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Quantum nondemolition measurements of vibrational populations in ionic traps
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We discuss a simple implementation of a quantum nondemolition measurement of the vibronic state of a
trapped ion. This scheme allows the production of Fock states associated to the center-of-mass motion and the
determination of the population distribution of the trap levels, and is based on the vibronic level dependence of
the frequency of Rabi oscillations between two internal states of the ion, induced by a resonant carrier field.
The same scheme can be used to produce a Siclyer-cat-like state after a single interaction between the
trapped ion and the carrier pulse, followed by the detection of the ionic internal state.
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PACS numbg(s): 42.50.Vk, 42.50.Lc, 42.50.Dv, 03.65.Bz

I. INTRODUCTION by Braginskyet al. [28] as sensitive probes of gravitational
waves. Cavity QED may also lead to tests of decoherence
Recent advancements in ionic and atomic tfdpsb] and  theory[29,30, which is at the core of the quantum theory of
in cavity quantum electrodynamid®QED) [6] have moti- measurement31].
vated the realization of experiments which demonstrate fun- Quantum nondemolition measurements are designed to
damental features of quantum mechanics. The attainment @fvoid the “back action” of the measurement on the detected
low temperatures and low-dissipation regimes has allowedbservable. They have been implemented in the optical do-
the investigation of single quantum systems, and the realizanain[32], via some kind of Kerr effect in a solid or gaseous
tion of basic models of quantum optics, which contemplatemedium. The signal field to be measured interacts nonlin-
the interaction between bosons and a two-level sy$i&8j. early with a probe field whose phase changes by a quantity
In cavity QED, two atomic levels are strongly coupled with awhich depends on the number of photons in the signal beam.
mode of a high® cavity, either in the opticdl9,10] orinthe  The nonlinear character of the interaction requires a rela-
microwave regiori6,11-13. In ion traps, two electronic lev- tively intense signal beam. Referende?] proposes a QND
els are coupled either by a direct transitigh14] or via a  method to measure the number of photons stored in a high-
third virtual level, through a nonresonant Raman stimulated) cavity, which is sensitive to a very small number of pho-
transition with two optical field$5,15—18. The bosons cor- tons. It is based on the detection of the dispersive phase shift
respond to the center-of-mass motion in the approximatelproduced by the field on the wave function of nonresonant
harmonic potential produced by the trapping electromagnetiatoms crossing the cavity. This shift, which is proportional to
fields. the photon number in the cavity, is measured by atomic in-
Single trapped ions have led to the observation of quanterferometry, using the Ramsey separated-oscillatory-field
tum jumps[14] and of antibunching and sub-Poissonian be-method. Since the atoms are nonresonant, no photon is ex-
havior[19] in resonance fluorescence, and to the demonstrachanged between them and the cavity, and the measurement
tion of the quantum Zeno effed0], while cavity QED is indeed a QND one. However, the information acquired by
experiments have led to the observation of spontaneoudetecting a sequence of atoms modifies the state of the field
emission inhibitio{22], collapses and reviva[23], and the  step by step, until it eventually collapses into a Fock state,
vacuum Rabi splittind10,11. The realization of quantum which is a priori unpredictable. Repetition of the measure-
logic gates with laser-cooled trapped ions has been proposedent for the same initial state of the field will yield a distri-
by Cirac and Zollelf21] and demonstrated experimentally bution of Fock states, which reproduces the initial distribu-
[17]. Several proposals have been presented for the realizéion of the field.
tion of experiments which would lead to nonclassical states In this paper, we show that it is possible to realize a QND
of the electromagnetic field or of the atomic center-of-massneasurement of the vibrational population distribution for an
oscillations. They include the generation of Fock states ofon in a Paul trag33]. As in the cavity QED proposal, a
the electromagnetic field in caviti¢$2] or of the center-of- Fock state is generated in the process. Even though this Fock
mass motion of an atom in a tr@p4], or yet the production state isa priori unpredictable, it becomes completely known
of squeezed states of motiph5,25,26 or squeezed atomic once the sequence of measurements is completed. Also,
states[27], which could be used for improving frequency when applied to an initial coherent vibrational state, the first
standards. A recent experiment has led to the creation dcftep of the measuring sequence may produce a quantum su-
Fock, coherent, and squeezed states of motion of a harmorperposition of two well-separated coherent states, which is
cally bound®Be™ ion [18]. an example of a “Schidinger cat state.” States of this kind
Furthermore, it has been shown that cavity QED offers arhave been recently demonstrated by the NIST gr24,
appropriate environment for the realization of quantum nonwho prepared a superposition of spatially separated coherent
demolition (QND) measurementfl2], proposed originally harmonic oscillation states of the center-of-mass of a trapped
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C e— wherew; is the frequency of oscillations along the direction
A i
The Hamiltonian which describes the evolution of the sys-
— d tem between detectioriso that leve|d) does not participate
in the dynamick can be written agchoosing the energy of
the statga) as zer¢
3 H=Ho+H;, )
1o where
Ho= hwala +hwg|b)(b|+hwdc)c], (3)
T i=xy.z
and
FIG. 1. Energy level diagram for the QND measurement o
scheme. A Raman stimulated transition is induced between levels H,=fge ' (Kix—eittd|a)(c]
|a) and|b) by laser beams 1 and 2. Detection of the electronic state o
is provided by the scattered photons resulting from the cycling tran- +ﬁgze*i(k2‘><*w2t+ ¢’2)| b}(c| +H.c. (4)

