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Trapped ions in the strong-excitation regime: lon interferometry and nonclassical states
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The interaction of a trapped ion with a laser beam in the strong-excitation regime is analyzed. In this regime,
a variety of nonclassical states of motion can be prepared either by using laser pulses of well defined area, or
by an adiabatic passage scheme based on the variation of the laser frequency. We show how these states can
be used to investigate fundamental properties of quantum mechanics. We also study possible applications of
this system to build an ion interferometgg1050-294{©6)00108-4

PACS numbes): 42.50.Vk, 42.50.Lc

[. INTRODUCTION states of motion can be prepared by bichromatic excitation of
the ion[9].

In recent years, there has been growing interest in the In this paper we analyze the possibility of preparing non-
preparation of nonclassical states of quantum systems in oglassical states of motion of a single ion in a completely
der to study fundamental properties of quantum mechanicglifferent regime. We concentrate on tiseong excitation
In the cavity QED contexf1], for example, there are several regimg whereby the Rabi frequency describing the interac-
proposals to prepare Fock states of the radiation f@dor ~ fion of the ion with thg Iase_r is much Iarger t.han the trap
general superpositions of these stdt@ls For single trapped frequency (2>v). In this regime, the Hamiltonian describ-
ions, it has been shown how to prepare both Fock andd sgch interaction is completely different from the one
squeezed states of the motion of an ion using a laser beam #$€d in cavity QED, and therefore other phenomena can be
excite an internal transitiof¥]. investigated. In particular, we will show here how one can

From the experimental point of view, the main difficulty Prepare quantum superpositions of two “macroscopically”
in preparing nonclassical states in a given system is the pre8listinct quantum states, such as
ence of decoherence due to its coupling to external environ-
ments. In cavity QED this may be overcome by using high-Q W) =K(la)ct+|=a)o), )
cavities, where the coupling strength between the atoms and . o .
the cavity mode is of the order of or larger than both, thewhereK is a normalization constarlty). is a coherent state
cavity loss rate and the spontaneous emission rate. Witﬂf the motion
trapped ions, one can use an electric-dipole forbidden transi- o n
tion in order to avoid dissipation. In this last case, the quan- —ala?eSy Y

: . |a)c=e" 12> —|n), ¥
tum jump techniqué5] allows one to peform measurements A=0 \/n!
on the internal atomic state with a very high efficiency.

So far, all the proposals regarding the preparation of nonand|n) denotes a Fock state withphonong 10]. States(1)
classical states of motion of a single ion operate inltve  are usually called Schdinger-cat stategl1,12. The funda-
excitation regimewhereby the Rabi frequency correspond- mental properties of quantum-mechanical superpositions of
ing to the interaction of the ion with the las€) is much states such agl) have attracted due attention, and many
smaller than the trap frequenay (Q)<v). In this case, the schemes for their production have been proposed. In the cav-
Hamiltonian describing this interaction is very similar to theity QED context, it has been showr3] that during the
one that describes cavity QED, namely, the Jaynes-eollapse time, the state of the field is of the fofi). On the
Cummings Hamiltonian. Thus, some of the quantum pheeother hand, with a micromaser interaction one can also pro-
nomena predicted in cavity QED, such as collapse and reduce these states by sending atoms through a cality
vival or vacuum Rabi splitting, have been predicted to exisfThe method we propose consists of two parts: first, using a
for trapped ions under this regini6,7]. Furthermore, the laser one splits into two parts the ion wave function; then,
unique features of the ion-laser interaction has led to variousne makes a measurement of theernal state of the ion in
proposals on how to prepare nonclassical states of motiomrder to project itexternalstate into(1). Thus the projection
which have no analog in cavity QED. For example, Fockpostulate of quantum mechanics is one of the ingredients of
states can be prepared by observing quantum jumps in theur method. We will show two different ways to prepare the
internal state of the iofi7], or by sending short laser pulses state (1), one based on laser pulses and the other on the
with well defined area to the iof8]. Coherent and squeezed adiabatic change of the laser frequency during the interaction
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this direction, andm is the ion mass. The sigmas are usual
spin 1/2 operators describing the internal two—level transi-
tion |g)<|e), 6= w_— w, the laser detuninds, = w, /c the

le> laser wave vector, an@ the Rabi frequency. The subscripts
“+"and (* —") indicate that the laser plane wave propa-
gates towards the positii@egative values ofx.

