature, about 10 times the Doppler limit. In future experi-
ments this ability to determine the ion’s temperature will

allow for the evaluation of more sophisticated cooling tech-
nigues needed to reach the ground state in the trap. Addition
ally, we have excited the ion on the carrier of the quadrupole
transition in order to drive Rabi oscillations. The resulting

rapid collapse of the excitation probability to its steady-state
value of 0.5 can consistently be explained by a thermal dis-
tribution over the motional states that corresponds to
3.3 mK, similar to the final temperature extracted from the
sideband envelope, and thus may serve as an additional tool FIG. 1. Electrode configuration for the linear trafp.Trap axis.

to estimate the ion’s temperature. In the center of the trap, the inter-ion spacing is exaggerded.
‘This paper is organized as follows. In Sec. Il we present &adrupole electrode€: Ring electrodeR: Distance from trap

brief overview of the experiment. Section Il is devoted t0 center to quadrupole electrodes. Voltages at dg and U,) are

the absorption spectra as measured on the quadrupole trangpplied to the ring electrodes. The radio-frequency voltaiges

tion. Section IV presents the results for excitation on theapplied to two diagonally connected quadrupole electrodes; the

carrier for varying pulse length@Rabi oscillations Finally,  other two are grounded. Inset: Level scheme fof Ca

Sec. V gives a discussion of the results.

2
4784 —

This assures that up to 16—36 ions crystallize in a linear
Il. EXPERIMENTAL SETUP string before more complex two- or three-dimensional struc-
) _ ) ) tures are formed. In a typical experimental run, a small num-
The choice of electrode dimensions and voltages in oUper of C4 ions is stored in the linear trafi1] which is
trap was guided by the requirement to address the ions Withoysed in an ultrahigh-vacuum chamber at a pressure of
tightly focused laser beams. This technique becomes feasiblg, ot 5¢ 1071 mbar. The ions are Doppler-cooled on the
if the inter-ion spacingAz is large compared to the & ginole-alloweds, ,- P4, transition at 397 nm with a Ti:sap-
radiusw, at the focus, and thus poses an upper limit on thehire laser(for a level scheme, see the inset in Fig. A
axial oscillation frequency,=2mv, in the trap. For the giode laser at 866 nm is needed to repump the ions after
inner ions which are at closest spacing, the inter-ion distancgecay into theD s, state manifold. A second diode laser at
is given to a good approximation hiz=2z,N"%% with
zs=(q*/AmegM w2) Y [3,4,11]. Here, N is the number of 50
ions andM is the ion’'s mass. FoN=10 calcium ionsAz 40
=9.1 um for v,=135 kHz and Az=2.4 um for v, E30
=1 MHz. Even though it is theoretically possible to focus a =20
laser beam down to the wavelength of the light, practical 10
tight focusing is limited by deficiencies of the optics and S0 100 150 200
vacuum windows and the additional requirement to keep the 50
beam pointing stable to the same extent. Thus, an axial os- ’e‘;g
cillation frequency much above 1 MHz does not seem advis- 220
able for calcium. 10
_ In I|_ght of the d|scgssmn abqve, we _have (_:onstrqcted a 50 100 150 200
linear ion trap for C& ions[11] with a typical axial oscilla- 50
tion frequencyv, of 135 kHz(see Fig. 1to assure individual _40
addressing with a laser beam at 729 nm that hag%radius E30 P r-r-1-
of Wo=<6 um [5]. The inter-ion spacing of 7—2@m (de- =20

pending on the number of iohss such that the ions can @

easily be resolved in their fluorescence at 397 nm on an 50 100 150 200

. - . . Z (um)

intensified CCD camera using a lens which allows for a reso-

lution of ~4 um (see Fig. 2 The radial oscillation fre- FIG. 2. lon strings as seen on the intensified CCD camera with

quencyv, , controlled by the voltage on the quadrupole elec-a resolution of 4 um for an exposure time of 1 s. The magnifica-
trodes, can be tuned to values between 1.0 and 2.0 MHzion is 20-fold.
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854 nm is used to clear out theg, state manifold. The
fluorescence at 397 nm is collected onto a photomultipliersg, -