sition |a)«|d), produced by the resonant pulse 3.

This Hamiltonian has been written under the optical rotating
°Be* ion. Their method involves a sequence of interactiongvave approximation, which implies that the transitions from
of the atomic ion with laser pulses of different frequencies|C) to |a) and|b) are coupled with the negative-frequency
and areas. In contrast, our proposal leads to a Slafger cat  parts of the fieldsE; and E,, respectively. The phases of
state after a single interaction, followed by detection. A|-states|a>, |b>, and|c> are chosen so that the coupling con-
though it is possible to use for ionic traps a procedure similastantsg, andg, are real and positivéalternatively, one may
to the QND method suggested for cavity QED, we proposeéncorporate these phases into the definitiongpefand ¢,).
here a much simpler approach. These constants, which represent half the Rabi frequencies

The model on which our discussion is based is introduceéssociated with théa)«—|c) and|b)«|c) transitions, are
in Sec. Il The_QND measurement sch_eme is explai_ned i'@)iven by gi:ai'éoi/h: where 61 and &2 are the electric
Sec. lll. Numerical examples are shown in Sec. IV, while thedipole matrix elements corresponding to the transitions

results are summarized in Sec. V. |a)|c) and|b)<|c), respectively.
The linewidths of levelda) and|b) are assumed to be
II. MODEL much smaller than the frequencies(this corresponds to the

) o o resolved sideband lin)it We take as infinite the lifetime of
The basic level scheme is illustrated in Figl5116]. The  the viprational modegin actual experiment§16,34), life-
electronic statefa) and|b), assumed to be metastalfteey  times of the order of milliseconds have been obtained — this
will be typically two ground state hyperfine sublevels, time scale is much larger than those involved in the present
coupled by quadrupole transitigngnd separated by an en- method, as will be shown in the following
ergy fiwo, are coupled by a stimulated Raman transition via | the limit in which the magnitude ofA, defined as
two optical fields (treated here as classical fields we— w1, is much larger thany, |8], g;, andg,, the state
Ei=Eq[e'tix ettt ¥ 1cc], i=1,2, Ey real, wherex is  |c) can be adiabatically eliminatdd5,27, and an effective
the operator associated with the center-of-mass position diamiltonian can be written for the statgs) and|b) (it is
the ion, and withw;—w,=(k;—Kky)c=wo+ 8, § being a easy to show that this Hamiltonian yields the amplitude
detuning of the order of the vibrational frequencies of theequations derived in Ref27]):
ion. Both fields are detuned from the electric dipole transi-
tions from|a) and|b) to a third level|c), assumed to have Her=Ho+H,, &)
lifetime y~ 1. A fourth level |d) is used for detecting the
electronic state of the ion, and also for Doppler precoolinghere
We assume that the ion is trapped in a harmonic potential. In
the experiment described in Ref{34], |a) is the Ho= hwala—ho o, (6)
25,(F=2, mg=—2) hyperfine ground state of 8Be™ i=xy.z
trapped ion, |b) corresponds to the statéS,,(F=1,
me=—1), |c) is the state?P;(F=2, me=—2), and|d) is  @"d
the state?Py(F=3, mg=—3). 50 o
Each Cartesian component of the center-of-mass position H=— _0[0.+e—i(5k~x+ $+H.cl. )
operator, denoted by, can be expressed in terms of low- 2
ering and raising operatoes and afr in the following way:

