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Abstract. Crystal structures of calcium ions have been pre- A very exciting proposal is the application of linear ion
pared in a linear Paul trap. The trapped ions are laser-cooléthps and the collective quantum motion of a trapped string of
by simultaneous resonant excitation n88¥ nmand866 nm  ions for the realization of a quantum gate [9]. Quantum gates
Images of the fluorescing ions are obtained with a CCD camare the basic building blocks of a quantum computer and their
era and show the individual ions spatially resolved. Complexperation relies fundamentally on the entanglement of inter-
crystal structures of more than 60 ions have been observedl degrees of freedom of the ions (electronic excitation) and
whereas smaller crystals with up 10 ionsarrange in a lin-  their collective motion (vibrational excitation). A quantum
ear string. Measured distances between the ions in strings obmputer works with quantum registers made up of quantum
different lengths are in good agreement with expected valudsits (gbits) which can be manipulated analogously to classical
obtained from a harmonic trap potential. The application obits using gate operations. The quantum-mechanical analogue
a calcium ion string for quantum computation is discussed. of a classical XOR gate, the so-called controlled-NOT gate
operation, can be realized using a linear string of ions and
PACS: 32.80.Pj, 42.50.Vk a well-defined series of laser pulses to address different ions.
It has been shown that a controlled-NOT gate operating on
two ions is a realization of a universal quantum gate, so that
lon traps have been shown to provide an ideal environmei principle universal computations can be carried out using
for isolated quantum systems such as a single, trapped angst the two-ion quantum gate and one-bit rotations [10]. The
laser-cooled atoms. lon storage has long been applied tealization of these gate operations based on a string of ions
ultra-high precision spectroscopy and the development of frevould therefore be of fundamental interest and furthermore
quency standards [1]. More recently, single trapped ions hawl basic algorithms could be tested using just a string of
been used to demonstrate and test some of the intriguirtgapped ions.
features of quantum mechanics [2, 3]. In particular, both the Many species of ions have been used for ion trapping, and
internal electronic state and the motional state of a trappestrings in linear traps have been experimentally demonstrated
ion can be modified using laser light. Decoherence of internakith Be* ions [11] andMg™ ions [12]. However, it was
superposition states is nearly negligible even for very long inshown that°Cat is one of the most promising candidates for
teraction times. To explore these properties, several schem#e realization of quantum gates, because of its mass, level
have been proposed for the preparation of non-classical stategucture, and transition frequencies and widths [13]. Fur-
of motion in a trap [4]. Their experimental realization [2] thermore, quantum gates require certain characteristics of the
promises further improvement for the precision of spectrolinear trap that have not been met in earlier experiments, in
scopic measurements [5, 6]. With almost perfect control oparticular optical access from many directions.
the quantum state of a single ion, attention has turned to In this paper, we report the first trapping of strings of
systems of few ions with well-controlled interactions be-“°Ca" ions in a linear trap, as a significant step towards the
tween them. Manipulations of their overall quantum stateealization of a quantum gate. The novel trap that we use
include the preparation of entangled states that have no claand describe in detail, has been designed especially for stor-
sical counterpart. The possibility of entangling massive paring small numbers (up to a few tens)8Ca" ions with the
ticles opens up many prospects for new experiments inclugsim of producing linear strings and using them as a quan-
ing measurements with Bell states and GHZ states [7] whickum register. The paper is organized as follows. In Sect. 1
would allow for new tests of quantum mechanics. Moreoverwe present the requirements for an application of ion strings
entanglement of particles will allow one to study quantumto quantum computation in the particular casé%@a". We
measurements such as the investigation of decoherence peiso highlight the advantages of the specific choice of this
cesses [3, 8] in more detail. ion. In Sect. 2 the experimental setup is described and in
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Sect. 3 experimental results are presented and discussed.Zp)
the concluding section our next experimental steps towards' 3/2
the operation of a quantum gate are described. 854 nm