(PMT) (typical maximum count rate of 10 kHz per ipfor

guantitative analysis and onto the intensified CCD for moni-

toring purposes. The laser light to drive tBg,-Ds;, quad- 3975 | I

rupole transition at 729 nm is generated by a highly stable

Ti:sapphire laser which is locked onto a high-finesse cavity
(finesse=230000) contained in a temperature-stabilized sss
vacuum tank. The mirrors for this cavity are optically con-
tacted to a spacer made of ULEorning, length 20 cmto
reduce the drift of the cavity resonance. The laser can bess4
scanned by a broadband acousto-optical modul&oM, 3

dB tuning bandwidth 225 MHzused in double pass. From .

v

v

the spectra to be shown below, we infer a linewidth of 1 kHz 72°
or less over a time interval of a few minutes. The light at 729

nm is directed towards the ions with an angle of 22.5° with z
respect to the trap axis. BT

2ms P1ms 2ms time t

[
>

lll. ABSORPTION SPECTRA ON THE QUADRUPOLE FIG. 3. Typical pulse sequence for excitation at 729 nm on the

TRANSITION S,» to D), transition. Each experiment takes 5 ms. This sequence is
Even for a single ion, the absorption spectra on theepeated 100 times. Then one of the parametigtuning or pulse
Sy~ D, quadrupole transition observed in our trap are fairlyduration at 729 niis stepped to the next value.

complex. The reason lies in the multitude of sidebands which,.

. . : dascriminate between ON and OFF, i.e., to decide whether
appears in the case of a single ion at temperatures near and .

L : X ; A ion has been in th®,, or in theDs,, state[13]. In order
above the Doppler limit for the given radial and axial oscil to get a sufficient signal-to-noise ratio, the pulse sequence is
lation frequencies. As will be shown later, a single ion above e geated at least 10% times. Then one, of thg aramgters s set
the Doppler limit can produce so many sidebands that i{ P ' : P
. ) o the next value, e.g., for an absorption spectrum the fre-
becomes time consuming to spectrally resolve these reso- . .

X : ; R quency for the laser at 729 nm is stepped. Instead of increas-
nances and to identify the carrier. This situation is aggra- . . ;
ng the number of experiments at one step, it is also possible

vated for two or more ions, since additional normal modes Oio repeat the entire scan a few times for a better sianal-to-
motion produce even more spectral lines making the spectra b 9

difficult to interpret. Thus, for the present trap parametersn.Oise ratio. With this procedu_r_e, drifts of the_ laser frequen-
Spectroscopy on mbre tha’n one ion is only reasonable if temqles with respect to the transition Iea_d to shifts of t_he reso-
peratures can be reduced to or below the Doppler limit. Herg ances from scan to scan. The drift has been improved

. : : : fecently to<5 Hz/s.
we restrict our attention to the single ion case. It should be noted that the quadrupole transition is highly

sensitive to magnetic field fluctuations given our current
A. Pulsed spectroscopy resolution. Since most of these fluctuatigoa the order 1 to

Absorption spectra of single ions are usually recorded b .0 MG are due to magnetic fields stemming from power

employing the quantum jump technig[®2]: The transition ines and transformers in the laboratory, it is advisable to
is first excited for a fixed time at a given detuning. Then, carry out the interrogation at 729 nm at a fixed phase with

laser light at 397 nm applied to tH&,, to Py, transition respect to the line phase. On the other hand, a major draw-

allows us to discriminate between t8g, and theD 5, states. gicgril;gxenwg% Iti:ee (ta:;trae:;nme g;carl](eesx t(()aricrr?gr{t (t):lieesagg
Repeating this cycle many times yields the absorption probfnsp Withou't line tri eringg we EE\lave beenpable to reduce the
ability. Varying é then gives the absorption spectrum. Figuretim'e er ex erimer?’?to Zgr,ns for optimum laser parameters
3 shows a typical sequence for the laser pulses used to inter- P P P >Er parar :

" n the future we plan to use passive magnetic shielding and
rogate the quadrupole transition.