B h
Xi= 2mwi

In these equations,&lZz IZZ—IZL d=¢,— ¢y, and o3
72 =(|b)(b|—|a)(a|)/2, o, =|b)(a| are the usual Pauli spin
(ai+aiT)v (1) operators. For the Raman stimulated transition schee,
can be expressed in terms &fand the frequencieg,; and
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02: Q9=29,0,/A. The frequency’ = 5— gllA+g§/A dif- From Eg.(11) we can see that i6= o+ v, with v much
fers from the previously defined detuning) by the Stark smaller thanw, and at the same time much larger than the
shifts of statega) and|b). electronic linewidth and the second-order ac Stark shift

A similar Hamiltonian is obtained if the transition be- Q3 ¢m°nlv, wheren is any relevant vibrational occupation
tween the stateld) and|2) is directly stimulated by a single number one reproduces, in the Lamb-Dicke limit, the con-
classical field. In this case; 7% &’ should be replaced by the ditions of dispersive interaction considered in the QND pro-
energy difference between the two levels, dglwould be  posal of Ref[12]. This implies that similar procedures can
the Rabi frequency associated to the interaction with thabe applied to this case. We refrain, however, from analyzing
field [8]. Even though our discussion applies equally well tothis situation in detail, since a much simpler QND method
this situation, we prefer to concentrate on the Raman stimuean be envisaged for the system here considered.
lated case, which is of wider applicabilift5,16].

For the experiment described in REL6], the oscillation 1. QND MEASUREMENT SCHEME
frequencies along, y, andz are in the range 1030 MHz,

wo/2m~1.250 GHz,A/2m~12 GHz, y/2w~20 MHz, and Our proposal is based on the situation in which the Raman

Qo/27 is of the order of 1 MHz. _ transition is precisely resonant with the Stark-shifted elec-
Defining as usual the Lamb-Dicke parametersionic levels, that is3’ =0. One has then

7= 6k (h/2mw;)*?, so thatx? is the ratio between the re-
coil energy and the vibrational quantum of energy in the
direction(in the experiment reported in R¢fL6], | ;| ranges
from 0.1 to 0.2, approximately we may writeH, in the

) hQ) i
H"=— To[fo(aTa)tr+e_'¢+ H.c], (12

interaction picture as follows: with
’ hQ . . = T — —in(a+ah
Hllmz_ 5 O|U+EX[{—iE nj(ajeflet_{_aj‘relet) Qn_QO<r‘|fO(a a)|n> Q0<n|e 7 |n>
] _ .2
=Qpe "2 (9%, (13
><exp(—i5’t)exq—i¢)+H.c.}. (8 whereL,(#? is the Laguerre polynomial of order.
For a Raman stimulated transition resonant with kbe L B En: n \(=x)7 (14)
vibrational red sideband in the direction, one has A /) /)

8'=—Kkw;, k>0. One can then conserve in the Hamiltonian
(8) only the time-independent terms. Assuming for simplic- The Hamiltonian(12) leads to Rabi oscillations between
ity that only vibrations in the direction” are excited(this  the electronic levelta) and|b), without affecting the vibra-
will be the case ifw, is different from the othew;’s, or if  tional quantum numbers. The Rabi frequency depends, how-
Sk is along the directionr’), one is led to the Hamiltonian €Vver, on the motional state. Up to fourth orderjnwe have
[36] (the index/ is suppressed in the following, since only

one vibrational mode is involved Qp=Qe[1-(n+3) 7*+ 3 (n*+n+35")+0(7°)].

(15
HiM= — @[fk(aTa)nga e '?+H.cl, (9) From Egs.(12) and(13) it follows that, if the initial state
2 of the system is

where the normally-ordered form 6f(a’a) is given by(cf. %

Ref.[36] for a similar result derived for a standing wave |\If(0))=|a>z cqln), (16)
=0

2 (_ 77)2/Jrk n
tay— f(M ot nél2 N oA . .
fuata)=f"(afa)=e" z S TR (ahya’. then the state at timewill be
(10 t t

+ ¢

Equation(9) corresponds to a generalized Jaynes-Cummings ()= Z Cn |a)cos( ) [b)ie” sm( 2 ) ).