2
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1 40Ca* for quantum computation 850 nm 2

stored in systems which are essentially free of environmen-
tal perturbations. Any interactions with an environment, such
as collisions with walls or surrounding atoms of background
gas, have an effect similar to a measurement process in that 397 nm
they tend to alter or destroy the quantum-mechanical informa-
tion by inducing decoherence. Furthermore, the necessity to 732 nm
manipulate quantum states in order to implement algorithms Y
requires that the quantum information can be stored for times % 2
that are long enough to allow for coherent interaction of the
ions with external fields. These requirements are all met b{/:
the ion storage technique and therefore that is why stored
ions have been proposed for future use in quantum compu-
tation. In that spirit, a single laser-cool®&" ion has been This operation of quantum gates, as proposed by Cirac
used to demonstrate the manipulations necessary for the irand Zoller [9], also requires the trapped string of ions to
plementation of a controlled-NOT gate [14]. The single gbitbe cooled to the ground state of their collective vibrational
quantum information (the so-called target bit) was stored irmotion. This cannot be achieved with cooling on the al-
two hyperfine ground states of tiise" while the other gbit lowed transitions only but requires additional cooling tech-
(the so-called control bit) was encoded in the quantized vibrasiques such as Raman cooling or sideband cooling with
tion. The gate operations were realized with optical Ramacoupled transitions. A discussion of these and their experi-
transitions. Thus the potential of trapped ions for quantunmental demonstration witkingleions is given in [20—22].
bits has been clearly demonstrated. However, since in thaith the transitions available itf’Ca", both advanced cool-
experiment the control and target bit are internal and exteiing techniques are possible. In particular, simultaneous exci-
nal states of the same single ion, it cannot be scaled up tation of the low-energy vibrational sideband of thg,So
realize a larger quantum register. Instead, several ions withs,, transition at 729 nm, and thes]2 to P, transition near
controlled interaction between them are required. For tha854 nm would provide efficient sideband cooling to the mo-
purpose, a promising choice would be to use a strif§©&"  tional ground state of the ion string.
ions. Each ion in the linear string represents a gbit with the It is clear that coherent manipulation of tfCa" ions
quantum information stored in a metastable optical transitiorrequires a highly stabilized laser for the S-D transition near
Gate operations involve one additional bit (the so-called bug29 nm Decoherence will set in on a time scale propor-
bit) for which the common center-of-mass vibration of the iontional to the inverse laser bandwidth and limit the number
string would be used. of coherent manipulations that are possible. With the present
The relevant energy levels 8fCa are shown in Fig. 1. laser system, already several gate operations could be per-
All transitions can be driven by diode lasers, frequencyformed. Decoherence of the gbits during their manipulation
doubled diode lasers, dri:sapphire lasers. Optical cooling could be further suppressed by using ground state Zeeman
and detection of resonance fluorescence is achieved by simmeherences which would be controlled via radio-frequency
ultaneous application of laser light 87 nmand 866 nm  techniques and Raman excitations [13, 14]. Another possibil-
The Dy/2 and DB, levels have lifetimes of abodts[15,16] ity is to store the quantum information in superpositions of
and together with the % ground state they can be used tothe two metastable D states. At the expense of employing
store quantum information. Performing a quantum compuan additional laser source ne850 nm phaselocked to the
tation with a string of trapped°Ca* ions prepared in the 854 nmlaser with, for example, a comb generator [23], many
vibrational ground state will require a number of laser pulsegoherent manipulations then become possible using optical
on the §, to D5 transition to be applied coherently to in- transitions.
dividual ions in accord with the algorithm given by the com-
putational problem. Determining which of the ions are left in
the §,»> ground state will conclude the computational cycle2 Trap design, laser sources, and fluorescence detection
and yield the output of the quantum computer. A necessary in-
gredient is therefore the ability to measure state populatiorisnear traps for ion clouds or for a few laser-cooled ions
with a 100% detection efficiency. This is routinely done with have been investigated by many groups [11,12,24—26]. For
trapped ions using the electron shelving technique [17—-19jomputational purposes the linear trap should be optimized
and can be realized witCat by exciting theiontothe B,  to hold linear strings of ions and the motion should be as
state. Subsequent probing on the;$o Py, transition results  harmonic as possible to allow for optimal cooling. In add-
in fluorescence being either generated or not, indicating witition, optical access to the trap should be very good to ensure
certainty whether the ground state is populated or not. optimal imaging and application of the manipulating beams
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which address individual ions. This in turn requires that thecation and an overall photon detection efficiency16f 3.
mean spacing between the ions should be such that a lagea" ions are produced from a weak atomic beam by impact
beam neai729 nmcan be easily focused on any chosen ionionization from an electron beam focused to the trap cen-

without exciting adjacent ones.

