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We investigate theoretically the use of time-varying magnetic fields to selectively create and manipulate
quasiparticles in magnetically trapped Bose condensates. To maximize the transition matrix element connect-
ing two desired quasiparticle states, the spatial symmetry of the applied magnetic field must be tailored to
exploit the different spatial distributions of magnetization in the two quasiparticle states. This “spatial mag-
netic resonance” effect is analogous to the Franck-Condon factor in electric dipole transitions in diatomic
molecules. Experimentally, the spatial magnetic resonance technique may allow the creation of coherences
between quasiparticle states, the inversion of quasiparticle state populations, the measurement of quasiparticle
lifetimes (T,) and decoherence timés,), the creation of quasiparticle echoes, etc., in analogy with conven-
tional spin magnetic resonand&1050-294{®7)04306-0

PACS numbds): 03.75.Fi, 67.90t+z

The experimental realization of Bose-Einstein condensaspondence will allow techniques developed in quantum op-
tion (BEC) in cold trapped alkali-metal atoni$—3] has gen- tics and magnetic resonance for creating and manipulating
erated great interest in the properties of these weakly intetsoherence within multilevel atoms to be extended to conden-
acting quantum gases. Among the important properties to bgate excitations.
investigated are excitations of the trapped condensates, with The physics of SMR is straightforward, and may be
comparison to the behavior of Superﬂufﬂﬂe_ The mean- thought of as an optimized variation of the trap potential:
field Bogoliubov-Hartree(BH) theory suggests that below Optimized to excite the condensate into higher quasiparticle
the critical temperature for BEC, the coherent mean field oftates with the desired spatial symmetry, and with a mini-
an interacting Bose condensate mixes the collective and qu&um of variation in the trap potential and, hence, a mini-
siparticle excitation$4,5]. Calculations show that the exci- mum of perturbation of the condensed system. In contrast,
tation spectrum of a trapped, interacting condensate includedmple resonant variations of the trap potential will be
a very large number of quasiparticle modes that are eaclargely spatially symmetric in the radial and azimuthal direc-
unique superpositions of “bare states” of the external traptions, and, hence, will not be generally efficient at coupling
ping potentia[6]. Recently, several quasiparticle modes, in-the ground and excited states; in addition, such nonoptimal
cluding three center-of-mass “sloshing” modes, have beerirap potential variations will significantly perturb the con-
created and studied in the trapped rubidium and sodium corflensed system during applicatife.
densategby Jinet al.[7] and Mewest al.[8], respectively Figure 1 illustrates the effectiveness of SMR for two qua-
(“sloshing” denotes the oscillatory center-of-mass motionSiparticle states in a one-dimensional tfag]. The two trap
of an extended fluidlike objectTo create these condensate state wave functiongy;(r) and ¢;(r) describe the spatial
excitations, both groups used parametric drise modula-
tion) of the electric currents that produce the magnetic trap-
ping field for their condensatdd,8]. Results based on the
mean-field BH theory6] agree well with these experimental
observations. Nevertheless, it should be possible to create
many more quasiparticle modes in trapped conden$étes

In this paper, we investigate theoretically a technique for
the selective creation and manipulation of all quasiparticles
in trapped condensates. In this excitation scheme, the spatial _g
symmetry of resonant variations in the longitudinal magnetic
field is crafted to exploit the different spatial distributions of
magnetization in different quasiparticle states and thus, to
maximize the transition matrix element between these states.

We refer to this condensate excitation technique as spatial
magnetl_c resc_)nanceéSMR). Experimental application Of FIG. 1. SMR utilizes a spatially dependent resonant magnetic
SMR will facilitate measurement of the condensate excitasie|q 1 selectively couple two quasiparticle states in a tcgmoted
tion spectrum to provide a comparison with the low-energyyy slig horizontal lines For example, to excite a spatially sym-
excitation spectrum in superfluidHe. Furthermore, SMR  metric ground statey;(x) to spatially symmetric or antisymmetric
should allow the selective creation of coherent couplingexcited states, denoted by(x), the applied magnetic field
among different quasiparticle states, thus effectively mapgg,,;(x) could be chosen to be spatially uniform or to have a linear
ping transitions between trapped quasiparticle states intposition dependence, respectively. The figure shBagg(x) for
transitions in a multilevel atom. This condensate-atom correthis latter case.
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extent of the respective quasiparticles, while the internal SP"F-Iere,Ag'l (g,,) are the bosonic quasiparticle creati@mnihi-
state|in) of the magnetic dipole moment of the atoms re-|ation) operators(Here, we only discuss the zero tempera-
mains the same for both trapped stdte8]. We introduce a  tyre limit; however, our result can easily be generalized to
time- and space-dependent longitudinal magnetic fieldinite temperatures.The indexn=0,1,2, ... labels quasi-
Bswr(r,t) =€g(r)Bsur(r)F(t), where F()=F(t)(e”'“®"  particles in ascending order af,. As discussed in detail in
+e“8), F{(t) is a slowly varying envelope function, and [13], the a-dependent term describes the dephasing of the
wg IS close to resonance with the transition of the two stateggndensate.