Hamiltonian, involving multiguantum transitiord instead (17
=kw;, again withk>0, one gets a “counter-rotating” o S )

Hamiltonian. In particular, if k=1 and|#|J/n<1 for all while if the ion is initially in the electronic staf), the state

relevant excitation numbers (Lamb-Dicke limit[35]), one  at timet will be

can approximate the sum in Ed.0) by its first term, so that,

. . *© . ot
up to first order inyn, we get W (1) = E c, |a)ie"/’sin( +|b)cos( ) In).
n=0
- 1hQ
Hint— 2077cr+a+ Hec., (11) (18)

The dependence of the Rabi frequelifty on the occupation
which corresponds to the usual Jaynes-Cummings Hamilrumbern is the basis of our QND scheme, which proceeds
tonian[7]. as follows. The ion is submitted to a Raman pulse of dura-
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tion 7, resonant with the electronic transition, so that theQ 7, will be about 100 times larger than the term of order
vibrational state does not change. The timi assumed to 2. This will not spoil the QND procedure, however, due to
be much smaller than the lifetimes of state$ and|b), and  the fact that this larger contribution is independennpfind

the vibrational state lifetime. Right after the pulse, the elecrepresents therefore a phase which just displaces the fringes
tronic state of the ion is detected, by following the stimulatedmodulating the original distribution.

excitation with a circularly polarized light pulse-(_, for the After the first sequence of Raman stimulated emission and
example mentioned above, corresponding to the levels chatetection, a new cycle is initiated. By changing for each run
sen in Ref.[34]) tuned to the|a)« |d) resonance. We as- the Raman pulse are@,r, one multiplies successively the
sume that the area of this pulse is sufficiently large so thatopulation distribution by sines or cosines with changing
during this last step, the photons scattered by the ion can Q@riods and changing phases, so that afteii theycle one
detected with efficiency close to one, thus allowing one tohas

determine the electronic state of the ion. A fluorescent signal

projects the ion into the stata), while the absence of fluo-

rescence projects it in stafie). Note that, in the Lamb-Dicke QT w

limit, each photon-scattering event leads to negligible recoil. SIHZ(TJr €5 PI=Y(n)

However, if many photons are scattered during this detection pg)(n) = — . (21
process(the detection procedure reported in REE6] in- E .nz(Qn’Ti n m pi-1(p’

volves thousands of photonsppreciable heating might re- o S 2 €2 (n)

sult even in the Lamb-Dicke limit, thus spoiling the QND
procedure. IfAE is the recoil energy due to a single scatter-

ing process, one must assume therefore that the nUNBEr  \yere 7, is the duration of the Raman pulse in thk cycle,
sczattered photons 'S, such thBAE<fiw;, or yet, since  45nqp(i-1)(n) is the probability distribution of vibronic ex-
7°~AElfiw;, N<7" % For[p|~0.1, this yieldSN<100.  jiations in the previous cyclwe defineP©(n)="P(n)].

On the other hand, for a saturating cycling process, ag our numerical simulations will show, this may result in
N~I'T/2, wherel' is the width of leve|d) andT the dura- ¢ gecimation of more and more populations, until finally a
tion of the detection pulse. One must have thereforg-qcy state is reached, within a very good approximation, and
T<200I", which yields, forl'/2m~20 MHz, the upper limit e yiprational state does not change anymore. This proce-

T<2 ws. Under these conditions, heating can be neglectegre can be followed for all three directions, thus generating
(weaker conditions are obtained if the detection transition, tyree-dimensional Fock state.

corresponds to a smaller Lamb-Dicke parametend It is clear that this process depends on the random nature
of the electronic state detection, and therefore the Fock state
Eﬁ_ocnsin<ﬂ—nT+ EZ n) to be c_)btaingd cannot b_e pfedicteqbriori. Howgv_er, if the
|¢(1)>: 2 2 (19 vibronic excitation distribution becomes negligible after a
€ * QO.r 172 finite value ofn, then one is able to assert precisely the Fock
{E |Cn|25in2(—n+ €= state which was obtained, once the sequence of detected
n=0 2 2 states and the Raman pulse durations are known. Under these

L . o ) conditions, this state depends only on the sequence of mea-
wheree=1 if the detected electronic state coincides with thesurement$atomic states and pulse argand is independent

initial electronic state, and=0 otherwise. __ oftheinitial distribution. Note that in an experiment this can

