PHYSICAL REVIEW A, VOLUME 64, 033419
Decoherence in trapped ions due to polarization of the residual background gas
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We investigate the mechanism of damping and heating of trapped ions associated with the polarization of the
residual background gas induced by the oscillating ions themselves. Reasoning by analogy with the physics of
surface electrons in liquid helium, we demonstrate that the decay of Rabi oscillations observed in experiments
on °Be" can be attributed to the polarization phenomena investigated here. The measured sensitivity of the
damping of Rabi oscillations with respect to the vibrational quantum number of a trapped ion is also predicted
in our polarization model.
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[. INTRODUCTION sources in such promising quantum systems turns out to be a
crucial step toward the implementation of a quantum logic
The experimental techniques developed over the last dgsrocessor.
cade for manipulating trapped ions, Rydberg atoms in cavity Unlike processes in cavity QED, where decoherence is
QED, and traveling fields have enabled a fruitful dialog tocaused by the well-known cavity damping mechanisms,
take place between theoretical and experimental physics, repontaneous atomic emission, and inefficiency of the ioniza-
sulting in a mastery of fundamental quantum phenomena at toon detectors, in the domain of trapped ions a large range of
level that seems to herald a new phase in the technology @frror sources have been identified. The effects of spontane-
communicatiof 1] and computatiof2,3]. The improvement ous emission have been studidd@—-19, as well as dephas-
of techniques for generating and detecting nonclassical eleing due to the ions’ zero-point motiof20]. Alternative
tronic and vibrational states of trapped ions and both trappedources of decoherence have been introduced phenomeno-
and traveling nonclassical states of the radiation field havéogically [21] and stochastic models have been proposed to
been of growing interest in a variety of experimental appli-handle intensity and phase fluctuations in the exciting laser
cations ranging from quantum measurement concep  pulses, in addition to fluctuations in the ion trap potential
to teleportation 6] and quantum logic operationZ]. In its  [22]. Recently, instead of a stochastic mechanism, Di Fidio
turn, theoretical physics has exploited the possibility of en-and Vogel[23] have put forward a model in which the ob-
gineering nonclassical states in some exotic applicationserved damping in Rabi oscillatiof24] is caused by quan-
such as detection of gravitational wa\y@$ or for measuring tum jumps to an auxiliary electronic level. Other significant
particular properties of the radiation field, such as its phasesources of error are the instabilities of the trap drive fre-
[9] or its Q function[10]. Laser manipulation of a string of quency and voltage amplitudg,25|.
ions in a linear trap has been proposed as a way of imple- Collisions of the trapped ion with residual background gas
menting quantum gates with cold trapped i¢8% Further-  (usually H, in the NIST °Be™ experimentg§26]) can also be
more, interfering laser beams have been used to induce aan important error source, although experiments are typically
rays of microscopic potentials, the optical lattiddd], by  carried out in a high-vacuum environmd@6] at a pressure
the ac Stark effect, opening the way to simulated spin-spimround 108 Pa. In connection with this, the current article
interactions between trapped atoms, similar to those charadliscusses the polarization effects on the residual background
teristic of ferromagnetism and antiferromagnetism in con-gas induced by the oscillating trapped ion. We demonstrate
densed matter physi¢42]. Quantum computation with ions that, apart from other known processes, the damping and
in thermal motion has also been suggegtEsi14]. heating mechanism of trapped ions is produced by local po-
The practical realization of such interesting proposals inarization of the residual thermal background gd&G).
gquantum communication and computation has come ugince the density of the BG is rather low, around Idn 3
against the decoherence of quantum states, owing to the ii26], we do not expect to find a quasiparticle consisting of
evitable action of the surrounding environm¢hb] and the  the trapped ion together with its surrounding polarization
intrinsic fluctuations in the interaction parameters requirectloud, the so called polaron. The density of the BG does not
for logic operationg16]. In fact, the need for huge superpo- permit a polaron binding energy and the trapped ion is scat-
sitions of qubit states for such operations imposes the retered by the BG. For practical purposes, in our model we
quirements that the quantum systems be totally isolated frorassume that the BG is continuous and that the ion is scattered
the environment and that the interaction parameters involvelly its surface oscillations, by analogy with the interaction of
be tightly controlled. Hence, investigation of the noisesurface electrons in liquid heliutwhere the oscillations are
called ripplons in their quantized fojm
In contrast to loss mechanisms revealed by damped Rabi
*Electronic address: serra@df.ufscar.br oscillations, it is well known that background gas can heat
"Electronic address: miled@power.ufscar.br trapped ions by transferring energy during an elastic colli-
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sion. A heating rate can easily be estimated from the total |d>

collision cross section26]. Although elastic collisons are

expected to be the main source of decoherence in ionic traps

inelastic collisons also take place, changing the internal state —
or even the species of the trapped ion. In experiments or AI