During the first part of the sequenc® ms, the ion is active magnetic-field compensation in order to carry out ex-

Doppler-cooled and then prepared in g,(m,=1) Zee- periments without the need to use line triggering.
man sublevel by a pulse of circularly polarized light denoted
by 397 s. Simultaneously, the laser at 854 nm is used to
depopulate in th® s, level if this has been excited by light In the presence of a magnetic field, the quadrupole tran-
at 729 nm in the previous cycle. Then the ion is driven at 72%ition splits into 10 components which can be excited by
nm (up to 1 m3. During this time, all other lasers are shut appropriately choosing the direction of the magnetic field
off. Afterwards, the ion is interrogatg@ mg while counting  and the polarization of the laser light. In order to spectrally
fluorescence with the PMT. Typically, we count 12 to 15resolve the Zeeman components of the quadrupole transition,
photons per ion during that time in addition to an average ofve typically apply a magnetic field of about 3—6 G. This
two photons of dark counts and stray light. This allows us toresults in a spread of the entire Zeeman spectrum across

B. Zeeman components
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FIG. 4. (a) and(b) Zeeman spectra for the configuratiBm k;,q FIG. 5. () Expected sideband spectrum of Bg,(m :l) to
andB.L E;,g. In (a) and(b), the expected lines are shown in black; D s 2 P line . pb | ¢ t% J tih D
all other lines are in gray. The frequency axis is in units of Bohr's 5/20“3_‘ 2) eeman line for one lon below saturation at the Lop-
magneton (=1.4 MHz/G). The height of the lines represents the pler limit. Shown is the absorption probability in arbitrary units as a
relative line strengths as given by the Clebsch-Gordan coefficientgyncnon of the laser detuning at 729 nm. Temperatire

(@) Equal occupation of th&,,, Zeeman sublevelsy,= —% and 02 MK oscillation  frequencies »,=135 kHz and
m,=+ . (b) With optical u:ﬁ ing into them _+1/32 Ievfel © =1.39 MHz. The height of the small radial sidebands is exagger-
LA b pumping I y ated by a factor of 10 compared to the carri@®—(e) Assembling

and (d) Experimental Zeeman components for one ion. Shown i . .
the probability for the excited state as a function of the laser detur;che sideband spectrum above the Doppler limiTat4 mK (below

. " saturation. Same parameters as (@. Magnetic fieldB=5.36 G.
ing at 729 nm. In(d), the @ .beam at 397 nm was used to prepare (b) Zeeman line with axial oscillation sidebands) Only radial
them;=+1/2 level. In(c), this beam was not used to show all four

h L ! : sidebands with axial subcomponentsl) Neighboring Zeeman
possible transitions for the configurati@ k7,9 andBL E;zg. components with axial and radial sidebands. The height of these

components is exaggerated; see text. In {@pthe plots(b), (c) and
20-50 MHz and assures that strong motional sidebands ¢f) are put together.
neighboring Zeeman lines do not overlap significantly. Fig- ) . ) o
ures 4a) and 4b) show the expected Zeeman spectrum for avoluted into a single broad line. For the scans in Fig. 4, the
specific geometry: Wave-vector directidgy,,, magnetic- broadening was caused by ambient ac magnetic fields.
field directionB, and polarizatioriE,,q are mutually perpen-
dicular to each other. The transitions excited in this geometry C. Sideband spectrum