w¢— w; . The unit vectoreg(r) denotes the direction of the The quasiparticles are defined [@12,13

magnetic fieldassumed here to be everywhere parallel to the
z axig). Then the magnetic dipole transition matrix element

~ . I s
between two quasiparticle states is Gn f drfUn(r)¥(r)+Va(r)¥i(r)], “)

with the inverse transformatiorid 2,13

— (DN - Bowr(T 0[in) ¢l (1) )¢
~ = wm{ i(D)[Bsur(N () F(1), ) T(1)=3 [UX(N)Tn—Va(NG] (5)

n=0
where the magnetic dipole moment of the atom is . .
fim= fm€m(T), and we have assumed that the strong trap{@nd their Hermitian conjugatesBoth U,(r) andV,(r) are
ping field completely spin polarizes the atoms and is pointingvave functions for quasiparticlg§]. The interactionfsyr
along thez axis[10]. We see that the transition matrix ele- ¢an be rewritten as
ment is a product of two parts: an internal p&@tconstant o
which comes fronﬁm, and a spatial part, which is the mag- Hemr= F(t) % E [(Ukkf+kak)§f§kf— yz,k’gk@‘k,
netic dipole transition analog of the Franck-Condon factor in kK =0
electric dipole transitions in diatomic moleculdsl]. Now if
BSMR(F) is spatially symmetric, as in a uniform trap potential
variation, then the transition matrix element is zero when th%vhere we have neglected a constant term and introduced the
initial and final quasiparticle states have opposite spatial par:

_ . ) following SMR coupling matrix elements:
ity. As long asBgyg(r) has some spatial asymmetry, how-

— Y 95001, (6)

ever, the matrix element is nonzero. For optimal SMR in this - e -
example withy;(r) and (r), Bsur(r) should be antisym- Al = _:“mf dr Uy(r)Uy, (r)Bswr(r),
metric.

In the following we develop the idea of spatial magnetic s - -
resonance using the mean-field Bogoliubov thefdrg,13. ﬁvkk':_ﬂmf dr Vi (r)Vie (r)Bsr(r),

The second quantized Hamiltonian for a systerhldfosonic

atoms in a trapping potentiaf,(r) [10] is H=Ho+ Hsur, - - - >
with t . Ry == tim | 7 U(DVie(NBsyr(1). ()

. h? - A By arranging theBSMR(F) to have certain spatial symmetries,
HO:J dr qﬁ(r)[_ mszth(r)_” Ww(r) the magnitudes of these SMR coupling matrix elements can
be manipulated. For a spherically symmetric trap, the
(ground condensate state is described by spherically sym-
metric functionsUy(r) and Vy(r), and the excited state

wave functions factor into radial part@UnLLZ(r) and
Vo (r)] and angular parts[the spherical harmonics
Y, (6,4)] (L is the angular momentum and is its pro-

. A jection on thez axis; n is the quantum number for the radial
whereHgyr describes the SMR interactiow,(r) [¥T(r)]is  direction) Following Eq. (7), if Bgyr(r) is chosen to be
the atomic(bosonig¢ annihilation (creation field, andM is  proportional oY, (6,¢), then only quasiparticle states
the atomic mass. The two-body interaction takes the familiagith the same angular symmetry will be creatpdl.similar

. . _ 2 -
contact(pseudopotentialform, with Auy=4wh°as/M and argument applies for the radial dependenc@ghx(r).]

a. being the scattering length inside the square brackets .
in Hy denotes the chemical potential of the trapped atoms. The system described by E(B) and (6) can be solved

. . L . . using a general Bogoliubov transformation, since only terms
With the Bogoliubov approximatiofl2,19, the interacting guadratic in creation or annihilation operators are involved.

gf;,caﬂ be described by a set of noninteracting quasipar However, the analysis of the resulting time-dependent quasi-
' particles is quite complicated. To better express the essential