°Be', inelastic processes may convert the ion to BeH
(upon collision with a H molecule when resonant light is N

applied to the?S,;,—2Py, 3, transitions[5]. Both types of

inelastic collision, chemical reactions and charge exchangeo (0\3
besides depending critically on the constituents of the BG,2 } \ [ _ ¥ ...

occur only when the interparticle spacing between thew SI T)

trapped ion and the neutral background atoms approache o,

atomic dimensions. In our model, a mean interparticle spac- /

ing between the ion and the BG atoms is introduced. An o

upper limit on the rate of inelastic collisions follows from the /

Langevin rate, which accounts for the background neutrals | J,>

that penetrate the angular momentum barrier and undergo

spiraling-type collision into the ioh26,27). . . _
IOThe gatt}rlgctive interaction potential resulting from polar- G- 1. Electronic energy level diagram of a trapped ion inter-
ization of the neutral background by the electric field of the®“'"9 with Ias§r beams dgfbfre_qulc?nmyll_ and w,, where 5:.|.“’°

trapped ion is given by(r)= —Xq2/(87760r4), wherey is —o1t @, (6<A), '|r)_ (a_ iabatically eliminatedis an auxiliary

the polarizability andj the ionic charge. Spiraling collisions eIegtromc level W-hICh indirectly couples the lev(3 and| L), anq ;
result when the impact parameter is less than a critical Valu|ed> is an electronic level used to measure the fluorescence emission.

p=(xq%/ meumv?)¥4 wherem andv are the reduced mass . . . .

and relative velocity of the pair. From the critical impact coupling of the internal states to the environment. In this

parameter follows the Langevin rate constafi mpo paper we present a model that accounts for the dominant
which gives the reaction rateR=pL=pq(myle m)l’z’ decoherence of the ion motion in terms of the induced polar-
=l = o :

wherep is the density of the BG. From the parameters usedZatlon of the .BG‘ .

. 9 1t . . ' The paper is organized as follows. In Sec. Il we present a
in the NIST"Be” experiments, we obtain a small eStImateddetailed discussion of the fundamental ion-laser and ion-BG
probability of inelastic collisions with the BG constituents.

In addition to the chemical reactions and charge eX_mteractlons. In Sec. Il we examine the effects of the ion-BG

: oupling on the behavior of a prepared motional-electronic
change, the BG can heat or cool the trapped ion thrOUg@tate of the trapped ion, when considering the Carrier and the

energy transfer during an elastic collision. An estimate of theanti-Jaynes-Cummings ion-laser interactions. Eor the latter
elastic collision rate can be inferred from the total collision. | . : h bi illati ' di
cross sectiorr in a A/r* potential. Assuming\ =U(r), it lon-laser interactions the Rabi oscillations of a trapped ion
; o — L 2. . initially cooled to its motional ground state are computed
follows, from a conservative estimate, that elastic collisions . .
: e under the ion-BG coupling, and our results are compared
will also be rare[26]. However, the effects of collisional ith th ilabl . tal data f trappiEE” |
heating(cooling, as well as the model we present here, ca I € available experimental data for a trap lon
be tested. as su' ested in HEE], by raising(lowering thé rt24]. Section IV is dedicated to comments and conclusions
' 9g Y g and, finally, in the Appendix we show how to obtain a

BG pressure. On the other hand, it is well known that wherc ...’ . . ) ! .
ions are first loaded into a trap elastic collisions with the BGrErfhstigxpglé%?r'anGs :Etﬁai?gohné”ﬁ!ow'ng the model used

are beneficial, allowing laser cooling to proceed faster, the

BG providing a viscous medium and bringing the tempera-

ture of the trapped ions into thermal equilibrium with the II. ION-LASER AND ION-BG INTERACTIONS

surrounding atoms. We conclude from the work reported

here that the damping medium provided by the background We consider a single trapped ion of massin a one-

has also to be taken into account when the trapped ions afimensional harmonic trap of frequeney The ion has for-

cooled to their motional ground state. This claim is supportedidden transitions between two internal electronic stéaes

by the excellent fit between our model and the experimentadited |T) and ground||) states, assumed to be hyperfine

data for measurement of the fluorescence probability of theublevels of the ground stajeseparated by frequenay

electronic ground state, reported[24]. and indirectly coupled by the interaction with two laser
Finally, we mention that, for a linear Paul rf trap, the beams, with frequencies; and w,, in a stimulated Raman-

