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Self-trapping and self-focusing of a coherent atomic beam
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Light-induced dipole-dipole interaction in a coherent atomic-field results in an effective nonlinearity for
atoms. This nonlinearity can induce self-trapping and self-focusing of a coherent atomic beam undergoing
propagation through a traveling-wave laser beam; we show how such a scheme could be realized and evaluate
the critical density required for atomic self-trapping and self-focusing. An analogy to optical self-trapping and
self-focusing is discusseflS1050-294®7)07208-9

PACS numbes): 03.75.Fi, 42.50.Vk, 32.86t,

I. INTRODUCTION wave laser beam. Depicted in Fig. 1 is a scheme where the
atomic beam passes through a hole in a mirror which reflects
The study of atoms in and beyond the ultracold regimea laser beam. The atomic beam then propagates down into
has experienced rapid advances recently. For example, Bostite laser beam which provides significant nonlinear atom-
Einstein condensation in dilute atomic gases has been reatom coupling. Nonlinear propagation of an atomic wave
ized for Rubidium-87, for Lithium-7, and for Sodium-23]. packet composed of a finite-size Bose-Einstein condensate in
Further improvements in forming atom condensates bring traveling-wave laser beam has been studigdbut here

experiments closer to the possibility of producing coherentve extend the work to treat a continuous-wave coherent
atomic beamgq2] consisting of large numbers of bosonic atomic beam in the longitudinal direction.
atoms Condensed intO a Single momentum state. COherent The paper iS Organized as f0||ows_ We begin, in Sec_ ||,

atomic beams offer a variety of applications in atom opticsyy reviewing the general formalism of nonlinear atom optics
including, but not limited to, atomic soliton§3,4] and  4ng deriving the nonlinear hydrodynamic equation for the
atomic pulse compressids)]. ) L propagation of a coherent atomic beam in a laser beam. In
_ Here we are concerned with the exploitation of the non-gec )| 'the nonlinear hydrodynamic equation is solved un-
I|near_|ty to perform th_e atomlc_fleld analog qf the .Self' der the appropriate conditions and applied to the case of
trapping and self-focusing of optical beams. This nonlinear-

ity, under appropriate conditions, shares some similarity Withself-trappmg and self-focusing of a coherent atomic beam in

the optical Kerr nonlinearity, which is responsible for the 2 laser bgam. The critical .denSIty required for the_ form of
self-trapping and self-focusing of optical beafs7]. Acting self—trap_plng and se!f—focusmg are eva!uated. The @fferences
opposite to the transverse beam diffraction, the nonlinearitp! 2t0Mic self-trapping and self-focusing from optical self-
negates beam expansion by causing the beam to trap or focH@PPing and self-focusing are discussed. Particularly, the na-
into itself, thereby resulting in a decreasing waist size and af'ré of the focal point for atomic self-focusing is analyzed.

increasing density during propagation. The conclusions are in Sec. IV.

In the ultracold regime, it is best to think of atoms as
quantum fields and employ a vector quantum field theory to coherent
describe the system. The analogy between matter fields of atomic beam

ultracold atoms and the electromagnetic fields of conven-

tional optics has extended atom optics to study the quantum

statistics of ultracold atom§8—12], as well as nonlinear

atom opticqd3-5,13. z
Attaining nonlinear atom-optical effects generally needs mg

two conditions:(1) the existence of a nonlinear medium for

the atomic beam an@) preparation of the atomic beam with

a high bosonic degeneracy, thereby ensuring a large nonlin- .

earity. The nonlinear medium is provided by a light wave flu;rescencc e
: . . : . : etector -~

which mediates nonlinear atomic wave interactig®$,13. ‘ .

High bosonic degeneracy requires a coherent atomic source

analogous to the conventional laser beam. Here we assume s

high bosonic degeneracy for the coherent atomic beam in the .

ultracold regime and study its propagation in a traveling-

FIG. 1. Injection of the coherent atomic beam into a laser beam.
*On leave from the Shanghai Institute of Optics and Fine Me-The laser beam is reflected from a mirror with a hole where that
chanics, Academia Sinica, Shanghai, People’s Republic of China.atomic beam passes through. A detector receives fluorescent light.