are shown in black, all other lines in gray. Figui@yshows Before we present high-resolution scans of one of the
the expected spectrum when only timg=1/2 Zeeman sub-  zeeman components, we would like to discuss the theoreti-
level of theS,/, ground state is initially populated by apply- cally expected spectrum. Figure@ shows the sideband
ing a circularly polarized beam at 397 nm parallel to thespectrum of one of the Zeeman components ofShg Ds),
magnetic-field direction prior to excitation at 729 nm. Fig- jine. It is assumed that the ion is cooled to the Doppler limit
ures 4c) and 4d) show two experimental Zeeman spectraof the dipoleS, Py, transition T=0.5 mK, correspond-
for the same conflgu_ratlomg) without prior optical pumping ing to a mean radial oscillation quantum numbe#7 and a
at 397 nm andd) with optical pumping. For these spectra , o —
the power of the 729 nm laser was adjusted so that the strofj?€@n axial oscillation quantum numbey=77 for the trap
gest lines are not saturated. Therefore, the line height ifeduencies,,=1.39 MHz andv,=135 kHz). Below satu-
roughly proportional to the transition probability. Figurey ration, the er_lvelope o_f _the axial sidebands is given by the
shows that without optical pumping, the Zeeman levels ofiSUal Gaussian pertaining to Doppler broadeniofy Eg.
the ground state are approximately equally populated. (46) in [14]]. The total numbeS of axial sidebands spanning
These spectra are not straightforward to record because tite FWHM width is given b38=4\/log(2)\/‘n=27;z:7, where
a closer look, each Zeeman component is subdivided intay,~0.25 is the Lamb-Dicke parameter for our trap. The ra-
many narrow axial oscillation sidebands. Thus, a low-dial sidebands have additional sidebands at the axial oscilla-
resolution scar(i.e., with a coarse step width such as 800tion frequency stemming from transitions where two mo-
kHz as in Fig. 4 with a narrow bandwidth laser can result in tional quanta along different axes are exchangsetond-
strange spectra because of insufficient sampling of the manyrder mixed sidebanglsTemperatures at the Doppler limit of
subcomponents. If high resolution is not necessary, one maye S, - P4/, transition can only be achieved if the laser for
artificially broaden the resonances so that they appear comoppler cooling at 397 nm does not saturate the ion and if it
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is detuned half the natural linewidth below resonafitsl. 0.6
Any power broadening will increase the minimum attainable
temperature. In our experiments, we had to make use of
power broadening because cooling on unsaturated transitions
was too sensitive to laser frequency drifts present in our
setup at that time. Therefore, in a typical experiment the (ot sl A LANUUUUL S LA LU
ion’s temperature is _e_xpected to be some_vvha_t abov_e the -1 Detuningoat 729 nm (?VIHz) 2
Doppler limit if no additional cooling mechanism is applied.
Figures %b)-5(d) show a decomposition of the expected
sideband spectrunfe) at T=4 mK of the S;;(m;=1/2)
—Dgp(m;=5/2) Zeeman line forv,=135 kHz and v,
=1.39 MHz. One expects approximately 20 axial sidebands
(FWHM) to the carrier. The radial sideban@sgether with
their axial 2nd order mixed sidebandsan clearly be seen. -e%o -400 -200 0 200 400 600
They are responsible for extra resonances near the carrier. Detuning at 729 nm (kHz)

The neighboring Zeeman components have also been in- 0.6 T T
cluded(see Fig. 4, although their height is put at an arbitrary
value with respect to the main line. In a real scan, their
appearance depends on imperfections in laser polarization
and optical pumping, and also on saturation. The entire spec-
trum thus looks like the overlap of several combs. Each
comb is given by a center line with sidebands at the axial 0
oscillation frequency. The width of each comb is given by

the ion temperaturéDoppler width below saturationand FIG. 6. (8 Experimental sideband spectrum of tigg,(m;

the spacing between the combs is given by the radial oscil=3) to Dgy(m;=2) Zeeman line for one ion. v,
lation frequency and the Zeeman splittings. =138.0(1) kHz. The step width is 1 kHz. The data points at a

Figure &a) shows an experimental scan of tg,(m; detuning near—0.8 MHz show enhanced noise because the re-
=1/2)-Dg,(mM;=5/2) Zeeman line. The scan shows morepumping laser at 866 nm drifted off resonance. See texand(c)
than 30 axial oscillation sidebands. In order to clearly re-Central part of () where the carrier of theS;(m;=3) to
solve all sidebands, the experiment was line triggered. 1@Ps2(m;=3) Zeeman line is expecteto) Main comb with the first
total, 4400 data points at a step width of 1 kHz were takenupper and lower side combs. The upper side comb gradually in-
corresponding to an overall acquisition time of nga&lh for creases from left to right in agreement with the fact that its maxi-
100 experiments per frequency step. This step width is stilmum should be aAv=1.39 MHz from the carrier. The same ap-
too large given the width of each individual resonandes(  Plies to the lower side comb withv=—1.39 MHz. (¢) Center of
~3 kHz). The height of the resonances thus acquires al'® 1P plot with presumed carrier.
additional error of approximately 0.1. Another source of er-
ror affecting the height of the resonances is given by projecé(b) and &c). This is the region where the carrier of the
tion noise[16]. At the peak of the main resonances where thetransition is expected, although in this particular case we did
excitation probability isP.,~=0.5, this errofor N=100 ex-  not identify the carrier. How this can be done is described in
periments is given by o= \Pg(1— Pgy)//N=0.05. the next subsection. In Fig.(), one can clearly see that

Note that many peaks reach up to 0.5 or even above 0.%here are main resonancéke “main comb”) spaced at the
Hence, the scan was not taken in the low-power regimeaxial oscillation frequencyv,=138.0(1) kHz (as deter-
Saturation effects therefore have to be taken into accoumhined from the spectrumflanked by smaller resonances.
when one tries to deduce a temperature from the envelope dthese smaller resonances are axial sidebands to the first up-
the peaks. From the width of the envelope of the main combper and lower radial sidebandhe upper and lower “side
we can deriveT=9(3) mK as anupper limit for the ion’s combs”). With a rough value of the radial oscillation fre-
temperature. Taking the saturation of the stronger spectrajuency &1.4 MHz), we can use the frequency spacing be-
lines into account, we expect the actual temperature to biwveen the different combs to deduce a more precise value for
smaller by at least a factor of 2. v,=1.390(2) MHz. Obviously, it is tremendously time con-