process of decoherence may be dominated by that of thgype configuration. As indicated in Fig. 1, the laser beams are

motional state, instead of those due to internal levels, causetetuned byA from a third more excited level) which, in

by a nonideal applied fielt26]. In fact, the internal levels of the stimulated Raman-type configuration, is adiabatically

the trapped ion are metastable, typically two ground stateliminated whem\ is much larger than three quantities: the

hyperfine sublevelf28]. While Refs.[22] take into account linewidth of level |r), the coupling associated with the

technical fluctuations in the applied fields used to manipulaté] )« |r) and||)«|r) transitions, and the detuning= w,

the trapped ions, Ref23] attributes the error source to the —w, (0 =w;— w,) [26,28,29. The ion interacts with an

scence
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effective laser plane wave propagating alongstitérection,  Writing the total Hamiltonian in the interaction picture
with wave vectork, = w, /c. In this configuration, only the (script font labels by the unitary transformationJ(t)
ionic motion along thex axis will be modified. The transition =exp(-iHgt), and then expanding the resulting expressions
between | ) and a fourth leveld), achieved by another laser in terms of the parameterg, and 7, we get
strongly coupled to the electronic ground state, is analyzed in
order to measure the ionic vibrational state by collecting the 2
resonance fluorescence signal, which is the probability of the Hion-aser= €™ ”LIZ(
ion being found in the internal stai¢) [30].

The ion-laser interaction Hamiltonian that describes the
effective interaction of the quantized motion of the ionic cen- xal"alellm=Nv+at-ie ¢
ter of mass(CM) coupled to its electronic degrees of free-
dom is[26,28,3Q

i (iﬂL)m+|

g
m,[=0 m![! +

. (6

i (i)™

er
m,1=0 m!|! bka

2
) — ikpx—iopt+io —ik x+io t—ig Hion-s= E Vke_”k’z
Hionlaser=7 (o€ og_€ )s ion e

)

wherea =|1){||, o_=|]){1], and o, are the usual Pauli xaellm=Nr—odt Y o
pseudospin operatorg, is the position operator for th&
coordinate of the ion) is the effective Rabi frequency of _ . . .
the transition|1)«||), and ¢ is the phase difference be- where ion-laser resonance is achieved by tuning the laser
tween the two lasers. frequencies to obtaid=—/v (/=m-1). In what follows

The ion-BG interactionthe polarization of the BG in- SOme reasonable approximations are made, in order to sim-
duced by the oscillation of the trapped jowill be described  Plify considerably the Hamiltoniang6) and (7). First we
by a Frdlich-type electron-phonon HamiltonidB1]. In the ~ mention(i) the standard Lamb-Dicke limit for the ion-laser
Appendix we show, by analogy with surface electrons orinteraction, for whichrn <1 (where the ionic CM motion is
liquid helium[32-39, that a polaronlike interaction results strongly localized with respect to the laser wavelengths
when the electric field of the trapped ion polarizes the neutraNext, from the low energy of the BG oscillations) a
BG (usua”y H in the NIST °Be* experimentiZG]). The Lamb-Dicke-like limit <1 will be assumed for the

: )

attractive ion-BG interaction potentia| is given my(r): ion-BG interaction. This limit is somewhat analogous to the
— x9?/(8weor*), wherey is the polarizability andy the ion ~ case of large polarons in solid state phy4@§]. In fact, the
charge, and the resulting Hamiltonian reads motion of large polarons is continuous, as should be that of a

trapped ion. In contrast, small polarons recognize the period-
B K s et ikx icity of a solid, becoming localized as in the strong coupling
Hion-BG_Ek AVi(be™ +be ™), 3 theory and assuming atomic dimensions. With these two ap-
proximations we obtain the simplified Hamiltonians

whereb] (by) is the creationannihilation operator of BG ptio | : 0 i

) — —iét— (v+o)t—i
oscillation quantay, stands for the coupling strength, akd Hion-taser={(0 € “rigo,ale ’
are thex components of the BG oscillation wave vector. In a +ipg o ae (Ao He), (8)
frame rotating at the “effective laser frequencys, , the
ion-laser and ion-BG Hamiltonians are given in the Sehro _ _
dinger picture by =1 from here oh Hionse= > Vi(bee "“+inbale?~ ot