1 physics of SMR, we consider a simpler model based on the

Hoos —hap2+ hoala. 3 rotating wave approximation. We assume that the gppll_ed

0772 Po rg’o nndn ® magnetic field is near resonance between two quasiparticle

+ %huOJ dr IO O)W ()W (r),

HSMR=—f dr W) g Bewr(T,HP(N),  (2)
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states (g~ wi— w;, taking w;=w, and w;=we=0). Ne-
glecting all other quasiparticle states, we then obtain

Ho=2hia(Got G2+ 46,577
0=5ha(got go) n9nGn;

Homr=1 (9590, +9100)— % 7* Godn—%¥30;, (8)

where we have used the rotating wave approximation. We

have also absorbedi,,+v,, into a renormalizedw,
and simplified the notation: a=2a, &,=w,— wg,
Q=F(t)(upgtvon), and y=F(t)(vont ¥no). Without loss
of generality we also tak€ to be real.

From the Hamiltoniar(8), we determine the Heisenberg
operator equations of motion to be

Go=—i[a(Qot+ )+ 07— 9}],
©)

For a resonant drivé.e., §,=0), the solutions to Eq9) are
[14]

a’n: _i[5n5n+960_ )’ag]

Go(t) =0o(0)cog A(t)]—ien(0)siMA(1)]
~ia[9o(0)+9H(0)]fcc— alen(0)—e(0)]fse,

en(t)=en(0)cog A(t)]—igo(0)siA(t)]
—a[go(0)+9§(0)]festialen(0)—el(0)]fss,

(10
where we have defined
en=(20n=7gn)/A,
fggr(t)=fotdt'@[A(t’)]e’[A(t)—A(t’)], (11

with s and s’ denoting the cogc) and sin(s) functions.
A(t)=[f5dt’ A(t"), with A= JQ?—y* v, is analogous to the

area of the the pulse or Rabi angle in conventional magnetife,

resonance.

SELECTIVE CREATION OF QUASIPARTICLES IN ...

557

2.0¢

1.5F

N

1.0

0.5F

0.0k

A()

FIG. 2. The normalized population of the excited quasiparticle
stateN,,(t) =(g!(t)gn(t)}/No(0), assuming the lower quasiparticle
state is initially a coherent statdashed lingor a Fock statésolid
line) as a function of the SMR pulse areg(t). We have used
Q=4.0, y=(0.25,0.25), andNy(0)=(g(0)g;(0))=1000. The
two lower curves are for the case when the initial state is not the
condensate, while the two upper curygsing off scalg are for the
case when the initial state is the condensate. Note: for the latter
case, the plotted results are only valid for sng(t).

ing the SMR resonance condition: i.e., by the time a signifi-
cant fraction of condensed atoms are excited, the target-
excited quasiparticle state will not be in resonance with the
SMR driving field. As a consequence, the SMR matrix ele-
ment coupling the ground and excited quasiparticle states
goes to zero with increasing excited state occupation, and
any induced coherence between the ground and excited qua-
siparticle states is destroyed due to the constant ground state
dephasing. Therefore, when one of the quasiparticle states
coupled by SMR is the condensate ground state, the physi-
cally relevant limit of the solution for the quasiparticle dy-
namics[Eg. (10)] is the early time limit when only a negli-
gible fraction of atoms are excited(Note that novel
techniques such as chirped SMR may allow the condensate
to be completely driven into an excited quasiparticle state.
This interesting possibility will be explored elsewhgre.

We now calculate the time-dependent occupation of the
xcited quasiparticle state coupled by SMR from a lower-
ying statei, assuming stata to be unoccupied initiallya
vacuum state If the initial statei is not the condensate

Equation (10) describes the dynamics of two arbitrary
quasiparticle state@ andn), coupled by a resonant SMR
field. If neither of the two coupled quasiparticle states is the

condensate, one simply puis=0. Then, Eq(10) represents

a coherent Rabi oscillation. When one of the two quasiparti-
cle states coupled by SMR is the condensate state, then the
a terms in Eq(10) must be retained, creating a dephasing of
the induced coherence between the two coupled quasiparticle
states. In this case, compldiee., 180°) SMR-induced Rabi for an initial Fock ) or coherent C) statei, with the

osci]lations between the ground state and an excited q“aséfverage number of aton(@fr(O)Ei(O)>=No. Expressions
particle state cannot occur because the constancy of the qUR; the case where the lower energy state of the two coupled
siparticle energy level structuref,, etc) requires that most quasiparticle states is the condensate ground state can also be
atoms stay in the condensate ground sféle As ground  obtained, but are too complicated to be presented Hete