1050-2947/97/5@)/14335)/$10.00 56 1433 © 1997 The American Physical Society



1434 WEIPING ZHANG, B. C. SANDERS, AND WEIHAN TAN 56
Il. HYDRODYNAMIC APPROACH is the effective detuning between the atomic field with inter-
FOR COHERENT ATOMIC BEAM nal transition frequency, and the laser field with frequency
o, and wave numbek, =w /c=2m/\ . The transverse

with a light wave[3-5,13 permits the ultracold atomic en- Laplacian operatof_VTzaZ/ax"'_JraZ/ayz hgs been used in
semble to be treated as a-component vector quantum the above expression. Equati¢h3) describes the effec} of
field, with each component corresponding to one of the inPhoton absorption on the Rabi frequenc*)(r)
ternal electronic states of the atoms. When the laser field iss 2. - E*)/% with the assumption that the laser beam width
linearly polarized and the near-resonance transition of atom#/, is larger than the atomic beam widit,. The absorption
corresponds tal;=0—J.=1, the atoms can be approxi- cross sectiono= o peay?/(45%+ %) With opea=3\7/2m.
mated by a two-level system with the two-component field The laser-induced nonlinear term has the definition

The quantum field theory of ultracold atoms interacting

Y1) =g (N)] 1)+ ¥(1)|2), (2.) Q(r,r")=h(Qr+iQ))

where|1) and|2) denote the internal ground state and ex- ~1Q(D) 2 hyo S—ivi2

cited state, an@/, andy, are the corresponding atomic-field = (r)| 4(8%+ 77/4)7( —iv2)

operators. When the ultracold atomic ensemble interacts with o oo

a laser beam, the dynamic evolution of the ensemble can be X[2W(r—r")cok (z—2')—K(r—r")

described by a nonlinear stochastic Sdhinger equation .

[13]. Xsink (z—2z")]fs(r—r"), (2.5
The interaction time of a propagating atomic beam with a

laser beam can be significantly longer than the characteristi¥here

time for the dipole interaction with light, namely, the inverse L e

spontaneous emission rate of the excited state, the inverse K(r=r")=iwW(r—r")

atom-field detunings and the inverse Rabi frequencies of the e ié

various transitions under consideration. Spontaneous emis- =3[ &%sirf0+(1-3 cog0)(é—i)]—,

sion by excited atoms in the laser beam is the main dissipa- 3

tive mechanism of the atomic field leading to loss and deco- (2.6)

herence of atoms by inelastic scattering of atoms into other

incoherent channels. To avoid the dissipation due to spontagith ¢=k, |r—r’| and 6 the angle between the dipole mo-

neous emission we choose a laser detuning sufficiently larggient and the relative coordinaf]. In Eq. (2.5), the real
to allow adiabatic -el|m|nat|0n of the eXC|-ted state. In this part Corresponds to the |ight-induced dipo'e-dip0|e interac-
case, the propagation of the atomic beam in a laser beam cggn potential between atoms, and the imaginary part corre-

be described by a reduced nonlinear Sdiiger equation  sponds to the nonlinear dissipation due to the many-atom
for the ground-state atomic quantum field which can transspontaneous emission. The function

port the atomic coherence over a large distance. On the other

hand, for a coherent atomic beam with a high bosonic degen- f(r—r')= exp(— | r—r' |2/)\cZJB) 2.7
eracy, a large number of bosonic atoms is expected to con- ¢
dense in a single momentum mode. appearing in Eq(2.5) is the result of the Doppler effect due

Under these circumstances, the ground-state atomic quag the random thermal motion of atoms in the atomic beam.
tum field ¢, may be replaced by a macroscopic atomic wavepreviously we used the pseudopotential approximaftioh
function ¢ [5,13]. Gravitational acceleration of the atoms is by setting the functiorf (;_ ;,): 1 which corresponds to
ignored; hence, the atoms are assumed to move with const zero-temperature Iircnit of the atomic ensemfale The
center-of-mass velocity ;=%#Ky/m, for K, the wave num- thermal de Broglie wavelengthys=(27h2/mksT) gives

ber of the ato_m|c_beam arm the_ mass pf_the atom. W'th the coherent length of the atomic beam. Hence the function
these approximations, the nonlinear Sdlinger equation

adopts the general form fC(F— F’) determines the degree of the coherent overlapping
of the individual atomic wave packet in the atomic beam or
P P ﬁ2V$ ﬁ|Q(+)(F)|2 the coherence of the atomic beam. For a high temperature,
iﬁ(—+vg— o=— ¢ _ the thermal de Broglie wavelength or the coherent length is
ot 0z 2m 4(5+ivyl2)

short andfc(F— F’)—>O rapidly with increasing interatomic
32 > 12 e distance. As a result, the dipole-dipole interaction does not
"‘f d>r'Q(r,r")|(r")|“e(r), effectively contribute a nonlinearity to an incoherent atomic
beam. Therefore, for a thermal atomic beam, the nonlinear
(2.2 Schralinger equation reduces to the single-atom Sdimger
1 equation. The dipole-dipole interaction only produces effects
T 20 (+) on higher-order collisions which can be described by the
2Jr ! 5/7) olb(r)[FQt, 23 methods of density operators. In terms of the above analysis,
to observe coherent nonlinear effects from light-induced
where y is the spontaneous decay rate of the atom and  dipole-dipole interaction, one must employ a coherent

) atomic beam with a high bosonic degeneracy in a coherent
0= w —wg—kvg—Ak{/2m (2.4 |ength.

