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We study ground-state properties of trapped atomic condensates with electric-field-induced dipole-dipole
interactions. A rigorous method for constructing the pseudopotential in the spirit of ladder approximation is
developed for general nonspheridalolarized particles interacting anisotropically. We discuss interesting
features not previously considered for currently available alkali-metal condensates. In addition, to provide a
guantitative assessment for controlling atomic interactions with electric fields, our investigation may also shed
a different light into the macroscopic coherence properties of the Bose-Einstein condefBa®@rof dilute
interacting atoms.

PACS numbgs): 03.75.Fi, 32.80.Cy, 34.16x

The success of atomic Bose-Einstein condensdB&C)  tential approximation. We then construct an analogous effec-
[1-4] has stimulated great interest in the properties oftive low-energy anisotropic pseudopotential. Numerical
trapped quantum gases. In standard treatments of interactimigsults are then discussed fRb [1] inside the externaE
quantum gases, realistic interatomic potentid{&) are re- field in the JILA time-averaged orbiting potentidOP) trap.
We conclude with a brief discussion of prospects for realistic

placed by contact formsiyS(R) in the so-called shape- experiments.

independent approximatio(SlA) [5]. Such an approxima- . . . o
tion results in tremendous simplification. To date, the SIA ForN trapped spmless bqsomc atoms in a potentidr),
has worked remarkably well as recent theoretical investi at-he second quantized Hamiltonian is given by
y g
tions [4] have successfully accounted for almost all experi- .
mental observationks, 7). H=| dr¥t(r)
Currently available degenerate quantum gases are cold
and dilute, with interactions dominated by low-energy binary 10 _f o om o o
collisions. When realistic interatomic potentials are assumed + —f drf dr' et wT(r)V(r—r)w (") ¥(r), (1)
to be isotropic and short ranged, i.e., decreasing faster than 2
—1/R® asymptotically for large interatomic separatioRs n . N _ ) o
the properties of a complete two-body collision are describeavhere W(r) and W(r) are atomic(bosonig annihilation
by just one atomic parametes,., the swave scattering and creation fields. Th§ che[nlcal potentiaguarantees the
length The scattering amplitude is isotropic and energy in-atomic numbeiN= [dr¥(r)¥(r) conservation.
dependentf(k,k') = —4mag for collisions involving inci- The bare potentiaV(R) in Eq. (1) needs to be renormal-
dent momentumk scattering intok’. Effective physical ized for a meaningful perturbation calculation. For bosons,
mechanisms exist for control of the atom scattering lengthghe usual treatment is based on field theory and is rather
[8-10. If implemented, these control “knobs” allow for involved[5,16-18. Physically the SIA can be viewed as a
unprecedented comparison between theory and experimewglid low-energy and low-density renormalization scheme.
over a wide range of interaction strengths. Indeed, very reThe physics involved is rather simple: one simply replaces
cently several groups have successfully implemerftesh-  the bare potentia¥(R) by the pseudopotential,s(R), such
bach resonancg11], thus enabling a control knob og. that its first-order Born scattering amplitude reproduces the
through the changing of an external magnetic field. Othecomplete scattering amplitude—@g). This requiresu
physical mechanisms also exist for modifying atom-atom in-=47#2a../M.

2
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teractions; e.g., thehape resonancedue to anisotropic di- When an electric field is introduced along the positive
pole interactions inside an external electric figl@]. axis, an additional dipole interaction
Although fermions with anisotropic interactions are well
studied within the context ofHe fluid [13] and in d-wave . Yoo R)
high T, superconductors, anisotropically interacting bosons Ve(R)=—u, R 2

have not been studied in great detail. In particular, we are not

aware of any systematic approach for constructing an aniso- .
tropic pseud)gpgtentie[s]. PP 9 appears, wherei,=4/(7/5)a(0)a* (0)E2, with a(0) be-

In this Rapid Communication, we study the ground—staténg the polarizability and the electric-field strength. As was

properties of trapped condensates with dipole interactions. Rhown in Ref[12], this r_nod|f|cat|lon results in a completely
rigorous method is developed for constructing the aniso "W low-energy scattering amplitude

tropic pseudopotential that can also be applied to future polar

molecular BE([14,15. This Rapid Communication is orga- f(k,k')|,_. .o=47 > tl;m'(g)Yf*m(R)Y,,m,(R’), 3)
nized as follows. First we briefly review the SIA pseudopo- Im,1"m’
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with tlr'nm'(g) the reducedl-matrix elements. They are all
energy independent and act as generalized scattering lengths.
The anisotropic/g causes the dependence on both incident
and scattered directionk,andk’ =R.