K

H jon-laser— Q(O'+ei (@t aT)—i¢+ O'—e_i ”L(a+aT)+i¢),

+i nkbkae_i(”“"k)t+ H.c). (9)
€
With the addition of(iii) the optical rotating wave approxi-
Hion-BG:z Vi(b.e n(a+al) 4 ble—ink(a+aT)), (4) r_natmn, three_ specific Ham_|lt0n|ans for th_e |0n-Iaser_|nterac-
K tion are obtained, depending on the choice of the ion-laser

detuning.
wherea' (a) is the creatior{annihilation operator of vibra- (a) The carrier Hamiltonian §=0),
tional quanta,p, =k, /\2mv is the Lamb-Dicke parameter, _ _
and n=k/y2mv stand for Lamb-Dicke-like parameters due Hgniaser=Q(0 €7 ¢+ a0 _e*le), (10

to the ion-BG interaction. The total Hamiltonian is given in

the Schrdinger picture byH=Ho+Honjasert Hionse:  Which induces the transitiofn, | )«|n,T) (where|n) indi-
where Hq indicates the free Hamiltonian composed of thecates a motional Fock stateand is responsible for rotating
internal and motional degrees of freedom of the trapped iomnly the internal electronic levels of the ion wave function in
plus the BG: accordance with

., C A .
Ho=ralat 2o+ S wyblbi. § e eI =cosnin. e snarinl),
k
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e‘iHﬁan-laserﬂn,l)=cos(ﬂr)|n,l)—ie‘i“’sin(QT)|n,T>.
(11b)

(b) The Jaynes-Cummings Hamiltoniad=€ v), correspond-
ing to the first red sideband,

,I_[ilocn—laser:i 7 Qo ae ¢ UfaTeH(p)a (12
induces the transitiofn, | )« |n—1,1), in such a way that
the electronic and vibrational modes evolve as

eiiHi]o?\»lasefT|n,T> = Cn| n=T>_ eii@Sn|n+ 1,l>’ (133

e*iHiJoCn-|aserT|n,l>=Cn—1|nal>+ei“’5n—1|”_1'T>’
13b

whereC,,=cos@ryn+1), S,=sin@@ryn+1), 7is the dura-
tion of the laser pulses, arg= 7 Q.
(c) The anti-Jaynes-Cummings Hamiltoniad= —v),
corresponding to the first blue sideband,
HﬁJJn(-:Iaser: i QLo ale ¢~ U—aeH‘F] (14
induces the transitionn, | )« |n+1,1), and the electronic
and vibrational modes evolve as

eiiHﬁan(-:IaserT|n,l> = Cn| n,l>+ e’””5n|n+ 1’T>’ (153
e_iHQJn(-:Iaselen,T>: Cn—llniT>_ei(PSn—l|n_ 1’l>'
(15b

Finally, assuming hypothesigi) and that(iv) the BG oscil-
lation modes are closely spaced in frequency, with the max
mum of their spectrum far from zero, the ion-BG Hamil-
tonian becomes

Hion-B=1 Ek mVi(ba'e! "W —plae (V=)
(16)

PHYSICAL REVIEW &4 033419

A. Carrier Hamiltonian

First, using Glauber's? representatiorj37] we briefly
analyze the dynamics of the ionic motional state when
=0, the total Hamiltonian of the system, in the Salinger
picture, being

H=Ho+UT()HG 0 aseU (D) +UT(D) HignscU (1)

=va'a+ 2 wkblbk+Q(0+efi“’+ o_etle)
K

+i2k mVi(ba'—bla). (17)

Focusing on the time evolution of the ionic motional state,
which is not affected by the internal levels in the Carrier
regime, we observe that the Hamiltoni@lY) is analogous to
that of a single-mode field trapped in a lossy cavity. The
latter Hamiltonian has received considerable attention re-
cently for computing the fidelity of a cavity-field state re-
quired for quantum communication or computation purposes
[15]. In this connection, we find it interesting to analyze the
decoherence process of a prepared motional state of a
trapped ion due to its coupling to the BG.

Solving the coupled linear equations of motion for the
operatorsa andb,, we obtain from Eq(17)

a<t>=u<t>a<0>+2k vi(1)by(0), (18)

where, disregarding the typical small frequency shifts and
introducing the damping constaht the time-dependent co-
efficients, obeying the initial conditions(0)=1 anduv(0)

>0, can be written as

U(t) — e—(F/2+iV)t,

(193

1— gi(ox=Mtg—Tu2
I'2—i(wg—v)

vi() = — Ve (19b)