tre. The magnetic field is controlled by Helmholtz coils in all

Figure 2 shows the realized trap, which is mounted in-dimensions.
side the UHV system. It consists of 4 stainless steel rods For excitation and manipulation of the trapped ions, solid-

with a diameter 00.6 mm at a center distance @mm, di-

state and diode laser sources ng@ar nm 866 nm 729 nm

agonally connected to generate the quadrupole rf field foand854 nmare used. In order to generate the ligh88¥ nm
dynamic confinement in the—y plane perpendicular to the aTi:sapphire ring laser is radio-frequency stabilized to an ex-
trap z axis. Two ring electrodes with dc potentials serve adernal cavity resulting in an rms linewidth @50 kHz and
the axial endcaps for longitudinal static confinement. The long-term drift stability of a fewMHz/h. The output of

endcap rings have an inner diameter of abéumm and

up to 1.5W at 793 nmis frequency doubled using an LBO

the spacing between them1® mm The rf drive frequency crystal inside an external enhancement resonator. Typically,
(£2/27 = 18 MHz) is amplified, resonantly enhanced by a he-25-30 mW of light near397 nmis coupled with a fiber to the
lical resonator (loade®® = 250) and coupled to one pair of ion trap located on a different optical table. The fiber output
rod electrodes with the other pair grounded. The alternatef 5 mW s spatially filtered and allows for stable optical ad-
ing rf potential yields a trap (quasi-)potential with secularjustment. Aboutl5 mW of light at 866 nmis generated with

frequencies of up ter = wyy =~ 1.2 MHz. For longitudinal
confinement, dc voltages betwe2dVV and400 V are applied
to the rings resulting in an axial vibrational frequengyof

an external-grating cavity diode laser in a Littrow arrange-
ment. This laser is locked to a temperature-stabilized cavity
yielding an rms linewidth of abol80 kHz Thus, a low drift

between20 kHz and 400 kHz At standard operating condi- rate (fewMHz/h) and a sufficient short-term stability of the
tions,w; is aboutl80 kHz Numerical calculations reveal that diode laser is achieved. Abo&0 mW of light near729 nm

the axial static trap potential is a very good approximation tas generated with a secofd:sapphire laser and is also fiber-

a harmonic potential. According to these calculations, withircoupled to the ion trap. This laser has been radio-frequency

a distance in the direction of aboub0um from the trap cen-

stabilized to an external cavity and provides a bandwidth near

tre, contributions of higher-order potentials are as small a40 kHz Another diode laser with an external grating cavity

2x 1078, For the frequencietw, w;) = (1.2, 0.2)MHz we
obtain the Lamb-Dicke parametens, = \/hkZ/2mw, ; =
(0.09, 0.22) for the transition neax = 729 nmand(n;, n,) =
(0.16, 0.4) for the A = 397 nmcooling transition. Herek =

produced 5 mWof light at854 nmwith a free-running band-
width of 1 MHz. Stable and uninterrupted locking of all lasers
has been accomplished for more tt&am The wavelengths of

the lasers can be monitored with wavemeters, and for the laser

sina2r/2 is the effective wavevector of the light beam (ap-sources aB97 nm 866 nm and854 nmwe obtain optogal-

plied at an angler = 45° with respect to the andz axes)
andm = 40 amudenotes the mass of tf@at ion. The rms

vanic signals from a hollow cathode lamp. Laser frequencies
and intensities are computer-controlled by acousto-optical

size(q) = ,/h/2mw, of the ground state wavepacket corres-modulators.

ponds to((r), (z)) = (10, 25) nm. Within the Doppler cooling

limit Ep = hI7/2, the mean vibrational quantum numbers of

((ny), (nz)) ~ (8, 50) are reached.