excitation The evolution given by Hamiltoniarf3) is easily de-

scribed if we perform a unitary operation defined by

[r>

measurement

> U, =e ikole)el 4)

ing thi rator, th r fin
FIG. 1. Level scheme of the internal transitions of a trapped ion.US g this operator, the states are defined as
Transition e) is dipole forbidden, whereas transition T

_ |g) <€) p V. )=U.|¥), (5)
|g)«<|r) is allowed.
_ ) .. whereas the Hamiltonian becomes

[15]. We will also show how to prepare linear superpositions
of coherent states in more than one dimension, and how to H.=U.H.Ul=valaxivm(a—ahle)el
distinguish between that state and an incoherent superposi-
tion of two coherent states. Finally, we will study how a )
Ramsey interferomet¢d 6] can be built using these ideas. +vmle)(el - 502 5 0 ©®)

This paper is organized as follows: first, in Sec. Il we give

a description of the strong-excitation regime, and find anawhere o,=0, +o_, and we have expressed the position
Iyt_|caI approximations for the evolution of a single ion under and momentum operators in terms of the annihilation and
this regime. In Sec. Ill we show how to prepare states of thereation operators of the harmonic oscillatarand a®, re-
form (1) in one and two dimensions, and in Sec. Il we gpectively, and in terms of the Lamb-Dicke parameter
analyze how these states can be distinguished from statisticgl =k /(2mu,)2 The new terms appearing in Hamiltonian
mixtures. The possibility of building an interferometer with (6) correspond to the Doppler recoil energy of the excited
trapped ions is analyzed in Sec. IV. A summary of the result$nternal statei.e., when one photon is absorbed

of the paper is given in Sec. V. Hamiltonian(6) can be simplified in the strong-excitation
regime(Q>v,. Let us consider a laser pulse whose duration
Il. STRONG-EXCITATION REGIME 7 fulfills the following inequality
In this section we analyze the interaction of a trapped ion Vmea>(n_.77>2<)< 1, (7)

with a laser beam in the strong-excitation regime. In this

regime, the Rabi frequency for the laser-ion interaction iswheren=(a'a). Note that in the strong-excitation limit, this
much larger than the trap frequenc2® v), i.e., one can interaction time can correspond to pulses with an area
neglect the ion motion during the interaction. We will also () ~ 7r. Under condition(7), the first terms in Hamiltonian
assume that the laser is_tuned to an electric-dipqle forbidde(s) will practically not affect the evolution. In this case, and
transition|g) —|e) (see Fig. ], and therefore we will neglect assuming for simplicity that the detuning is ze®=0), the
spontaneous emission. Under these conditions the problemgmiltonian reduces td,“.i:l/gggx (for both casesH.)

becomes exactly solvable. Here we will study how the mo{17]. The evolution of any initial state can be easily derived,
tion is modified after this interaction in two different situa- optaining

tions: (i) the ion interacts with a laser pulse of well defined
area;(ii) the frequency of the laser is varied adiabatically. |W.(7)=Ule X2y |¥(0). (8)

A. Excitation with laser pulses Note that the evolution given bl _ can be obtained from
that given byH , by simply exchangingy,— — 7.

In the following we will need to know the evolution for
he case where the initial state of motion along xhéirec-
tion is a coherent stater). . In this situation, Eq(8) gives

Let us consider a single ion trapped in a three-
dimensional harmonic potential. The ion interacts with a Ia—t
ser plane wave propagating along thaxis. In this configu-
ration, only the motion along the axis of the ion will be
modified, so that we can treat this problem in one dimension. 19)| @)c—Alg)| @)+ Ble) axinye, (93
The Hamiltonian describing this situation is, in a rotating

frame at the laser frequeney, (A=1), |&)| ) A*|e)| a)e—B*|g)| a T i 7o)e, (9b)

