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Self-binding transition in Bose condensates with laser-induced ‘“gravitation”
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In our recent publicatiofD. O'Dell et al, Phys. Rev. Lett84, 5687 (2000] we proposed a scheme for
electromagnetically generating a self-bound Bose-Einstein condensate withttrHctive interactions: the
analog of a Bose star. Here we focus upon the conditions necessary to observe the transition from external
trapping to self-binding. This transition becomes manifest in a sharp reduction of the condensate radius and its
dependence on the laser intensity rather than the trap potential.
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. INTRODUCTION | being the sum of the intensities of all the lasers, anithe
atomic polarizability. The potential begins to oscilldiee.,
We have recently proposdd] a scheme for inducing a becomes alternatingly repulsive and attradtiaé distances
1/r gravitational-like attractive interatomic potential in an peyond ~0.36\, . However, this potential can support a
atomic Bose-Einstein condensd&EC) [2] contained in the  self-bound condensate with a larger radius, as shown below.
near-zone volume of intersecting triads of orthogonal laser We use the mean-field approximatiOMFA), as embod-
beams. For sufficiently strong self-“gravitation” the BEC jed in the following generalized Gross-Pitaevskii equation
becomes self-bound. In this unique regime thedtfraction  [1], to calculate the ground-state order param#dtéR) of a
balances the outward pressure due to the zero-point kinetBEC subject to a laser-induced interatomic interaction
energy and the short-rangevave scattering. Here we focus
upon the transition from external trapping to self-binding.
This transition becomes manifest in a sharp reduction of the
condensate radius and its dependence on the laser intensity
rather than the trap potential. We analyze the conditions fowheremis the atomic masa/e(R) =mw3R?/2 is an isotro-
the observability of the self-binding transition: the thresholdpic external trap potentiallwhich will be considered
laser intensity(Sec. 1), the bounds on the number of atoms negligible—see beloyy andV(R) is the self-consistent po-
imposed by the near-zone conditit®ec. Ill), as well as the tential
loss rategSec. I\V). Section V summarizes the findings.
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w¥(R)= _ﬁvz_"vext(R)"_Vsc(R) Y(R), (O

Vsc(R)=gp(R)+fd3R'Uaso(R’—R)p(R’) 4
Il. SELF-BINDING THRESHOLD INTENSITY
wherep(R)=¥2(R) is the density ang=4ma#?/m, a be-
ing thes-wave scattering length.

We need to find a situation where the mean-field self- In cold dilute atomic BECs with short-rangavave scat-
“gravitation” energy associated with the near-zone laser-tering, the validity of the MFA(i.e., the Gross-Pitaevskii
induced attractive 1/potential can becomgt least compa-  equation[4]) is well established, providinga3<1. How-
rable with the short-rangewave scattering energy. To this ever, the MFA is also valid for the long-range repulsive
end, we examine the mean-field solution for a condensate afoulomb-like potential,+u/r, provided many atoms lie
atoms interacting via Thirunamachandran’s isotropic two-ithin an interaction sphere with a Bohr-type radias,
atom potentia[3], obtained by directional averaging of the =h2/mu, so thatpa®>1 [5]. This condition means that the
laser-induced dipole-dipole potential. This potential has theyotential must be weak. Remarkably, self-gravitating BECs
form simultaneously satisfijpoth of these MFA validity condi-

tions, as can be readily verified using the ensuing expres-

A. Threshold condition

U (7 15mu sin(4r) . cod4nr) _ sin(4mr) sions.
ol 1) = 1IN\ (27r)2 (27r)3 (27r)* There are two limiting regimes for self-gravitating BECs
5 B [1]: the purely “gravitational” G regime, where the kinetic
cog4mr) sin(4mr) energy is balanced by the gravitational-like potential and the
- (271)5 + (271)8 @ s-wave scattering is negligible, and the “Thomas-Fermi