From the above results, we obtain the normally ordered

which plays the role of a reservoir for the motional degree of A
freedom of the trapped ion. characteristic functionyy(é,t), defined in the Schdinger
Next, we analyze the effects of the ion-BG coupling onpicture as the expectation value

the time evolution of the ionic external and internal degrees
of freedom. We note that the ion-laser detunings + v
cause the internal levels of the trapped ion to be affected by
the BG, through the motional degree of freedom, differentlyyhere the density operatqs(t) refers to the composite
from the choice5=0, which leaves the BG without effect on jon-BG system, assumed, as usual, to be initially decoupled,
the internal levels of the trapped ion. p(0)=pion(0)pac(0) (the ion-BG coupling is turned on
suddenly at=0%). For a motional state of the trapped ion,
prepared agc|a)), follows the representative term of the
reduced density operatqri,,(0)=|a1){a,|, while for an

. . initially thermal state with Gaussian distribution the reduced
In what follows, the effects of the ion-BG coupling on the density operator for the BG reads

behavior of a prepared motional-electronic state of the
trapped ion will be considered for the ion-laser detunidgs
=0 and — v, representing the Carrier and the anti-Jaynes-
Cummings ion-laser interactions discussed above.

Xn(ED =T p(t)efd (et a0, (20)

lll. EFFECTS OF THE ION-BG COUPLING ON A
PREPARED MOTIONAL-ELECTRONIC STATE

e~ |Bd?HnY

W|ﬁk><lgk|d2ﬂk- (22)

pBG(0>=1'k[ f
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(a'(Ha(t))= f P(a,t)a* ad?a=D(t), (24)

showing the heating process of the motional vacuum state
due to a thermal BG.

Pl
A
JTAON,
N
A

£ 3\\
W

B. Anti-Jaynes-Cummings Hamiltonian

Next, we examine the action of the ion-BG coupling on a
prepared motional-electronic state of the trapped ion when
6= —v, the total Hamiltonian being

H=Ho+UT () {5 ased (1) +UT() HignscU (1)

=vala— goz-i- Ek: wblb+in Qo afe?

4 Im(¥) _
—o_ae" ) +i> pViba-bla). (25)

FIG. 2. Conditional distribution functio”(y,t) for an initially 3

prepared motional coherent state depicted'tat 0.2 and 0.9. The

mean value of the amplitude moves on an exponential spiral disWe are considering the anti-Jaynes-Cummiriigstead of

playing both the effects due to coupling with the environment: thethe Jaynes-Cummingglamiltonian for the ion-laser interac-

loss of excitation, which carries the initial coherent state to thetion, so as to compute, in this regime, the damping of the

vacuum state, and the diffusion due to nonzero temperature of thRabi oscillations of a trapped ion initially cooled to its mo-

BG. tional ground state and to compare our results with the avail-
able experimental data for a trapp@Be* ion [24].
From the characteristic functiof20) we derive the con- To compute the atomic inversion from Hamiltonié2b),
ditional distribution function we use the techniques developed to investigate the Jaynes-

Cummings Hamiltonian for an atom interacting with a

—_— monochromatic field trapped in a lossy cavity at a finite tem-
P(y.)= ;j e T (£ d% perature, which is analogous to E@5) and has received
considerable attention in the literaty@8—41]. The standard
(aq|ay) [y*—u*(t)a I[y—u(t)as] master-equation technique was employed in IR29] to ob-
= 7D (1) - D(1) ; tain the density matrix for the combined atom-field system in

the interaction picture. However, followin@8], we calcu-
(22)  Jate the evolution of the atomic inversion from the time-

) o — dependent averages of atomic excitation, photon numbers,
whose dispersion is given b (t)==(ny)|v(t)|?=nw(1  and other field quantities. Although also based on the master-
—e~ '), where the occupation number of the BG oscillationsequation approach, the technique 8] consists of working
in thermal equilibrium reads,,= (e~ "*8T—1)"1, kg is the  with a hierarchy ofc-number quantities derived from the
Boltzmann constant, anfl is the absolute temperature. Fig- equation of motion for any operator of the form'j™a"O,
ure 2 displays the damping process in the evolution of théwhere®, is an atomic operat®rgiven by
conditional distribution functiorP(y,t) for a prepared mo-
tional coherent state. The rotation in phase space arises from d man )
the factor expfit) in Eq. (198 and we observe both the &U )T Op]=—i
effects coming from the environment: the loss of excitation,
carrying the initial coherent state to the vacuum state, and the
diffusion due to the nonzero temperature of the BG. These
effects are clearly seen from the shape of the distribution g
function P(y,t) depicted in Fig. 2 at't=0.2 and 0.9. man

From the distribution functiofP(y,t), we can obtain the * <a[(aT) a ]> On (26)
. ¥ BG
reduced density operator for the ion,

(ahma"0,, ~ 5
2

0y

+in Q(o,a’e ' ?—o_ae'?)