- Q Qoa o .
Ho=—2 4 =mi2P— =0+ — (0, e % ¢ _eT ki), where th_e uppeflower) sign p_orrespo_nds to a laser pulse
2 propagating towards the positiyeegative values of thex
3 axis. For reasons that will become clear in the next subsec-

R R tion, we have defined i9)
Here,x andp, are the position and momentum operators for

the x coordinate of the iony, is the trap frequency along A=coq017/2), (109
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B=—isin(Q7/2). (10b) dition (16) is fulfilled one can achieve by adiabatic passage
the same effect as using laser pulses.
Finally, in this section we have assumed square laser
pulses. For any other kind of pulse, formulé® are still IIl. SUPERPOSITIONS OF COHERENT STATES

valid, but now one has to replaéer by [ (t)dt. ) ) »
In this section we show how superpositions of coherent

states(Schralinger cats of the ion motion can be prepared

using a laser beam in the strong-excitation regime. We will
In this subsection we will analyze a different method ofanalyze both the one-dimension#lD) and the two-

obtaining results that are similar to those of the precedinglimensional2D) cases.

subsection. Here, instead of using a laser pulse to modify the

B. Excitation by adiabatic passage

internal and external state of the ion, we will consider a A. One dimension
r in which the laser fr ncy is chan i i- .
gacl)liess ch the laser frequency is changed adiabat Let us assume that after sideband cooliag], we have

Let us consider then the same situation as before. Ahe lon in tfhfe grgund stgte olf bt?]t.h' thE mtet_rnal an%'external

trapped ion interacts with a laser plane wave propagatin%\elgrees 0 rfee °m|‘1&>| >).t ? 'SfSE[Jh se;: '?(S)V\’.e ISCUSS

along thex direction. The Hamiltonian describing this situ- vo ways Of preparing states ot the for in_one-
dimension &), one based on laser pulses and the other on

ation, after applying the unitary operatiof is given by Eq. . . .
6) althoughp?q())/wgit is time )éegendelﬁmrouggh theytin?e adiabatic passage by varying the laser frequency. For the
' sake of a simple notation, we will drop the subscrph all

dependence of the detuning\s before, for short interaction the stat df I h deal with di ional
times 7 fulfilling Eq. (7), the Hamiltonian can be simplified pr(ca)bsleamess and formulas when we deal with one-dimensiona
to )

3(t) Q 1. Pulses
2 ozt 2 x- (12) A simple way to prepare the stafg) using laser pulses
consists of the following three steps:
At a given timet, the instantaneous eigenstates of this (i) Excite the ion with am/2 pulse € 7=/2) using a

H(t)=—

Hamiltonian are the well known dressed states laser propagating towards the negative values ofxtiais.
According to(9), this pulse will perform the following trans-
|+(t)>:COi G(t)]|e>+5|r[0(t)]|g>: (123) formationg: ( ) P P J
|—(t))=—sin6(t)][e)+cog (1)][g), (12D 1
0 — 0).—ile)|—i , 18
with corresponding eigenvalues 1910y \/§(|g)| Jemile)=in)) (18
E.(t)=x3J8(t)%2+ Q72 (13)  where|a). denotes the coherent sta®.
(ii) Excite the ion with anotherr/2 pulse (L 7= 7/2), but
and where coR6(t) ]= — 8(1)/Q (0<260< ). now using a laser beam propagating in the opposite direc-
By changing the detuning adiabatically frofg= 6(0) to  tion. The state of the ion will become
8,= 6(7) the internal state of the ion will followapproxi- L ) o )
mately the evolution of these dressed states, i.e., [0)c—[=2ip))lg)—i(limct+|—in))le)]. (19
+(0))—eFie+ 14 (iii) Measure the internal state of the ion using the quan-
|=(0)—e™ = (), (14 tum jump techniqud5]. To do this one can drive the ion
where with a different laser beam on resonance with an electric-

dipole allowed transitiong)«|r) (see Fig. L In case fluo-
T rescence is observed, the state of the ion will be projected
€= f o E.(t)dt. (19 onto the part of the wave-functiqd9) that contains the state
|g). On the contrary, if no fluorescence is observed, it will be
The condition for the adiabatic passage to be vélid)  projected onto the state
can be easily estimatgd8]. For example, assuming that the R .
rate of change ob is constant, one finds Vso=K(lim)et|=im)cle), (20