gravitation” (TF-G) regime, where the kinetic energy is neg-
ligible and replusive s-wave scattering balances the
whereT=r/\_ is normalized to the laser wavelength, ~ dravitational-like potential. . . L
and The condensate radius can be studied using the variational
wave function W,,(R)= N exp(—R¥2w?\?)/(mw?\2)34,
wherew is a dimensionless variational parameter giving the
u=(117/15)(1 a®/ceg\y), (2)  width of the condensate. The variational solution in the limit
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With an intensity 1.5 times the threshold valgg. (5)]
(arrow in Fig. 2 the expectation value of the rms condensate
radiusR,me= \(R?) is a fraction of the laser wavelengih
(Rimg=0.43\|). The condensate is less and less confined as
one approaches the threshdb)—see Fig. 2, from above.
Increasing the intensity reduces the condensate radius,
which becomes, in the asymptotic limit, proportional tq/l1/
Thus the dependend®,~ (1,/1)¥°\_ is a distinct experi-
mental signature of self-binding.

At the threshold intensity an external harmonic trap be-
comes negligible wheplo\, a>1, wherel3=#%/mw, andp
is the density. As the laser intensity is increased beyond this

FIG. 1. (a) Variational mean-field energies per particles in the value the trap becomes increasingly “irrelevantitis not
case of negligible kinetic energ§TF-G regime and N /Na<1l  necessaryo turn it off to access the TF-G regime, where'
plotted versus the trial siz& for different values of/l,. (b) Equi-  ands-wave scattering dominate.
librium value of w versusl/l, in the limit of negligible kinetic The threshold , [Eq. (5)] is evaluated neglecting the ki-
energy (Thomas-Fermi limit. Only for 1/1,>1 are self-bound netic energy. The kinetic energy, which can modify the
variational solutionghaving minimum at finitev) observed. Inset: threshold for self-binding, can be discussed in terms of
schematic _phase portra_ut. of the transition f_rom_unbound to Se”')\,_/Na(the ratio between the kinetic energyNﬁZ/m)\E and
bound regime for negligible external trapping is plotted versush . N2%2a/m\ 3 h h .
logyo(\( /Na) and logo(l/1,). the scattering energy- a/mn}), as shown schemati-

cally in the phase portrait in Fig. tdrawn for negligible
of negligible kinetic energyThomas-Fermi limix yields a trappl,r,1g. The G regime, representing the purely “gravita-
self-bound condensate, i.dinite w (see Figs. 1 and 2 be- tional” counterpart of the TF-G regime, where only “self-
low), if the laser intensity exceeds the following thresholg9ravitation” and kinetic energy play a ro[é] (as in a Bose

value (in Sl units:

Herel, is the total intensity supplied by all the laser beams:
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that implies ==\ /Na.
At this point the variety of choices can be mainly divided

for a triad each laser should have 1/3 of the above value anighito two categoriesti) to work with long laser wavelengths

for the six-triad configuratiorfl] 12 of the lasers should

in order to contain many atoms within the near zone, at the

have 1/15, and the remaining 6 should have 1/30, of therice of very high threshold powetfii) to use laser wave-

above value. The thresholg signifies the equality of the

lengths moderately detuned from an atomic resonance, so as

gravitational-like potential and thewave scattering poten- to benefit from the increased polarizability, at the price of

tial.
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considerably fewer self-bound atoms.

B. Long-wavelength(static polarizability ) threshold

The threshold intensityEq. (5)] is independent of the
laser wavelength\| , as long as the dynamic polarizability
a(q) is too. Thel, threshold takes the following zero-
frequency(statig values:l ,=5.65x 10° W/cn? for sodium,
lo=28.19x 10°W/cn? for rubidium. It is sufficient to use 20
WX 3 beams of neodymium-doped yttrium aluminum garnet
(Nd:Yag) lasers focused down to 1m for rubidium to
exceed the threshold. By contrast, we require multi-k\W, CO
lasers focused down to 10@m for the same purpose. A
laser beam with a Gaussian profile focused ta  1@ould
exert a large inward radial dipole force on each atom, so
non-Gaussian optics giving a very flat intensity profiéd
over the condensate region may be required in the long-