1 where thTe last term includes the commutation relation be-
_ 2 tween ma"O, and the components of the Hamiltonian
Pion(t)= sz POl Oy, @3 (25) des@cr)ibing t?1e energy of thz BG and its interaction with
the ionic external modes, as well as the motional energy of
and the mean value of operators associated with the ionithe trapped ion. Under the Wigner-WeisskopWW) ap-
motional states; for example, the mean excitation of a preproximation and supposing that the BG is in thermal equilib-
pared motional vacuum state, i.e,;= a,=0, reads rium, we obtain41]
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d i r o

—[@"Hma"]) =|iv(m=n)=z(m+n)|((@)"a"gs .

dt 2 ] ‘

BG l LR ¢
_ s t B R 4 * ba s .
+I'mnny((@hm ta" 156, (27 fla¥bedd ! SR
b ' b -
The damping constant arising from the WW approximation <= o571 1 3 § 5 "TXRE
is I'=2w[g(v)]?A(v), whereg(v)=g,,. is the coupling o 3 N 8%
constant evaluated &t=v/c and A (v)="Vv?/ 7c® (V being o442l 1 3 5 A
the quantization volumeis the density of states. The occu- $? ’ F 5 o .4 : % ¥ ¥ t
R n 3 !

pation numbem, follows from the assumption of thermal o244 ¥ f - ‘ ; " E i | IR ‘ AR
equilibrium,  where the noise operators A(t) R ' ! I ’
=3 akbi(0)e ekt (with g= 7 V) satisfy (M1))sc 00 e ————
=(NT(t))se=0, and(NT(t)Mt"))gc=nyd(t—t') (see 0 2 40 & & 100
Ref.[41]). 7 (s)

From Eqgs.(26) and (27) we derive the time evolution of
the atomic in\/ersiomgz> and the motional occupation num- FIG. 3. Time evolution of the probability of fluorescence mea-
ber of the trapped iOKlaTa>Z surement of the electronic ground sté&g(t), computed from our

model(full line) and measured in the NISTBe" experimentg§24]

d<o> ) ) (dotg. The parameters used in the experimenjs=0.202 and

Z ta—ie +ip . .

at =2g(o.a'e '*+o_ae"'?), (28)  Q/2w~475 KkHz, were adopted for the numerical calculation, to-
gether with the values,,=1.0 andI'=6.0x 103, which are in

d( aTa) good agreement with theoretical estimates.

=g(o,a'e *+o_ae’'?)-T(a'a)+TI'ny,
(29 Note that at zero temperatura,{=0) and an initially pre-
pared ionic statén=0,|) we obtain a closed set of equa-
with the angular brackets denoting the BG as well as theions, since the expectation values of the operators involving
quantum mechanical average. Equati¢@8) and (29) in-  quadratic or higher powers of the ionic motional operators
volve the average of the Hermitian operator,a’e™'¢ anda' are therefore zero at all timg41]. However, to com-
+o_ae’'? whose equation of motion involves the quantity pare the decay of Rabi oscillations resulting from our model
(a'ao,). In its turn, the equation of motion of this quantity with the experimental datf24], we have to deal with the
involves higher-order products of averaged operators such aealistic case of nonzero temperature. Observing that for the
((ah)?a?, ((a")?a%0,), and so on. To deal with such aver- initially prepared ionic stateln=0,/) the anti-Jaynes-
aged operators it is convenient to define theumber vari-  Cummings Hamiltonian induces the transiti@| )« |1,7),
ables it is possible to estimate a temperature arowikl; for the
 retanan 3 trapped ion and, consequently, for the BG. In fact, under
P,=((ah"a")y, n=0, Py=1, (303 such conditions the thermal energy of the trappedkigh is
0,=((ah"a",), n=0, Qy=(cy). (30D aroundv, resulting in a motional occupation number around

unity (ng,~1). On the other hand, since the Rabi oscillations
_ tyngn—-1a—ie T\n—1anatice in NIST experimentg24] survive considerably longer than
Rn=(o (@) e o (a)T A ), n>?’3;0c) 100us, it is possible to estimate a damping fadfoaround
10 3s. Having these values at hand and truncating the sys-
Solving the dynamical equations for the abos@umber tem of equation$319—(31c) atn=4 (an approximation due
variables, we obtain the dynamics of the atomic inversiorto the low motional occupation number estimated above for
and the motional occupation number of the trapped ionthe BG), we obtain, via the numerical Laplace transform
From definitions(308—(30¢), and Egs.(26) and (27) we  method, the time evolution of the probability for fluores-
obtain the following set of equations: cence measurement of the electronic ground sBté)
=(1—(o,))/2. Figure 3 displays the behavior of the function
P,(t) computed from our model, which is in excellent agree-
ment with the experimental data reported 24]. We used in
our numerical calculation the experimental parametgrs
do, - =0.202 andQ)/27~475 kHz. In particular, our model re-
Wznan*'ZanH_nr QntnI'ngQny, produces the asymmetry of the decay of Rabi oscillations
(31p  seen in the experimental data. To obtain such behavior, we

used the parameters,=1.0 andl'=6.0x 10 3, which are

in good agreement with the values estimated above. It is
worth noting that, when switching off the laser pulse, Eq.