2 whereK is a normalization constant.
80— 0, < %7, (16) State(20) is already of the forn(1), i.e., similar to that
Using Egs.(4) and(14), we find (9) for the evolution of §tudied in cavity QE[IB’M], (whereby the mo;ion of the
an ion initially in a coherent state of motion, where now 101 €orresponds to the cavity madeNote that if fluores-
cence is observed, the external state of the motion will be
A=cog €)coq fp— 0,) +isin(e)cog b+ 6,), (173 completely modified due to the photon recoil acquired by the
ion in each absorption spontaneous emission cycle, and
B=cog €)sin(fy— 6,) —isin(e)sin( 6+ 6.), (17b) therefore no such superposition of coherent states will be
produced. Therefore, an experiment based on these steps will
and 6,=6(0) [6,=6(7)]. Thus, by choosing appropriately be successful half of the times it is carried dthose in
the initial and final detunings and provided the adiabatic conwhich no fluorescence is obseryed
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FIG. 2. Real part of the density operator in momentum representgiihp’) in arbitrary unitgnote that the axes are rescaled in terms
of po=(mv/2)*?, after the preparation of the superposition state using laser p(age&) correspond tay=0.5 andn= 2, whereasd)—(f)
correspond top=2.5 andn=0. Here(Q}/»: 100 (a,d, 10 (b,e), and 1(c,f).

On the other hand, in order to consider sté?6) as a W =K(|n)ct+|— n)o)e). (21)
Schralinger cat it should be macroscogia the sense that
one can observe both states and|— «) individually [10]).  This state has two maxim@n position representatiorcen-
However, there are two reasons why the s{@® cannot be tered at (X)=*27/\/2mv, respectively (each of these
directly observable as it stand&) its probability distribu- maxima correspond to the statgs ), respectively. Fur-
tion in position representation has only one peak centered aihermore, in order to be able to observe these two states the
(X)=0, and therefore the two parts of such a stditg{ and  corresponding peaks must be spatially separated by more
|—in)) cannot be distinguished by direct observatid;  than a wavelength, which requireg> /2. For tight traps,
since the ion is in its internal excited state, it cannot bethat is, for values ofp not fulfilling this condition, one can
observed by shining light on thég)«|r) transition. proceed as follows. After stefd), one applies a sequence of
This second problentb) can be easily solved if, just after # pulses from the left and from the righn (pulses in each
the state(1) is produced, one applies a laser pulse direction, in an alternating way21]. It is easy to check that
along thez direction, that transforms the excited state intothe state after stefiii) and free evolution will be
the ground state. Note in order not to modify the state of
the ion with this last pulse it is necessary for the ion to be [T =K[[(2n+1) )+ |—(2n+1)p)]le). (22
confined in the Lamb—Dicke limit in the direction, i.e.,
n,=k_/(2mv,)¥?<1. This may be the case, for example, in For these states, the number of pulses required to observe
a linear ion trap, whereby the transverse directions haveistinguishable (macroscopip states is (2+1)%>x/
trap frequencies much larger than along the axial directior{27?). Note also that now in conditiof?) it is the total time
[20]. The first problem(a) can be solved by noting that corresponding to all the pulses the one that enters.
the free evolution of a coherent state is given by In order to illustrate the effectiveness of the method pre-
|a(t))=]e"""'«(0)) and, therefore, if after producing the sented here, we have plotted in Fig. 2 the state after(gtep
state(1), one waits for a timé=#/(2v), the state will be- for several values of)/v and . To produce these plots, we
come have solved numerically the evolution equations of the ion
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FIG. 3. Real part of the density operator in momentum representgiighp’) in arbitrary unitgnote that the axes are rescaled in terms
of po=(mv/2)*?], after the preparation of the superposition state using adiabatic passage\ Here10, Q/v=100, 7=0.5,n=2, and(a)
Q7r=40; (b) Q7=50; (c) Q7=60; (d) Q7=70.