A general anisotropic pseudopotential can be constructed

4001

2001

according to Ef’ 0
~ (“8
> > YIlml( R) _ooot
Ve(R)=Ugd(R)+ 2 yim——5— @
1,>0m; R
-400
whose first Born amplitude is then given by
Sy ~ A~ -600 L L . L

foom(K.K') = = (4m)%asY5o(k) Yoo k') ’ L e viem) ° °

— lz 2 Yim (41)2 FIG. 1. The field-dependent value fag.. Note the shape reso-

Amhe m, 11 nance for€ around 8.% 10° V/cm.

x> > Tlr;]ml(h,ml) * ()Y (KD, (5) [12,19. Physically, this implies that the effect ®f is per-

m 7y turbative as® remains small in atomic units. What is remark-
i BT able is that73) ) andt2)(€) also agree in absolute values
with 71" (I3,my) = ()" Ry Iy (I1,my). Both [12]. For 8Rb, we found
™ m) =Y o [ Y Y, M _
Im ( 1 1) < I''m | I1m1| Im> UZW(47T)ZT(2)8= —1.495x 101052(30), (9)

/ © 1
1" _ T ; ’ —
Ri _fo dRRIIKR)jir(K'R), with £ in atomic units (5.14%10° V/cm). a, is the Bohr

radius, while multichannel scattering givEs9]
can be computed analytical[0]. The 1R® form in Eq.(4) .
assures allR| to be k=k’ independentby a change of (4m)tho= — 1.512< 10" (ay). (10

variable tox=KkR in the integral. Puttin
gral g The cause of this slight differen¢&%) is not entirely clear

faom(K, K ) =f(K,K") (6)  butis within numerical error.
o We can thus approximate E€f) by keeping only thd,

one can solve for the, m (£), astl'™ (&) are known nu- —2M =0 term in the sum
merically[12,19. This reduces to the linear equations - - -

4 J k Vei(R)=Ugd(R) — U, Y, R)/R?, (11)

M r ’ ’ ’
) ;m: 7|1m1(477)7:mm (I,,m)=t,,™, (7) away from theshape resonanceAt zero temperature the
1"

condensate wave functiop(r,t)=(W(r,t)) then obeys the
for all (Im) and (’m’) with I,1’#0, and separatelg,(&)  following nonlinear Schrdinger equation
=—15&). The problem simplifies further for bosotfermi-
ons, as only even(odd) (I,I") terms are needed to match. . -
Figure 1 displays the result @,{&) for the triplet state of 'ﬁal/’(r’t)_
8Rb. The Born amplitude for the dipole terd. is

2
- mV2+Vt(r)—M+ Uo| (1, 1) |2

YR . R
—u2f dr’ 2o )It/f(r’,t)lz y(rt), (12

> > M — ! ~
foom(K.K') =Up 7—(4m)°T50 2 Tin" Yin(k) R®
Im,I"m’
XY (K1), ) TABLE I. 7|,™ =7™(2,0)/72 for small (,!").
with 739=—0.023 508. (Im),(I'm") (00 (20 (40 (60 (80)

We found that, away fronshape resonanceslable | (00) 0 1 0 0 0
agrees(to within approximately a few per cenwith the (20) 1 -063889 0.14287 0O 0
same ratiosl,’nm'(é’)/tgg(g) from the numerical multichannel (40) 0 0.14287 —0.17420 0.05637 0
calculationg12]. This interesting observation applies for all (60) 0 0 0.05637 —0.08131 0.03008
bosonic alkali-metal triplet states we computédi, 394K, (80) 0 o0 0 0.030 08 —0.047 07

and 88Rb, for up to a field strength of 810° (V/cm)
041604-2
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0.25 - FIG. 3. Typical behavior of the effective scattering lengf] .
("\ Lines corresponds te=5.1,1.7,1.02,0.34,0.017, in descending or-
ool | der ofaf.
_ @ Ve. The top-right corner inset shows the electric-field-
PCALI 1 polarized atoms in(radially) repulsive (a) and (longitudi-
g; nally) attractive(b) configurations. An elongated condensate
Z oal along thez axis reduces the total energy. The same mecha-
nism could cause spontaneous alignment of polar molecular
condensates inside isotropic trdfg]. For better insights we
0.05¢ try a variation ansatz
1/2
0 : . : K 1
0 2 3 4 5 _ .2 2,2
(b) z(a) Yrp.2)= 71_3/4(:13/29)(% 2d2(P +k°Z%) |, (13

FIG. 2. (@ u(p,0) for ¥Rb with w, =(27)70 Hz, o,

B andN=5000 atoms. Solid. dashed-dot. dashed. and OlotWith parametersl and «. In dimensionless units for length
= W, , = . 1d, - , , - ATV IRE .
ted Iinés are forf=0, 4.0<10°, 5.7x10°, and 5.8&% 10° V/cm (8, =Vi/Mw,), energy fw,), and\=w,/w, , we obtain

respectivelya, is the radial trap width(b) Same as in Fig. Za),

2 201 4Nkadl 1

but for (0,z). — R T )= L 2K Sse =

E[yr]=| 1+ 52 do+| 1+ 2)d2+ 2 a ek (14)
with ¢(F,t) normalized toN. The ground state is found by ) ) off
steepest descent through propagation of @@) in imagi-  With the effective scattering lengthg;=as{1—b(x)u,/
nary time (t). For a cylindrical symmetric trawt(F) Uo], and
=M(w?x?+ w?y?+ w?z?)/2, the ground state also pos- 5m 32 tanh LI
sesses azimuthal symmetry. Therefore the nonlocal term b(K)Z—(—zKZ—
simplifies to 3(k?—1) 1—«?