A major problem with recording such a long scan is thesuming and therefore not very practical to determine the
drift of the lasers at 397, 854, and 866 nm during the recordion’s temperature from a full spectrum such as the one
ing time since the lasers are locked to independent cavitieshown in Fig. 6. For determining the envelope of the main
and not to any atomic or molecular transition lines. Thecomb, it suffices to record only selected resonances which
problem of laser drift has been solved recently by constructbelong to this comb and to disregard all frequencies in be-
ing more stable reference cavities housed in vacuum chantween. A scan recorded this way is shown in Fig. 7, where
bers for improved isolation from the environment that re-only every fourth sideband is probed. The resolution of this
duces the drift during data recording below 1 MHz. spectrum is slightly insufficient because each sideband still

The full sideband spectrum of a single ion is shown inconsists of too few pointgsee insgt so that a height can
Fig. 6(a). The central part of this spectrum is shown in Figs.only be given with a non-negligible error. This spectrum was

a)
0.4f

P excited

|
0.2
|

P excited

c)
0.4f

P excited

0.2f

40 60

-20 0
Detuning at 729 nm (kHz)
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04 T ' v
0.
0.35]
0.35} °] .
0.25)
| 02 d
0.3r 7
o FIG. 7. Experimental sideband spectrum
O 0.25} 1 where every fourth sideband is recorded. The
:.q:,) o e ° e o sidebands appear @speaks, but, as shown in the
Q 0.2 . inset for the central peak, each sideband consists
o of approximately four data point&EWHM). The
o 0.15} . height for most peaks is given by only a single
) data point, so that the ion temperature can only be
inferred with a large error. The step width is 500
0.1 3 h Hz.
0.05} ‘ ’ 1
Wil .
-4 -2 0 2 4

Detuning at 729 nm (MHz)

taken in a significantly reduced tinfapproximately 10 min  cant, for example the drift of the laser at 729 nm with respect
as compared to the one in Fig. 6. On the other hand, to assute the resonance during data acquisition. The power was be-
that the scanned regions coincide with particular sidebandgw saturation at 2uW into a 40 wm waist.

requires a precise knowledge of the sideband spacing from For comparison, Fig. 9 shows two scans of Big(m,
previous measurements. Assuming no power broadening, the 1/2)-Ds;(m;=5/2) Zeeman transition without line trig-
temperature deduced from this spectrunTis5.5(6) mK.  gering. We observe that the resolution is limited to about 15
_ Figure 8 shows the resolution that can be achieved whepp; in this case. For the two upper plots, by choosing an
line triggering is used with an optimal choice of phase. Theappropriate if voltage on the quadrupole electrodes, the ra-

width of the carrier resonance is 1 kHz, corresponding to gjp, frequency was tuned to separate the carrier and radial

H _ — 12
resolution .Of better thamy/y—2.5>< 107 Other phases combs. The almost coinciding radial combs produce the
can result in resonances which are at least a factor 2 broad

. . . . A0&hhall and broader resonances midway between the carrier
because of higher magnetic-field fluctuations in the durat'o%omb resonances. For the two lower plots, the radial fre-

of the probe pulse at 729 nm triggered at these particular
phases. At this resolution, other effects also become signifi-
0.5

0.35
0.3 $
0.25 0.4
o2}
3 02 5
& o4s % 86 04 02 0 0.2 0.4 0.6
o o 05 .
0.1 o |cC)
0.0 o b RN
M~ all » ° 5
0.0 A
"5 4 3 2 4 0 1 2 3 4 5 04 ; . ; . .
Detuning at 729 nm (kHz) ozt ) /\M\m/\
FIG. 8. Carrier transition of the,,(m;=3%) to Dgy(m;=3) STy . = o=

06
transition recorded with line triggerin@ne ion. The laser power at

729 nm was reduced to W into a 40 um waist to avoid power
broadening. The pulse length at 729 nm is 1.5 ms. Each point cor- FIG. 9. Spectroscopy without line triggering. The resolution is
responds to 100 experiments. Laser frequency drift at 729 nm walémited to about 15 kHz(a) and(b) (detail): The upper and lower
corrected by scanning also in the opposite direction. The Lorentziaside combs overlap to produce peaks midway between the reso-
fit to the data yield a 1 kHzlinewidth, corresponding to a fractional nances of the main comléc) and (d) (detai): Upper, lower, and
resolution ofAv/y=2.5x10"12 main comb overlap significantly to produce broad resonances.