using the exact HamiltoniafB8). The figures display the real 1
part of the density operator in momentum representation |g)|0)c—>T(|g>|O>c—|e)|—i77>C). (23
(plplp’) (note that the axes are rescaled in terms of 2 _ N
Po= /mvl2). Figures 2a), 2(b), and Zc) correspond to (i) A laser beam propagating towards the positive values
7n=0.5 andn=2 (i.e., two intermediater pulses in each of x is directed to the ion. The detuning is switched adiabati-
direction, whereas Figs. @), 2(e), and 2f) correspond to Cally from 6,=0 to 5,=A, again withA>(). The state of
n=0 with »=2.5. ForQ)/»=100[Figs. 28 and 2d)] the the ion after this step will befy= 7/4,0,= 7/2)
method works almost ideally, since conditiof) is satisfied. 1r —ie . e/l .

. . 3 —|= — +|- .
There are four peaks in the plots, two of them corresponding ? (e (0= |=2imc)lg) — (i m)c+| ”7>°)|e>](24)

to the diagonal parts of the density operatfim(i 7| and (iii) Measure the internal state of the ion using the quan-

| =i 77><_',77|){ and the other corresponding to the coher-y,m, jump techniqués]. If no fluorescence is observed, the
ences [—i»)(i 7| and|i 7)(~i7l). These last two peaks are external state of the ion will be projected onto

the ones ensuring that the state is a truly pure state, as op-

posed to a statistical mixture in which these two peaks will [Tso=K(lin)e+|—in)o)|e). (25

not show up. As soon as the ratity v is decreased, so that

condition (7) is not satisfied, this four peak structure disap- As before, one can include intermediate steps betwigen
pears. Note that the plots correspondingnte2 are much and (i) to achieve a larger extension between the peaks of
more sensitive to this condition than those witk 0. On the the probability distribution. To this aim, one can perform
other hand, we have checked that they are more robust withequences of excitations, using counterpropagating lasers:
respect to mismatches in the pulse areas as well. first, changing the detuning frof,=0 to 5;,=A, and then
from §,=—A to §;=0. By performing this operatiom
times(in each directiol the final state of the iofafter mea-

surementwill be
Instead of using controlled laser pulses, one can use the

adiabatic passage technique to produce the superposition of | W) =K(|(2n+1)ip).+|—(2n+1)in).)|e). (26)
coherent states. This technique has the advantage that it is
not sensitive to the specific values of the parameters charac- In Fig. 3 we have plotted the real part@’|p|p) for the
terizing the laser-ion interactiofsuch as interaction time, state arising after stefiii ), by solving numerically the evo-
Rabi frequencies, efc.The process is very similar to the one lution equations using the full Hamiltonia3). Here,
explained above for pulses. It consists of three steps: 7n=0.5, and the number of intermediate stepmis2. We
(i) A laser beam propagating towards the negative valuehave takem\ = 102 and{)/v»=100. The times for each adia-
of the x axis is directed to the ion. The detuning is switchedbatic passage step are-40, 50, 60, and 70 ! [Figs. 3a),
adiabatically fromésy,=—A to §,=0, with A>Q. In this  3(b), 3(c), and 3d), respectively. Note that with these pa-
case, according t@17) the state of the ion will become rameters the conditions of no motion during the interaction
(00p=0,0,=ml4) (7) and of adiabatic passagé6) are nearly fulfilled. By