. (24) indicates that the motional occupation number of the
—(Nn—12TR,+n(n—1)I'nyyR,_;. (310 trapped ion(a'a) goes asymptotically to unity, as expected.

dt

dP, —
T =ngR,—nl'P,+nTn,P,_1, (319

dR,
W: —29QntNngP,-1—NgQn_1
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10 shown in dotted lines using the valyg=11.9(4) kHz es-
H timated in[24]. We stress that Eq32) describes a symmet-
ric decay of the Rabi oscillations instead of the experimen-
h tally observed asymmetry, which is in agreement with our
s, model(see Fig. 3. Therefore, we claim that the polarization
% i A of the residual background gas is the mechanism leading to
06 then dependence of the decoherence effects of a trapped ion.

0.8 1

—"1H

—"" )
— 1]
.
=
-

o H IV. COMMENTS AND CONCLUSIONS
G i ¥ We have proposed an alternative mechanism to explain
T ' ¥ the damping of Rabi oscillations of 8Be" ion initially
0.2-H U ' cooled to its motional ground state. Our model allows for the
1 H influence of the polarization of the residual background gas
induced by the oscillating trapped ion. The polarization of

0.0 = I = I = I = I = the BG, which in turn influences the trapped ion motion, is

0 20 40 80 80 100 described by a Fidich-type ion-BG interaction with a
(a) t (Us) Lamb-Dicke-like limit wherezn,=k/\2mv<1, k being the
BG oscillation wave vectors, amd(v) being the massfre-

10 quency of the trapped ion.

Since experiments on trapped ions are carried out in a
high-vacuum environment, the density of the BG, around

10° cm 3 [26], does not permit a polaron binding energy

§ i and the trapped ion is scattered by the BG. Both elastic and
inelastic collisions are present, although elastic collisions are
expected to be the main source of decoherence. The trouble-
some inelastic processes of chemical reactions and charge
exchange are expected to be rare. Although a conservative
estimate for the elastic collisions rate also leads to a small

} value, we claim that the damping medium provided by the

021 ’ background, which allows laser cooling to proceed faster
when ions are first loaded into a trap, has also to be taken

into account when the trapped ions are cooled to their mo-

0.0 ' } ' } ' } ' } " tional ground state. As mentioned[i26], for a linear Paul rf

0 20 40 g0 80 100 trap the main source of decoherence may be associated with

(b) t (us) errors arising from the external degrees of freedom of the
trapped ion rather than internal levels or a nonideal applied

FIG. 4. Time evolution of the probability of fluorescence mea-field.
surement of the electronic ground stétg(t) for the initially pre- Under the Lamb-Dicke-like limit adopted here, the result-
pared ionic state¢a) [n=0,|) and (b) [n=1,]), according to our ing ion-BG interaction consisting of the standard “rotating
model(full lines) and the heuristic relatiof82) (dotted line$, dem- wave” terms (assuming that the spectrum of the phonon
onstrating the measured sensitivity of the damping of Rabi oscillamodes presents its maximum far from 2etorns out to be
tions to the motional quantum numbje4]. the usual linear response model of the reser(tbie BG to

the system(the trapped ion[37,42. Glauber'sP represen-

In order to demonstrate from our model the sensitivity oftgtion was used to analyze the dynamics of the ionic mo-
the damping of Rabi oscillations to the motional quantumiional state when considering a Carrier pulse for the ion-laser
number, we depicted in Figs(a and 4b) the behavior of jnteraction. The Carrier pulse prevents the BG having any
the functionP (t) computed from our modeffull lines)  effect on the internal levels of the trapped ion and either the
when the initially prepared ionic states gme=0,l) [Fig.  damping or the heating process of the ionic motional state,
4@] and[n=1,]) [Fig. 4b)]. Figures 4a) and 4b) also  depending on the temperature of the BG, was investigated.
display the heuristic relation used [@4] for fitting the ex-  On the other hand, a master-equation approach was used to
perimental data, achieve a theoretical fit to the exponentially decaying, sinu-

soidal Rabi oscillations[24] resulting from a prepared
Pi(t)%% 1+ p,cod2Qtyn+ e 7|, (32 motional—electr_onic state of the trapped ion under the anti-
n Jaynes-Cummings pulse.