Detuning at 729 nm (MHz)
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FIG. 10. Shift of sidebands around carri@ne ion. For the FIG. 11. Sy)(my=3) to Ds(m;=3) Zeeman line broadened

solid plot, the ring voltages have been increased by about 10 \PY laser light at 854 nm. Top: Upper, lower, and main comb merge

resulting in an increase from 113.8 kHz to 124.1 kHz for the axiallNt® one broadened comb. Bottom: Detail of the upper plot at a
oscillation frequency,. No line trigger was used. detuning nearAv=1.2 MHz. For comparison, the unbroadened

spectrum is shown. At this detuning, the lower side comb is com-

quency was chosen so that radial and carrier combs coiretely suppressed.

cided. row quadrupole transition requires some mechanism which

Spectroscopy without line triggering is useful when a o ces the lifetime of thB ., level to speed up the cooling
o_|U|ck overview of the entire spectrum is needed. The duraéyde and achieve reasonable cooling rates. The spectrum
tion of the pulse length can be reduced by a factor of 1Qegiting from one possible way of broadening the transition

compared to line-triggered data acquisition. In addition, be+; 799 nm is shown in Fig. 11. For this spectrum the pulse

cause of broader resonances, fewer data points suffice Qg ence of Fig. 3 is modified so that the laser at 854 nm
sample all components faithfully. Together this results injogiates the ion during the same period as the laser at 729
data acquisition which is about 50 times faster. nm. The laser at 854 nm is slightly detuned from resonance
on the order of 100—200 MHz so that a slight change of its
D. Finding the carrier detuning due to drifts has a reduced effect on the effective
With so many sidebands present, it is not possible to unlinewidth of the D5, level induced by the additional cou-
ambiguously identify the carrier of the transition by inspec-Pling to thePs, level. The power at 854 nm was adjusted to
tion of one spectrum alone. A relatively simple way to de-broaden the transition at 729 nm to a linewidth of about 50
termine the carrier is to vary the axial oscillation frequencykHz. Increasing the power at 854 nm leads to even broader
v, by changing the voltage on the ring electrodes of the tragines, but on the other hand the excitation probability is re-
by about 10%. This gives a comparable change in axial osduced. This may be balanced by increasing the power at 729
cillation frequency. The carrier transition frequency is notnM. The spectrum shown was recorded with the maximum
affected by this change and therefore the carrier will show ugpower at 729 nm available in our setup at that ti@eout 15
at the same detuning, irrespective of the ring voltage, in twdnW focused down to a spot with 4@m diametey. For
successive Scamsxcept for the drift caused by Varying mag- sideband Cooling it is desirable to further increase the power
netic fields and drifting reference cavityOn the other hand, at 729 nm and/or focus the beam more tightly, so that side-
as can be seen from Fig. 10, all sidebands move with respefgnd cooling at 729 nm with Rabi frequencies of at least 50
to the carrier. The change in detuning is proportional to thé<Hz becomes possible.
sideband order so the spectrum is “stretched” symmetrically
around the carrier for increased ring voltage. For the two IV. COHERENT DYNAMICS
scans shown, line triggering was not used to allow for fast A tioned in the Introducti . . tf
data acquisition. In order to avoid the additional resonances S mentioned In the Introduction, a major requirement for
given by the side combs, the radial oscillation frequency waduantum computation with cold ions is the ability to apply

tuned to overlap all combs, similar to the bottom plot in Fig.c.Oherent Iaser pulses of qertam dura‘qon to the ions. In par-
9. ticular, for an implementation of the Cirac-Zoller controlled-

NOT gate, the ability is needed to drive/2 pulses on the
carrier andsr and 2 pulses on the red sideband of the qubit
transition[1]. The gate pulses are to be applied to the ions
As mentioned before, the application of trapped ions towhen they are either in the ground state or in the first excited
guantum logic gates according to the scheme of Cirac anchotional state of the trap. At this temperature, scans of the
Zoller requires the ability to cool one of the ions’ modes of pulse length for excitation on the carrier or on the sidebands
oscillation to the ground staf@)=0. This can be achieved lead to the well-known sinusoidal Rabi oscillations of the
using sideband coolinf,17,18. Laser cooling on the nar- internal state occupation probability with generalized Rabi

E. Line broadening
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0.6 This temperature is somewhat lower than the one deduced
from the envelope of the sideband comb and thus is in agree-
ment with the claim that the latter temperature is an upper
bound due to saturation broadening at 729 nm.