2. Adiabatic passage
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comparing these four plots, one sees that in all of them foudimension, and)=300v (v,=v,=v). The different figures
peaks show up, corresponding to the diagonal part and theorrespond to the state of the iof® initial state;(b) after
coherences. However, in some of the plots there is an extrstep (ii); (c) after a time r=a/(4v); (d) after a time
wide peak in the center, which does not disappear even if the= =/(2v); (e) state after a timer=3=/(4v); (f) after a
interaction time is taken to be longén order to improve the time r=40x/v (i.e., after 20 round trips As expected, the
adiabatic passage requirementh fact, we have checked ion performs round trips without practically modifying the
numerically that the peak appears nearly periodically as thetructure of the wave packets. Note that the figures corre-
time 7 is increased. The reason for this peak is related to thepond to the diagonal part of the density operator, and there-
fact thatA is finite in the plots. Using relationd7) it can be  fore one could have the ion in a statistical mixture with ex-
easily shown that the four peaki® (p’|p|p)) oscillate due actly the same distribution. However, the fact that the state is
to the dynamical phase, and the amplitude of the oscilla- a pure state makes it possible to observe quantum interfer-
tions is of the order oh()/A, wheren is the number of ences, as will be shown in the next sections. Finally, in these
intermediate steps. The best results are obtainechfo®,  figures it can be observed that there is a small dephasing of
where there is no such oscillation; but this requires a largéhe wave packeticompare Figs. &) and 4e)]. This is due
value for » in order for the two locations of the ion to be to the fact that the pulses have a finite duration, and during
observable. This may be realized with a linear ion trap, forthis time the wave packets evolve slighfthat is, conditions
which the motion along the axial direction can haye-1.  (7) are not exactly fulfilledl However, most parts of this
Summarizing, in order to prepare a state of the fdip  dephasing can be controlled, since they correspond to the
using adiabatic passage with intermediate laser pulses, apdree evolution with the harmonic oscillator potential for a
from conditions(7) and(16), it is required thatA>(). Note  time equal to the pulse duration.

that this last condition is somehow difficult to achieve ex-

perimentally, since as one increasksa longer time is re- IV. PURE STATES VERSUS STATISTICAL MIXTURES

quired to fulfill the adiabatic condition, which may require a

very small trap frequency in order not to violate condition ©On€ of the crucial predictions of quantum mechanics is
). the possibility of having coherent superpositions of certain

states, as is the case for a Salinger-cat state. Many of the
intriguing features of quantum mechanics rely on this prop-
erty. Thus, it would be highly desirable to have a way to
In this subsection we generalize the above methods teheck experimentally whether the final state is a pure state of
show how superpositions of coherent states in two or morehe form(20) or an incoherent superposition of the form
dimensions can be generated. The basic idea is to prepare
first a superposition state along a given direction following px ([ nl+|—m—nl)le)el. (29)
the steps presented in the previous subsections, and after- . o - i
wards to send pulses along a perpendicular direction in ordepimilarly as for the pure sta@0), in this statistical mixture
to push the wave packets and obtain a circular motion. Th&€ ion is either to the rightstate| 7)) or to the left(state
steps required to implement a superposition of coherent |7)) in thex axis. . _ _
states in thex-y dimensions are the following: Let us state this problem in a differeffhut equyvalen)t
(i) After sideband cooling19], prepare the statd) inthe ~ Way. Suppose we have our ion in the ste2). Consider the
x direction as indicated in the preceding subsection. ThefPllowing experiment consisting of four steps:

B. Two dimensions

wait for a time 7= /(2v). The state of the ion will be (i) We measure if the ion is to the right. This can be done
by using the quantum jump techniq(ig] with a laser fo-
| s =K(|7)xt|—7)x)|0)y|€). (27)  cused on the right side onkafter changing the state of the
(i) Drive the ion with ar pulse using a laser propagating 10N in the right-hand side fronfe) to [g), as indicated in
along they direction. The state will become Sec. lll, i.e., using an auxiliar laser propagating alongzhe
direction. If we do not detect the ion, then we know that the
|0 =K([7)xt+|— 7)) —i7)y|9). (28)  ion isin the left side, and its state is
State(28) is composed of two coherent wave packets each |W)=|—n)cle). (30
of them propagating along a circle in tkey plane(provided (i) Now we wait for a timer=#/(2v), so that the state

the trap frequencies,= »,), but in opposite directions. Note of the ion will be|iz)|e), and its position will be centered
that the internal state of the ion after the pulse sequence igroundx=0.

|g), and therefore it is ready to be detected by quantum (jii) We send twor/2 pulses along the direction, the
jumps. Obviously, for a trap with a small value gfone can first propagating towards the negative valuesafhile the

add intermediater pulses in both directions andy in order  second propagating in the opposite direction. The state of the
to make a larger circle radius. On the other hand, one can usen after this pulse sequence can be easily calculated using
the adiabatic passage technique instead of using pulses, ud), resulting in

lizing the same procedure.