The complete agreement between the measured data for
wherep, is the initial probability distribution of the motional Rabi oscillations with the behavior computed from our
states in the Fock basis ang=y,(n+1)°’ is a phenom- model indicates that polarization effects constitute a relevant
enological damping rate. The behavior of the heuristic relasource of error in the ionic trap. Evidently, the error from
tion (32 for [n=0,]) [Fig. 4a@] and|n=1,|) [Fig. 4b)]is  polarization of the BG has to be taken together with the

08—

0.6+

0.4 1
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oscillating along thec axis, is assumed to be at a distarzce
from the origin of the coordinate system which is fixed in the
center of the BG surface located in tkg plane. This dis-
tancez (which contributes to the coupling parameyg)) is

here assumed to be a mean distance between the ion and the
atoms composing the BG, a mean interparticle spacing be-
tween two colliding partners. As mentioned in the Introduc-
tion, the ion is scattered by the oscillations of the BG sur-

face, whose dynamic roughness is given.g’ajﬁ’) (see Fig.

5).
The potential energy of the ion due to polarization of the
BG is
FIG. 5. Sketch of ion-BG interaction, showing the ion oscillat- - qu 22 HE I 1
ing in thex direction, assumed to be at a distazdeom the origin =—— | dr d [|F' _ F|2+(z’ _ 2)2]2'

of the coordinate system, which is fixed in the center of the BG

surface located in thry plane. The ion is scattered by the oscilla-

tions of the BG surface, whose dynamic roughness is given b)ﬁUbSt'tu“ng the va2r|ablez §(r)=¢, 2/ —¢&(r')=¢', and
() defining A/ = xpe/2, we can rewrite the potential energy

as

errors coming from the internal levels and the application of
a nonideal field26], as investigated in Ref§22,23. Like to

the stochastic approach [23], our model also reproduces A L
the asymmetry of the decay of Rabi oscillations, as observed SU(T,Z)=— _J d?r’ J‘f(r )_g(r)dgl
in the experimental data. Since the authors in 28] claim ™ 0

that the asymmetry of the measured data is consistent with

the assumption of the mechanism of quantum jumps, we % 1

mention that it is also consistent with the damping-heating [Ir' =2+ (' = 0%
competition produced by the ion-BG interacti@hrough the

motional occupation number,, and the damping factdr). . A R

Moreover, the consistency of our model is confirmed by the ~ Uo(r,2)=— ;J er'J df'—=——=3
fact that the best fit of the measured data was accomplished = =]
with parameter valuesn(,=1.0 and '=6.0x 10" 3) in
agreement with theoretical estimates.

Finally, we have demonstrated with our model that the
damping of Rabi oscillations is sensitive to the motiona
guantum number, as experimentally observed. The behavior -
of the curves in Figs. @ and 4b), representing two ionic 52/,(; Z)~— _J )—g(r)
states initially prepared with different motional quantum ’ [|r —r|2+(z -2)%?(,
numbers|n=0,|) and|n=1,]), respectively, strongly sug-

U(T,Z)= SUT,Z) +Uy(T,2Z),

1
+(L' =02

Assuming that the roughness of the B@') — &(r), is suf-

f|C|entIy small and expanding(F’) and g(F) in Fourier se-
[fies we obtain

gests that the polarization of the residual background gas is A o e d2n
the mechanism leading to thredependence of the decoher- =—\/— E (kye™ ' J m
ence effects of a trapped ion.
dZ)\eIk x
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APPENDIX A ! E Z\/é
In this appendix, reasoning by analogy with the physics o . - . . .
surface electrons on liquid heliufd4,35, we show how to (Nhere K(k2) _'S the mod|f|eq Bes§el fLinCtIOI’]. At this p?mt
obtain a Filich-type ion-BG interaction. For practical rea- W& ¢an quantize the dynamic varialdigk) as follows[34]:

son, we assume a continuous BG and a cylindrical symmetry . +
; ; 0 Ei ; E(k)=Cilagta_p)
for the ion-BG system, as depicted in Fig. 5. The ion, KLk T A/
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% we finally obtain the ionic quantized potential energy due to
Ci= — interaction with the BG as
2pw(Kk)
wherew(K) is the dispersion relation. Defining the coupling Ur,z)=2, Vi(ag+ ai,;)eilz'F+U0(F,Z),
parameter K
V,:ACE E—kK (k2) which results, in one dimension, in the interaction Hamil-
T 2Jslz ! ’ tonian (2). Uy(r,z) plays the role of a reference energy.
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