~ Equation(19) shows that the original vibrational distribu- e jmplemented in real time by feeding a computer with the
tion is modulated by an oscillating function of that is, data about the successive state detections and pulse dura-

tions, during an experimental run.
ir? Qp7 ™ Furthermore, the distribution of Fock states after many
Si +e=|P(n) S . ; S : .
(1)) 2 2 realizations, starting with the same initial vibrational state,
Po(nN)=— ) - . (20 reproduces the initial distribution. Indeed, summing up over

P(n") all possibilities of detection of the ion internal states is
equivalent to not detecting them. Since the interaction does

o o ) not change the vibrational state, the distribution should not

This implies a decimation of some of the populations, dehange in this case. This can be seen explicitly in the follow-

. _ 2 A
pending on the value 08(7)=Q0o7°7/2 [cf. Eq. (19]. I jhg way. The probabilityP of detecting the ion in states
order to enhance the dependence(lf with n, we choose |a) or |b) at the end of théth cycle is

the durationt of the Raman pulses so thé{r) is of the
order of 7r. For typical values of)y/27m~1 MHz, ~0.1,

' T
E sinZ( A SRR
~ 2 2

this implies7~50 us. This is by far the largest time in the o a.r
cycle(since the detection process, as discussed above, should P= sinz( 0Tt T | pa-D(n), (22)
involve a pulse shorter thans), so that the duration of the n=0 2 2

whole cycle is of the order of 5as. Under these conditions,

and if the relevant occupation numbers are smaller than 10,

the term of ordery* in Eq. (15) will give a contribution  where, as befores=1 or 0 depending on whether this state
smaller than 3% of the term proportional #8. On the other ~ coincides or not with the electronic state in the beginning of
hand, the term independent of in Eq. (15), given by the cycle. AveragingP!)(n) given by Eq.(21) over the
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distribution PV one gets P(i)(n)=EEZOV1Pg)_(n)PQ) (e)
=P(=1(n). In the same way, we show th&( ) (n) I
=P('_2)(I"I)='-~=P(n). T T T T T T

Experimental verification of the produced Fock state can (d)
be made in the following way. One repeats the experiment
several times, and one selects the groups of experiments

characterized by the same sequence of electronic state detec-
tions, changing, however, in the final step the pulse area so

that 6 spans some cycles, and measuring for each group and
for each value off the probabilitiesP,(6) and Py(6) of (b)
detecting the ion in statda) or |b). According to Eq.(15),

Populations
‘ e

one has in the Lamb-Dicke limit @
Qn7 2.2
2 =®(n,7)+0(6n"7°), (23) 0 2 4 6 8 10 12 14
n
where FIG. 2. Population distributions as a function of the vibronic
excitation number, for a Lamb-Dicke parametgr 0.1: (a) before
O(n,7)= QoT_f _on. (24) the first cycle, for a thermal distribution wittn)=5; (b) after the

first cycle;(c) after the fifth cycleyd) after the tenth cycle(e) after
the thirteenth cycle. The pulse arddgr were chosen at random, so
Choosing a sequence of values of the pulse area so thiat 6=Qo77/2 remains in the interval (1/%211/127). Which
®(0,7)=(1— 772/2)907/2 is always a multiple ofr (since Ieygl is Qetgctgd in a given cycle was chosen according to the prob-
Q 7~ 2000, this would still provide about 100 values fer ~ 2Pility distribution given by Eq(22).
in a 7 interval), one gets forP, and P, sines or cosines
which oscillate, as functions of, with frequencyn. Mea-
surement of this frequency leads therefore to the Fock state Al the following numerical simulations correspond to ini-
obtained in a specific realization. tial states with an average number of vibrational quanta
The above treatment, developed for an initial pure stategqual to five. Both a thermal and a coherent initial state are
can be easily generalized to statistical mixtures. Populationggnsidered. All the simulations are done in the Lamb-Dicke
will still change according to E¢(21), while the change in  |imit, with 7~0.1. We also assume that the uncertainty in
the density matrix elements after thé cycle is given by the determination of the area of the Raman pulses is of the
order of 10 of the area, which seems to be realistic from
. ( the experimental point of view. This precision is not neces-
Sin +e+ ‘e . . .
Qo 2 2 2 2) i-p sary fo_r getting a Fock state. It |s_requwed, however, for
Pnnre™ ) Panr s assessing which Fock state is obtained after a sequence of