- 5 Yool R) , Theb(x) is monotonically decreasing, and bounded between
J' dr'|y(p’,2")| ?ZJ dz'dp’'K(.,.;)|¢(p".2")]?,  b(0)=\57/3 andb(=)=—257/3. a®" is shown in Fig. 3
as a function of€ for several different values at. For in-

) , , ) creasing electric field, variational calculation results in de-
with the kernelK(p,p’;z—2') expressed in terms of the creaging,c, and eventuallyx becomes less than 1, i.e., the
standard ejllpE|caI integral&[.] andK[.]. The kernel is di-  .yndensate changes from obldfmncake shaped at zero
vergent atr =r’, so a cut-off radiuRR; is chosen such that field (for the TOP trap to prolate(cigan shaped. We also
K(p'.p,z' —2)=0 wheneverir —r'|<R.. We typicallyR,  note thath(x)=0 for k<1; thereforea®" becomes negative
~50(ap), much smaller than the grid size, to minimize nu- at a certain field valu&, in the case of a positivag{&
merical errors. Technical details for numerical computations=0), causing the collapse of the condensate. This is indeed
and for handling the singular rapid variation of the kernelwhat we found as illustrated in Fig. 4. A detailed discussion
over small length scale will be discussed elsewHhafa. of the collapse and other interesting features will be given

Figure 2 presents)(p,z) along p=0 (8 andz=0 (b) elsewherd21,22.
cuts, respectively, foP’'Rb (as.="5.4 nm at several different We note the energy of dipole alignment
E. We note that the condensate shrinks radially while it
stretches along the axis to minimize the dipole interaction
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2.8 - - ' ' ' In conclusion, we have developed a general scheme for
constructing effective pseudopotentials for anisotropic inter-
actions. Our scheme guarantees that the first-order Born scat-
tering amplitude from the pseudopotential reproduces the
complete scattering amplitude obtained from a multichannel
computation, including the anisotropic dipole interaction,
thus containing no energy dependence at low temperatures of
the trapped atomic gasd42]. Our scheme is thus more
pleasing than the standard Skyrme-type velocity-dependent
effective potentials commonly adopted in nuclear physics
[25]. We also presented results for both the electric-field-
modified atomic scattering parameters and the induced
changes to the condensate f§Rb in the JILA TOP trap.
Our theory can be directly extended to systems involving the
magnetic dipole interaction of atoms/molecules in a static
o , . magnetic trap and systems of trapped molecules with perma-

FIG. 4. Elect_rlc-fleld depende_nce_ of the width aspect rgn_o fornent electric dipole§l14,26. For alkali-metal atoms, typical
parameFers of_ Flg._ 2. The solid line is the r(_asult of our variational agnetic dipole interaction is weak since a Bohr magneton
calculation while circles denote exact numerical results. The dashe, l.s=eh/2mc) only corresponds to an electric dipole of
line corresponds t \/§ for a noninteracting gas in a TOP trap. ~(1/2a5)(eay) (fine-structure constant¢~ 1/137), which

is equivalent to the induced electric dipole &t 6x 10

becomes much larger than the trap depth at the propésedV/cm for 8’Rb. Other atoms with larger magnetic dipole mo-
values for 8’Rb. Therefore spatial homogeneity f6¢r) is ~ Ments[27] will display clearer anisotropic effects. Typical -
required. AtE~5x 10P Viem (€~10~%) with a spatial gra- h_eteronuclear diatomic molecules hqve a permanent electric
dient <10 */cn®, the corresponding force is smaller than dipole moment of- (ea), corresponding to an induced mo-

i~ 87 — \/
the magnetic trapping force for typical traps-at00 Hz. For m'ent n Rb at£=1.6x10 V’CF“ [1.4]' Trapped molecules
comparison, the magnetic-field gradient+s10 %/cm® in- with aligned permanent electric dipoléby an externalE

side the Penning trap magnets. Although the proposed eleg-eld) would give s_imilar r?‘S“'ts- Howgver,_ magnr_etic trap_ped
tric field (10 V/cm<£<1CP Vicm) is large, it can be cre- molecules[14], with unaligned electric dipoles interacting

ated through careful laboratory techniques as breakup i\rg"th i:he fSFr)tIrr: ?Trlls\'/ r?ipri;sennt an interesting extension that
fundamentally limited by field ionization, which typically equires furthe estigation.

(<x?>/<z%>)1"2

occurs at&>10" V/ecm [23]. Recently an field of up to This work is supported by U.S. Office of Naval Research
1.25<10° V/icm was used successfully to decelerate a moGrant No. 14-97-1-0633 and by NSF Grant No. PHY-
lecular beanj24]. 9722410.
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