FIG. 2. Range of numben of Na condensate atoms as a func- Wavelength(statio case. There remains the problem of ran-

tion of . that are compatible with a TF-G or G solution. The dom noise in the intensity profile, but fortunately this can
density is 16°—10'° atoms/cm and the intensity is 1.5 times the OnNly exist on scales larger than the wavelength and so may
threshold intensity5). The region above #0cm™2 corresponds to  be overcome.

excessive density. The vertical long-dashed line corresponds to the An additional option is taeduce the scattering length a
moderate-detuning choice discussed for Na. [to which the threshold intensit§p) is proportional. This is
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possible in the vicinity of(but somewhat off a Feshbach implies that under the moderate-detuning conditions dis-
resonance, as demonstrated experimen{&llyreduction of cussed above, the repulsive force hasegligible effect on

a, and correspondinglly,, by one to two orders of magnitude self-binding.

would eliminate the need for non-Gaussian optics in the

static polarizability case. Ill. NUMBER OF SELF-BOUND ATOMS

A key experimental restriction on self-binding is that the
] ] ] atoms should be in the near zone to feel theddtential: a
Using a moderate detuning from an atomic resonance ongondensate smaller than the laser wavelength limits the num-
can increase the polarizability by many orders of magnitudger of atoms involved. Let us assume we have the maximum
compared to its zero frequency value. In a recent experimeraensity of some 1§ atoms/cr. Using the Gaussian wave-
on superradiancgd] the laser was red detuned by 1.7 GHZ fynction one can have of the order offlér 16 atoms in the
from the 35,,, F=1-3P3,, F=0,1,2, transition of so- ¢ondensate irradiated by a G@aser or Nd:Yag laser, re-
dium. With this detuning, the polarizability in cgs units is spectively(see Fig. 2
@=3.534x10 ** cm’, which is ~1.5x 10° times the static The price of moderately detuned wavelengths0(589
value of the polarizability. The threshold intens{8) is then wm for sodium is the small number of atoms involved. With
reduced by a factor-2.3x 10'° compared to the static po- ap, intensityl ~ 1.5, the atom cloud contains 40 atoms as
larizability case, becomind,~262 mWi/cn? for sodium, the peak density ranges from %ao 10 atoms/cra. Al-

which is close to the values used in Rid]. With this value _though this number is small, it isufficient to demonstrate
of threshold intensity the gradient forces can be negligible if,e self-binding effect

C. Moderate-detuning threshold

the focal spots of the lasers are much wider than For given values of, , a, andm, we are either in the G
_ _ _ regime or the TF-G regime, depending on whether the num-
D. Moderate-detuning saturation and repulsion ber of atomsN is smaller or larger than the numbgt]

The potential1) is the result of a fourth-order, two-atom, Nborder> V377/(2mua) that corresponds to the line sepa-
QED procesg3], valid when the laser ifar detunedfrom  rating the two regions in the inset of Fig. 1.
any atomic transitions. This means that the initial absorption It S0 happens that 40, the lower estimate of the number of
of a laser photon and the subsequent intermediate steps &¥@lf-bound sodium atoms obtainable in the moderate-
virtual processegwhich are most significant in the near detuning regime, is very close e This is an interest-
zona, followed by photon emission back into the original ing region, because both the kinetic energy andstneave
laser mode. A different process can take place when the lasé€attering are significant and together with thé attraction
is on resonance. Genuine absorption of a laser photon by @termine the condensate properties.
single atom(measured by the saturatigriollowed by spon-
taneous emission of this real photon is a process that radiates IV. LOSS RATES
energy. If another atom absorbs this radiation, then in the far
zone it feels a repulsive Coulomb-like forégepus= K/r?
[11], which has been recently measured in rubidium molas- The single-atom Rayleigh scattering rdfg,, leads to
ses[12]. For moderate detuning, can this force counteractlepletion of the condensate. The probability amplitude for
our attractive gravitationlike force y.,,= — u/r?? inelastic scattering from the ground sté® of the near-zone