IV. NUMERICAL RESULTS

Q.7 T

A Qpr T
SIN|

> P“‘”(m)sinz((MJrez measurements.
m 2 2 The convergence of the distribution to a Fock state de-
(29 pends on the strategy adopted in the choice of the Raman
_— . ulse areas for the successive cydlasategies for speeding
wk(1i()eree hagit?)e same definition ?S before. It is clear thaﬁp the convergence in cavity QED nondemolition measure-
lpnns d<lpnn |, sO coherence will tend to be reduced, asments were discussed in RE&7]). We first consider simu-
the QND measurement progresses. If the atomic state is n@itions where we vary the Raman pulse areas at random in an
detected, on the other hand, the change in the density matrikterval such thatr/12< §<11#/12. Which electronic level
elements will be the weighted average of the expressiong detected at the end of each cycle is chosen according to the
given by Eq.(25), the weights being the probabilities of a priori probability, P., given in Eq.(22), of detecting it.

getting each statfdenominators in Eq(25)]. We get then We have done several simulations starting with a thermal
and with a coherent state. In most of these simulations we
) _co 0, —Qy 7|01 26) achieved convergence to a Fock state after 18 cycles. A typi-

P 2 AL cal example is shown in Fig. 2.

A much faster convergence may be achieved if we could
confirming that the populations do not change, while the cochange both the phas@(0,r) and the fundamental fre-
herences get reduced. quencyd(7) at will after each cycle. In fact, once we have

In practice, the whole process should take a time smallefixed the value ofy during a real experiment, we may only
than the decay time of the electronic or vibrational levels. Inchange the pulse area, between cycles, which means that
fact, as we are going to show in the following section, a fewafter each cycle the ratio betwedr(0,7) and 6(7) is main-
cycles are enough to produce a Fock state, if only the lowedgined fixed and equal to its initial value. We may take ad-
vibrational levels are significantly populated. This impliesvantage, however, of the fact th&(0,7) is experimentally
that the whole process should take place in a time shortenuch larger thanr, to change the argument of the trigono-
than one millisecond. metric functions that appear in Eq20) by a factor of
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O( ) through a small relative change in the pulse area. This
small change affects the value @f only by a factor of l

O(7?). Therefore from a practical point of view we may —— .

assume that these changes affect the pdag®r), but not l (d)

the value ofé.

Consider that the first cycle has duratiep and that we
have adjusted the values gfand the initial value of)qtg in
such a way thatb,=®(0,79) = (K+ k) 7, whereK>1 and
«=0 or 1/2. We also assume thHt is divisible by small
integers, sayj=2,3,4,5.., so that ®(0,7j)=Pq7/7o,
where 7j=71,/j is still a multiple of 7 plus k7.

Therefore, ifk=0 and 6;=6(o) 7/ 7o=w/(2]), detec- (a)
tion of the electronic levela) decimates populations corre-
sponding ton’s equal to odd multiples of, while detection

Populations
-

0 2 4 6 8 10 12 14

of the electronic levelb) decimates populations correspond- n
ing to n’s equal to even multiples gf, includingn=0. On
the other hand, ilk=1/2 and #=u/(2j), detection of the FIG. 3. Population distributions as a function of the vibronic

electronic level|b) decimates populations associated withexcitation number, ford,=487 and §==/2 in the first cycle

n’s equal to odd multiples of, while detection of the elec- (Lamb-Dicke parameter;~0.102: (&) before the first cycle, for a

tronic |eve||a> decimates populations witis equal to even thermal distribution with{n)=5; (b) after the first cycle ¢= /2,

multiples ofj. Using these results it is easy to plan a strateg))ower level detectexd (c) after the second cyclé= /4, lower level

to obtain fast convergence to a Fock state when the initi:’:fete‘:te@t (d) after the third cycle ¢=/8, upper level detected

average vibrational occupation number is small, using a e after the fourth cycle ¢= /12, lower level detected

electronic feedback mechanism to change conveniently the

value of the pulse area such thattakes one of the values cycle so thatd, =487 and 6= /2. In these simulations a

7/(2j), depending on which electronic level was detected inprobability distribution very close to that corresponding to a

the previous cycle. Fock state withn=4 is reached after only three or four
As an example, assume that initially the vibrational dis-cycles corresponding to the sequence of valué®, /4,

tribution is limited to occupation numbers<5, and that the #/8, 7/12 for  and the sequence of detections of the elec-

internal electronic state ig). In the first cycle one takes tronic levels in the(lower, lower, upper, lowerstates.