In Fig. 4 we have plotted snapshots of the probability — |[W)=K[|e)(|i 7)c—|3i7)c) —i|9)(|0)c+|2i 7)c)].
distribution for the ion in position representation (32
P(x,y)=(x{y|ply)|x). We have solved numerically the  (iv) We measure the state of the ion using the quantum
evolution using the exact Hamiltonian, including both di- jumps technique. Obviously, we will obtain that the prob-
mensionsx andy. We have takemy=0.5, andn=2 in each  ability of measuring the ion in its ground state is 1/2.
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FIG. 4. Snapshots of the probability distribution in position representation in two dimen(sigyp|y)|x) in arbitrary units[note that
the axes are rescaled in termsxgE yo=1/(2mnu)*?]. HereQ/v»=300, »=0.5, n=2, and(a) initial state;(b) just after the superposition
state preparatior(c) after vr=w/4; (d) after vr=w/2; (e) after vr=3m/4; (f) after vr=40.

We could perform the same experiment again, but now irexcited state. However, if we take the sté26) and calculate
step (i) we measure if the ion is to the left. If we do not what happens after applying stef9 and (iii ), we will ob-
detect the ion, we will conclude that the state of the ion is tain the state

|\P>=|77>c|e>- (32 |‘P>:K|e>(|_i77>c_|3i77>c)_i|g>(2|0>c+|_2i 77>c
. ) +[2i7)c). (34)
Following the same steps as befdiig and iii ), the state of

the ion will be With this state, the probability of detecting the atom in the

ground state is 3/4.
V) =K[e)(|=inc—lin)c)—ilg)(|0)c+|—2i n))]. Obviously, there is a catch in the above argument. In or-
(33 der to predict that whatever we have for the ion we will find
it in the ground state with probability 1/2, we have used a
Again, if we measure the state of the ion we will measure thgroperty which is foreign to quantum mechanics, namely,
ground state with a probability 1/2. realism[22]. We all know that quantum mechanics is not a
Summarizing, we could state that regardless of the posirealist theory, and therefore the apparent contradiction that
tion of the ion(i.e., both if it is to the left or to the right  we have explained in the previous paragraph shows this fact.
after performing step6i) and(iii), we will detect half of the State(20) is a state that can only be described by quantum
times the ion in the ground state, and the other half in thanechanics, and there is no classi¢edalis) analog. Note
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that the stat€29) can be indeed described by a realist theory,

and therefore if we perform stefi) and (i) on it we will

detect the ion in its ground internal state with probability 1/2.

Therefore, the experiment outlined in this sectjsteps(ii)

and (iii )] allows one to distinguish between a pure state and p
a statistical mixture, since the results for the probability of ¢
detecting the ground state of the ion are different.

V. ION INTERFEROMETER

In this section we analyze the possibilities of building a
Ramsey interferomet¢d6] based on the ideas we have used
to prepare superpositions of coherent states. We will analyze FIG. 5. Excited-state populatioR, as a function of the phase
the case in which laser pulses are used instead of adiabatic (see text for explanationHere, 7=2.5, Q/v: 1 (solid line); 4
passage, although both techniques can be applied with simidashed ling 10 (dotted ling; 100 (dash-dotted ling
lar results.

‘Consider a single ion in a trap after being laser cooledyymerically using the exact Hamiltonian. Here=2.5 and
(via sideband coolingto its ground statég)|0). An atom  the different curves correspond @/v=1, 4, 10, and 100
interferometerin one dimensiopmay be constructed as fol- [solid, dashed, dotted, and dash-dotted lines, respeclively

lows. the strong-excitation regim@ash-dotted ling the visibility
(i) Apply a 7/2 pulse in thex direction such that the state qf the fringes is nearly one. However, as the radidy de-
of the ion becomes creases, the visibility is getting smaller and smaller, and even
the curve is distorted. The reason is that the conditi®ris
[¥)= 3 (19)10)c—ile)]im)c)- (39 not satisfied anymore.