In order to achieve optical cooling in all dimensions,

the ions are illuminated by laser light from thg, y, z) =
(0,1,-1) and the (x,y,2) = (—1,0,—-1) direction. The

emitted fluorescence light &97 nmis collected simulta-

3 Experimental results

A typical experimental run starts with the preparation of
a large cloud of ions. lons are generated with the oven and
electron gun operating, and the alignment of the laser beams

neously in opposite directions (along and recorded with with respect to the cloud is optimized. The laser frequencies
a photomultiplier and a CCD camera, respectively. For there set to optimal cooling. Optionally, background gas cool-

CCD camera, we use afyl optics with 40-fold magnifi-

DC2

Photo-
multiplier

CCD-camera

RF DC 1

Fig. 2. Setup of linear ion trap

ing can be used by simply switching off the ion getter pump.
The oven and electron gun are then switched off, and the
getter pump is switched on again. The following procedure
depends on the ordered structures to be produced. For large
crystal structures, it is preferable to block the lase3%t nm
for several minutes. Radio-frequency heating of the extended
cloud [27, 28] then results in a reduction in the cloud size, and
when the laser is switched on again with the detuning chosen
correctly, a large crystal ionic structure is usually obtained.
We observed structures with more than 60 ions. An example
is shown in Fig. 3 where the ions order themselves in oppos-
ing pairs of perpendicular orientation. Note the bright central
spots in Fig. 3, which are due to two ions contributing to the
fluorescence light in this particular line of sight.
Crystallization of the cloud can also be observed in
a spectroscopic measurement [12]. This is shown in Fig. 4
where the fluorescent light, detected with the photomulti-
plier tube, is recorded as a function of the detuning near
397 nm The detuning is scanned into resonance from the
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Fig. 3. Upper part large hot ion cloud consisting of 62 ions, laser detuning not optimized for cooling (cf. Fid-cla¢r part same sample for optimized
optical cooling (cf. Fig. 4b), ion crystal consists of 62 ions. Note that the bright central spots represent the overlapping light of two ion$.|8rghaté
this ion crystal is180pum at w; = 195+ 5 kHz

low-frequency side (from left to right in Fig. 4). Far below
resonance (see (a) in Fig. 4) the fluorescence intensity ir
creases as observed for a hot ion cloud (see upper part
Fig. 3). Laser cooling is not efficient because of the large
detuning. At a certain detuning closer to resonance, crys
tallization shows up as a sharp feature in the spectrur

which is the result of the sudden change from the Doppler
broadened cloud to a crystal. The fluorescence response
the crystal is similar to the excitation spectrum of a single
laser-cooled ion. The sharp feature at the right of Fig. 4 in
dicates again the change to a cloud-like behavior, i.e. th

melting of the ion crystal. The decrease of fluorescenc

A

9t melting 1

8. 4
(b)
Tr dark resonance ]
ol N e O0o00000 ©
crystallization \
5. 4

L\ |
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Fig. 4. Crystallization and melting of an ion cloud is observed when the
cooling laser is tuned across the atomic resonance. The line shape to the |&%
and to the right of the sharp features corresponds to a Doppler-broadenédg. 5. Examples of some small linear strings of ions. The average distance
(cloud-like) spectrum, whereas the central part corresponds to a crystallingetween two ions is aboutOum. The exposure time for the CCD camera
state. The upper part of Fig. 3 was taken at a detuning marked with (a), thwas1s The measured resolution of the imaging system consisting of the
lower part of Fig. 3 was taken at the detuning marked with (b) lens and CCD camera is better thapm

© 0090200000 O
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light in the central part of the spectrum indicates a dark 10 - - - - - - -
resonance irCat [29] which is broadened by the cooling

9F o ox <3 ox 0 %0 © %0 0 -
laser.
For the trap parameters indicated above and the cur- 8- e ® x x e © ® )
rent trap design, ion numbers larger than 10 result in three- , N o . o o - N

dimensional ordered structures. Smaller ion numbers an%
subsequently linear strings can be prepared by using heatir.g 6 o o o o o o
procedures to reduce the ion number further. This is achieve

either by applying blue detuned laser radiation on3@@nm & ° ® ® © @ *
transition (laser heating) or by application of a radio fre—g al ® ® ® -
guency tuned to the secular vibration frequency of the ionsz
Since laser heating acts only on tHfi€a isotope, the prob- 3r bd @ o
ability of other Ca" isotopes staying trapped is increased. | - o
These ions do not interact with the laser light and show up as -
non-fluorescing lattice sites in the crystal. 1r ® :
For single ions or for small strings of up to Sions itis eas- . . . . . . .
ier experimentally to load them directly. This is achieved with 20 30 20 10 0 10 20 30 40
the lasers set to optimal cooling, the oven operating contin- z - Position (um)