0= /2 andx=0. After detection of the electronic level only ~ Even thoughy~0.1 and(n)=5, we use in all numerical

the even (1=0,2,4) or odd (i=1,3,5) populations survive, simulations the expression fér, given by Eq.(13), so that

depending on whether levéh) or |b) has been measured, corrections of higher order im?n are fully taken into ac-

respectively. Ifja) is detected, one changésto w/4. After  count.

the second cycle, detection of leyb) produces a Fock state

with n=2, while detection of levela) reduces the distribu-

tion to occupation numbera=0,4. In this last case is

changed tow/8. Now detection ofla) produces the Fock I

state withn=0 while detection of|b) produces the state — ,

|4). On the other hand, if in the first cycle levid) is de- I (d)

tected,d should be changed /4 and« to 1/2. Detection of
level |b) reduces the distribution to populations with= 1
and 5, while detection of leveh) generates the Fock state
|3). In the first case one changégo /8. Detection of level
|b) generates the stafé) while detection of leve|a) gen-
erates the statgs). In this simple example we show that (b)
choosing conveniently the pulse areas we may generate a
Fock state after detection of only two or three atoms. Of
course more cycles are needed if the initial distribution has a (a)
larger width. Note that our arguments depend only on the
maximum number of vibronic excitations being equal to five,
and not on the specific form of the distribution. 0 2 4 6 8 10 12 14
Even if the number of vibronic excitations is not limited,

Itis §t||| Poss'b'e to,get Fock states within a very 9000_' a_p— FIG. 4. Population distributions as a function of the vibronic
proximation, and with fast convergence, as long as similagycitation number, forb,=48m and 6=m/2 in the first cycle
strategies are followed for the choices of the successive pul§gamp-Dicke parameter~0.102: (a) for an initial coherent state
areas. In Figs. 3 and 4 we show simulations of experimentgth (n)=5; (b) after the first cycle ¢= /2, lower level detected
where we start either with a thermal or a coherent vibrationalc) after the second cycled= =/4, lower level detected (d) after

state with(n)=5, the electronic level bein@), and adjust the third cycle ¢= /8, upper level detectgr(e) after the fourth
the values ofp and the area of the Raman pulse in the firstcycle (6= /12, lower level detected

Populations

n
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V. GENERATION OF SCHRO DINGER CATS bern. For properly chosen parameters, a “Sdairger cat”
state is produced after the first pulse and subsequent atomic
state detection. Repetition of this cycle leads, for an appro-
priate choice of pulse areas, to a Fock state. Of course, this
scheme is QND so far as the occupation numbers are con-
1 _ ' . cerned. Thus, if one starts with a given coherent state, its
P (1)) = N[lae"‘g)Jre"(QOT“’)lae' N, (27)  phase will be quickly randomized by the measurement pro-
cedure[one should note that after the first measurement one
gets already a superposition of two coherent states with dif-
ferent phases, cf. Eq27)]. Equation(19) shows, however,

If the initial vibrational state is coherent, so that
ch=exp(=|a?2)a"n!, it follows from Egs.(23) and(19)
that

where as beforé= 72Q,/2, and the normalization constant

is given b
g y that the measuring process does not spoil the relative phase
N 2= 2[1+C05{|a|25in20—ﬂo7-+ 6)] between the surviving Fock-state components of the original
state.
X exf] —|a|*(1-cos29)]. (28) A feedback procedure, by which the areas of successive

pulses are chosen according to the result of the atomic state
detection in the previous cycle, greatly speeds up the process
bf getting a Fock state. The whole procedure can be consid-
ered as a paradigm of quantum measurement, leading after

istic feat £ th tates: th id ilati in the di some time to an eigenvector of the observable being mea-
IStic Teature of these states. the rapid oscillations In e diSg,eq i this case the number of excitations in a vibronic

tribution for the occupation number [12]. mode

It should be noticed that this state is obtained here at the Noie added in proofRecently, a paper containing similar
end of a single cycle, involving therefore a simpler Proce-jjeas was published by R. L. d;a Matos Filho and W. Vogel
dure than the one adopted in RE34], at the expense, how- Phys. Rev. Lett76, 4520(1996
ever, of requiring a greater degree of precision in the defini- ' '
tion of the area of the carrier pulse.

For |a|?>1, andé sufficiently large(e.g., 0= w/2), Eq.(27)
provides an example of a quantum superposition of distinc
coherent states, which is sometimes called a “Sdimger
cat” state[12]. In fact, Fig. 4b) displays a quite character-
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