) _ ) This kind of interferometer is very similar to the well-
Then, wait for a timer= 7/(2v) so that the ion wave func- known Ramsey spectroscopy. However the main difference
tion (in position representationsplits into two different s that the phase shift here can be nonlocal, in the sense that
wave packets one can do something different to the different wave packets,
as is the case in atom interferomefB3]. Thus, a technique
|P)= 2 (19)|0)c—ile)] m)c). (36) like this could be useful to measure gradients of fields, since
. the phase shift on each wave packet would depend on its
Note that as before, for small values pfone can use inter-  corresponding position. Apart from that, following the lines
mediate pulses to split the wave packet further. of Sec. Il B one can generalize this to two dimensions. In
_ (i) Apply a field to the wave packet that is centered to thethjs case, one would have two wave packets going around in
right. For example, assume that we transform the statg circle but in opposite directions. An interferometer like this
|e)— cos@)|e)—i sin(a)|g). In this particular case, the wave might be used to measure the Sagnac effect, where the phase
function will become acquired by one of the wave packets is different to that of the
other when the whole ion trap rotates at a given frequency.
| W)= 3[]9)|0).—i(cog a)|e)—isin(a)|g))|7)c].

(37
VI. CONCLUSIONS
Then, wait again for a time=#/(2v) so that the ion wave . . ) .

function (in position representationis centered around !N this paper we have analyzed the interaction of a single

(x)=0 trapped ion with a laser beam in the strong-excitation limit.
We have considered two situations: first, the ion interacts
_1 . e . with pulses of a well defined area; second, the frequency of
%)= 2[19)|0)c—i(cos a)|€) —isin(a)|g))] ~in)c] k38) the laser changes adiabatically. We have shown under which

limits these two situations give the same result regarding the
modification of the ion motion during the excitation. Further-
more, Schrdinger cats[10] of the ion motion can be pre-
N . . pared in an ion trap using both methods. We have illustrated
|W)=z (|g{[1—cog @)]|0)—sin(a)|—in)} these methods with numerical calculations which display the
. . i g preparation of superpositions of coherent states both in one
e)[1+ cod ][ =im)e=sin(e)| =2i7)o}). and two dimensions. We have shown how one can check the
(39 purity of these states, by relating this problem to the one
(iv) Measure the state of the ion using the quantum jumpsegarding the different predictions éfmacrgrealist’s theo-
technigue. One finds that the probability of measuring theies and quantum mechanics. Finally, a trapped ion can be
excited internal state iB,=coS(a/2)=1— Py. So, depend- used as an inteferometer by splitting the wave function and
ing on the phase this probability varies as in Ramsey spec- looking at the interferences in the internal states.
troscopy. The technique presented here can be easily generalized to
In Fig. 5 we have plotted the probability of finding the ion include the preparation of more general nonclassical states,
in the excited state as a function of the phasecalculated including linear superposition of multiple coherent states

(iii) Apply a 7/2 pulse to the ion in the opposite direction
as in step(i). The state of the ion then will become



1540 J. F. POYATOS, J. I. CIRAC, R. BLATT, AND P. ZOLLER 54

with the same amplitude and different phases. On the otherasier to perform local observations. However, laser cooling
hand, we plan to study in detail the problem of how theto the ground state of the trapping potential has not been
Schralinger-cat state dissipates in time in the presence obbserved yet in this regime. One possible way to avoid this
decoherence due to spontaneous emisjsadh drawback is to open the trap adiabaticalig order to de-

In order to observe experimentally the behavior predictectrease the trap frequency, and the Lamb-Dicke parameter
in this paper it is necessary to fulfill the conditions given inonce the ion has been cooled in the Lamb-Dicke limit.
Sec. ll, i.e., basically to work in the strong-excitation regime.
This regime may bg difficult to_ gchleve, since one is using an ACKNOWLEDGMENTS
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