uously and the electro_n gl,m being pulsed fo_r a feW_Secon_dﬁig. 6. Measured positions (x) of ions in strings of indicated number (1-9),
Images of the fluorescing ions are then readily obtained witompared with values (o) from analytic and numeric calculations using an
the CCD camera with a spatial resolution4fim. Several axial frequency ofw, = 181 kHz No experimental data were taken for 6
examples are shown in Fig. 5. The images were taken Witi‘?”_s- The deviations_ are within thepdn resolution of the imaging system
an exposure time of sand a spatial average is taken over'ndicated by the horizontal bar
5 pixels which corresponds to aba26 um. Note that the
background light is subtracted to obtain the images.

For the realization of a two-bit quantum gate, individualband cooling and gate operation, without coupling into other
ions have to be addressed by a laser beam. In a harmonic limodes of vibration.
ear trap a single parameter, the trap frequengysuffices to
describe the distances between the ions of a string, which al-
lows one to calculate the expected positions of the ions. Ff conclusions and outlook
up to 4 ions analytical results can be given, and for larger

strings numerical results are readily derived [13]. Figure &y paye pyilt a linear ion trap optimized for trapping a small
shows a comparison of the experimental results with numels  mber of*°Cat ions and performing quantum gate opera-

f{ﬁalt ?ﬁlczlat!o?s bas;e?h on a ve}lue ?il N }81 k}—|z Ntc;]te Itions between them. We have shown how string€af ions
at the deviations or tne expermental values from € Caly, yis trap can be laser cooled and we observed them crys-

most of the data were obtained during different experimenty,q qisiances measured between the ions agree with analyti-

tal runs which required renewed loading of the trap. This and numerically calculated values based on a harmonic

procedure (calcium atomic beam _and electron impact 'On'z."Trap potential. Also, the directly measured frequency of axial
tion) causes stray surface potentials on the electrodes owin ration is consistent with the value of, obtained from

to p?tcr?tl efflec';s, ;Nh'Chh'n turn modlfytt_heFt_rapefrt_aquencythe ion positions. Addressing individual ions will be achieved
w, slightly. In fact, each measurement in Fig. 6 (i.e. eacr'leing an acousto-optic deflector driven by appropriate radio

string) could be individually fitted and an individual trap fre- o encies which can be derived from the distance measure-
quency could be assigned resulting in even better agreem nts above

with theqry. However, the data presented in Fig. 6 prove that The agreement between the expected and measured
even a single value of the longitudinal trap frequency sufy., characteristics is encouraging for a future applica-
fices to describe the ion positions well within the resolutio ion of the °Ca* strings as a quantum register. With
of our optical system and, in part|cullar, accurately enougr?aldditional cooling schemes it will be possible to reach
to allow the steering of the addressing laser. Furthermorqhe vibrational ground state [20-22] and then the ion

the average distances in the orderl@®-20um should be : :
7 D e strings can be applied to perform a quantum gate opera-
sufficient to focus radiation ned29 nmonto the individual 0 Currently, the laser neaf29 nmis being stabilized

lons. to an ultrahigh-finesse resonator to provide the frequency

_The trap frequency,, was also measured directly. FOr g i \which is ultimately necessary for multiple gate
this, a frequency signal was applied to the axially Conf'n'operations.

ing rings and tuned across the frequency range araynd
On resonance, the collective axial motion is excited and the

ions heat up, which results in blurred pictures on the CCD

camera. The observed valueswf are in good agreement , _ )

with those calculated from the ion distances. Furthermor f:sné’rgfﬁgf‘a{gﬁgfgigm‘ng ?#W,%”Sgdkg Ehoem'?ggtdf]ﬁrbgfgfﬂ%%_‘ée;\(
from the well-resolved resonances we expect to be able tghg in parts by the TMR networks “Quantum Information” (ERB-FMRX-
selectively excite the center-of-mass vibration in both side€T96-0087), and “Quantum Structures” (ERB-FMRX-CT96-0077).
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