For detunings much larger than both the Rabi frequency condensate to any excited state due to an external field
Q and the linewidthy of the resonance, the saturation pa-with wave vectorq is proportional toyN=,,.o(n|(g-r)|0).
rameters=1d?/(e,ch26%) [10], whered is the dipole matrix ~ Hence, for sample sizes less than a wavelength we expect the
element, becomeimdependent of the detuninghen calcu-  spontaneous Rayleigh scattering rate to be reduced by a fac-

A. Spontaneous Rayleigh losses

lated at the threshold intensitp) tor at least as small agiR,m9?, analogously to the Lamb-
) Dicke effect[13]. The lifetime of the condensate, when de-
=)= 48_77 aeoh 7 termined from spontaneous Rayleigh scattering alone, is
s(I=1o)=— mf (") estimated to be
TRayB[FRa>(qums)2]71- 9

It is then found thaf12] K~ o3l %/ (16c6%), whereoy is

the resonant absorption cross section 4gds the corre-  Sincel ray=1q%a®/(3hezc) [3], it can be expressed in terms
sponding saturation intensity. On comparing this expressio@f the electromagnetically induced enerdyr)= —u/r of a
with u [Eq. (2)], we find that, in terms of the saturation single pair of atoms separated by a distance equal to the
parametes, wavelength

20\ u
K~su. (8) FRay: H fl—)\L’ (10)

For the sodium transition and 1.7 GHz detuning referred tavhereu is defined in Eq.(2). Using this relation, we can
above, Eq.(7) yields a very small values~0.0003. This compare the upper bound on the condensate lifetime set by

031603-3



RAPID COMMUNICATIONS

S. GIOVANAZZI, D. O'DELL, AND G. KURIZKI PHYSICAL REVIEW A 63 031603R)

Rayleigh scattering with the time scale of the dynamics, thelies that several oscillation periods of the self-bound con-
requirement being that the system exists long enough tdensate can occur within the Rayleigh lifetime.

equilibrate. In the TF-G and Gself-bound regions a char-

acteristic time scale for the dynamics is provided by the fol- B. Intereference losses

lowing “plasma” frequency: We revisit the expressions for the loss ratg.s due to

multibeam interference as obtained[ih]. We can express

47U . . .
2_ THPpeak (11)  Tinterr in terms of the recoil energlgg and Rayleigh scatter-

w

P m ing ratel' gy, as in Sec. IV A,
wherepqais the peak density. We can expressin terms AT gayN 4 70
of the recoil energyEg=%2g%/2m (q being the mean laser rinterf~0_05< Ra ) \/— Traf 3, (14)
wavelength and the Rayleigh scattering ralg;,, using Eq. Er Er
(10) where( is the relative detuning of beams in the triad. In the
A2 example given in Sec. IV A above;,;s turns out to be few
wpmo_zsﬂsz_3/2' (12)  times bigger thari’ray When() is chosen to be of the order
Er of wp,.
where the factor V. CONCLUSIONS
1 1 N2 Our main conclusion is that at least the TF-G self-bound
f= 5 + 4_1+ N2 (13 region is experimentally accessible, although such an experi-
border ment would be challenging. Moderate detuning is preferable

is asymptotically equal to 1 in the G region aNdNpqge,in
the TF-G region. It follows from Eq(12) that the character-
istic oscillation frequency», can be much bigger thaliz,,
by a factor proportional tdN? or N*2 in the G or TF-G
region, respectively. Thus the lifetime can be considerabl
longer than the characteristic time scale of the dynamics.
Even for the small number of 40 sodium atoms in the

to the longer-wavelength case due to the huge enhancement
in the polarizability, but it allows the self-binding of few
(less than 100atoms. If the scattering length were reduced
via a Feshbach resonance then this would further facilitate
)}he self-trapping of many more atoms using near-infrared
asers.
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