state atoms are pumped by SMR into an excited state, thgypical results for these SMR Rabi oscillations are shown in
,’s begin to shift andJ,(r) and V,(r) begin to change, Fig. 2 for constant SMR coupling matrix elements with
thereby altering the coupling constafilsand y and destroy-  F{(t) = 6(t). Note that, because the chemical potentials for

ground state, then we obtain

(911 Fn())e=[Q?Ng+ y¥* (No+ 1) ISIrP[A(t) ]/A?,

(90 Tn())c=[(Q2—Qy—Qy* )N,
+ y9* (No+ 1) ]Sin[A(t) /A% (12
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TOP trap, the quasiparticle states are labeledlas]i.e.,
according to their angular momentum projectioyalong the
symmetricz axis, as well as an integer quantum number
(n=1,2,3,...) forenumerating in ascending order states of
the samd_,]. Therefore 4 40andyq 40are the SMR cou-
pling constants from the ground condensate staieest
L,=0 stat¢ to the fourth-lowest ,=0 state; and) 4, ,,and
Y1222 are the SMR coupling constants from the lowest
L,=2 state(already observed ih7]) to the next higher
L,=2 state.(Note thaty,, ,,is practically zero, and falls on
the x axis of the plot. The interesting dependence of the
SMR coupling constants on the number of atofasd thus
the density of the condensatmay be helpful in probing the
condensate properties.

In summary, we have investigated theoretically a mecha-
nism for selectively creating and manipulating quasiparticles

FIG. 3. Various SMR coupling constants calculated for the JILAjp trapped Bose condensates. We refer to this condensate
TOP trap for ®Rb atoms, witha,=5.2 nm, trap frequencies excitation technique as spatial magnetic resonance, since it

(0 0y 0,)=(1:1:8"%)x 10 Hz. A spatially uniform SMR mag-

involves a magnetic dipole moment matrix eleméobou-

netic field was assumed. The dots denote the numerically computeﬂing quasiparticle stateghat depends on changes of the

points.

spatial part of the quasiparticle wave function, not the inter-
nal (spin part. Condensate SMR is an analog of the Franck-
Condon factor in electric dipole transitions in diatomic mol-

the quasiparticles are zero, their total populations are ndicules[11]. Engineering of the applied resonant magnetic

conserved, i.e{g!g,)+(g]g;)#const. This explains why
the peak of the Rabi oscillation of the excited state popula
tion can be more than one in Fig. 2. Also note that the early
period for excitation out of the condensate shows growt
behavior similar to that of the case where the lower quas
particle state is not the condensate. Clearly, in each case the
difference between an initial coherent or Fock state is quit

noticeable.

To illustrate the potential efficacy of the SMR technique
we next present sample calculations of the SMR couplin
matrix elements for the JILA TORime-averaged, orbiting
potentia) trap [1,7]. To simplify the presentation, we con-
sider here only the case of a spatially uniform SMR field.

field to have a particular spatial symmetry, so as to exploit
the different spatial distributions of magnetization in differ-

ent quasiparticle states, should allow the selective creation of

hqu::xsiparticles and coherent superpositions of quasiparticles

iyvith minimal trap potential perturbation.

If the proposed scheme can be realized experimentally
with sufficient control, then, adopting magnetic resonance

%erminology, one could apply 90° pulses, 180° pulses, etc.,

using a resonant magnetic field, to create coherences be-

"tween quasiparticle states, to invert the population of such
€%tates, to measure quasiparticle lifetimé&g)(and decoher-

ence times T,), to create quasiparticle echoes, etc. Of
course, these ideas require further investigation.

The coupling matrix elements are therefore simply related to We thank Professor W. Ketterle for insightful communi-
the overlap integrals of the quasiparticle wave functionscations that clarified the ideas presented here. We also thank
(with 7=1). We plot in Fig. 3 the dependence of the modu-Professor E. Heller and Dr. J. Babb for helpful discussions.
lus of various SMR coupling constants on the number ofL.Y. thanks Professor E. Wieman and Professor T. B.
condensed atom. The solid lines denote the normal cou- Kennedy for discussions on details related to SMR. The
pling Q, while the dashed lines are for the anomalous couwork of L.Y. is supported by the U.S. Office of Naval Re-
pling y. Because of the cylindrical symmetry of the JILA search Grant No. 14-97-1-0633.
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