V. CONCLUSION AND OUTLOOK

In this paper, high-resolution spectroscopy on tHea’
quadrupole transition was used to measure the sideband
spectrum and state dynamics of a single ion in a linear trap.
Special emphasis was put onto inferring parameters that will
be useful in the quest to use such a system for quantum
information processing. From the sideband spectra we found
% 0.05 01 0.15 a temperature which is about five to ten times above the

Pulse duration (ms) Doppler limit, probably due to saturation and frequency

FIG. 12, S ¢ oulse durati or Th i bdrifts; of the lasers on the Doppler-cooling transition at 397
- 1. Scan of pulse duration on carrier. The excitation prob-nm and on the repumping transition at 866 nm. This findin
ability collapses due to the different Rabi frequendigs,. Each pumping g

: ) _ ) 1 was corroborated by a coherent Rabi oscillation measure-
point Corres.pondshto 5?.8 pr?”menlts' ';'ne ”'99;]*““9 was useoL‘nent on the carrier. By comparing the excitation probability
For comparison, the solid line is a plot of EQ) W't_ 7=0, 7, with the theoretical model, we confirmed the final tempera-
=0.25, 1=2mx50 kHz, andn,=500, corresponding to a tem- e of the sideband measurements and furthermore found no
perature of 3.3 mK. unexpected source of decoherence present in our setup.
. We expect that this temperature can be reduced to the
frequencyQ.n,m for m= n.,nill [1.9]' For hlgher tempera- Doppler-limit by optimizing laser parameters for the lasers at
tres, the 'S|mple oscillations in different motional st'dte)s 397 and 866 nm. Even the Doppler limit temperature is still
are_superlmposed_ and lead o an apparent _dar_nplng of t}?ﬁuch too high for the application of our trap to quantum
OSC'.”at'O”' Toa .f'rSt approxmatlon, the .ex0|tat|on on thecomputation. We thus plan to further reduce the temperature
carrier as a function of time can be described by by more refined cooling techniques. In addition, the axial
A w trap frequencyv, may be increased to about 700 kHz with-
_ ML out severely compromising on individual addressing for two
Pexcited 7) = 2 1-e? z‘o PacosQnpn) |- (D) to four ions. This effectively reduces the mean motional
quantum number for a given temperature. In particular, in-
In this formula, P, are the occupation probabilities for the creasingv, will simplify both the interpretation of the ab-
states|n), andA accounts for the occupation probability in sorption spectra and further cooling efforts. This simplifica-
the Zeeman ground state. The exponential factor with th&ion is highly desirable since different sideband combs
decay constany is phenomenologically introduced to model overlap and thus make the identification of lines rather am-
decoherence such as laser and magnetic-field fluctuations. biguous and time consuming. Temperature measurements
the following, it can be assumed that=0 for the time which rely on scanning an entire comb can then be carried
scales considered judging from the width of the observedut faster. In particular, resolved sideband cooling should be
resonances such as in Fig. 8. much easier when the final temperature after Doppler cool-
Figure 12 shows an experimental scan of the pulse durdng places the ion closer to the Lamb-Dicke regime, where
tion on the carrier of the qubit transition. For this scan theessentially only first-order sidebands are present.
laser frequency at 729 nm was first set to the center of the Note added in proofAfter submission of this manuscript,
carrier. Then pulsed spectroscopy was performed while inwe performed further experiments with improved drift stabi-
creasing the pulse length at 729 nm fromyds to 150 us. lization of the Doppler-cooling lasers. This allowed us to
The excitation probability peaks after approximately B8  reduce the intensity of those lasers slightly below saturation
and then levels off at a value of 0.42. This value, which doegind we were able to reach the Doppler-cooling limit.
not agree with the expected value of 0.5 for 1, is most
probably the result of imperfect state preparation in the ACKNOWLEDGMENTS
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