Q)
0z
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On the other hand, in addition to there being a complex Ill. ATOMIC SELF-TRAPPING AND SELF-FOCUSING

nonlinear pote_ntiaQ(F, r'), the nonlinear Schudinger equa- The nonlinear equations for atomic flai®.10—(2.11) are
tion (2.2) also includes a complex linear potential caused bygitficult to solve exactly, in general, but can, however, be
single-atom spontaneous emission. The imaginary part of thg,|yed analytically in the paraxial regime, where the atomic

linear potential describes the loss of atoms in the laser bea,ye-front distortion. due to the nonlinear phase change, is
leading to the decoherence of the atomic waves. To solve thgna|. |f the initial incident atomic beam has cylindrical spa-

nonlinear Schrdinger equation2.2) in the large detuning g symmetry with a Gaussian distribution
limit, we employ the hydrodynamic approach of separating
the phase and amplitude of the coherent atomic beam o(r o)zpoe_rz/wg 3.1)

)= r ei@(;), 28 with py the peak de_nsity anv, thg transverse width, we
#(r)=Ve(r) 23 can make the paraxial transformatiptb]

2

h r) is the atomic density an@ the ph f th r
where p(r) is the atomic density an e phase of the ®:§a(z)+’8(z)

atomic beam. Here we assume that the atomic beam is pre-
pared with a predetermined phase. The stationary solution

for the equation of propagation of the coherent atomic beam Y(z) r2
within the laser beam, obtained by replaciagt by zero, P(F,Z)=Pofz(—z)ex W2 3.2
yields 0
with initial conditions
o HRVLY S 27 — 5(0)= —v(0)=
Vo5 +Vr(PUD =~ gaziozp(N+20p%(1), (29 a(0)=(0)=0, f(0)=Y(0)=1. (33
Substituting Eq.(3.2) into Egs.(2.9—(2.11), we have the
90 1 . 3 N five coupled differential equations
hvg—=—=Mv1)"— 75— —hxre(r)
95z~ 2MUT T 45712 T IXRP Lot B xieoY(@)
22 1 f 9z mvga vgfz(z) ’
+—-—=V2p, (2.10
2m \p da  # 2xepY(2) 1\
—=——20a%2)+ —+ 5|74,
0z mo g vgWo L Wo
] -
- =~ op(l, (2.11 B _ s XRPOY(Z)-Fi 2
dz (48 +¥Y)vg | vy Ly)
with laser intensity | =|Q)|2 and transverse velocity Jl Y(2)I(2)
vr=hV0/m, and the nonlinear coefficients are given by 97 —Upofz(—z),
fige Y Stivi2NV, (212 N _ Y (v 3.4
XR |X|—4(5+7/4)( iYI2N[ Vg, (2. e m(z) (2), (3.4
1 where qumngS/ﬁ is the quantum diffraction length.
V= 3J d3§[2W(§)co§ _ K(E)sing ] Equations(3.4) have analytical solutions if the loss of atoms
(2m) z z due to incoherent spontaneous emission and decreasing laser
2 intensity, due to photon absorption, are negligible over the
mé - -
Xex;{ - _2) ‘ (2.13  scale of several quantum diffraction lengths. Consequently,
(KL gB) the spontaneous decayand absorption cross sectionsat-

isfy the conditions
In the derivation of Eqs(2.9) and (2.10, we have as-

sumed that the density of the atomic beam varies slowly over Y L<1 L <1 3
the coherence length. Numerical solutions of the integral (45°+ 7/2)vg q=4 TPokq 39
(2.13 demonstrate convergence to a factor quantifying the
strength of coherent atomic dipole-dipole interaction over &"d Eas(3.4) reduce to
coherence length. Equatioii®2.9—(2.13 determine the dy- 92f 1 1
namics of transportation of coherent atomic flow along the = —(—2— —2> -3
traveling-wave laser beam. Coherent atomic flow is not a Ly Lg
ponseryed quantity In qu_g) dl.Je to the loss causeq by with an effective dipole-dipole interaction length
inelastic photon scattering during spontaneous emission.
dynamics of the propagation of the conerent atomic beam 1 Pes ALt L] T 3.7

d= . .
studied in Sec. Il by solving Eq$2.9—(2.11). 26\1 | hy VPor (Vg

77 (3.6
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FIG. 2. The spatial distribution of atomic density for self-
trapping as a function of the scaled propagation distancg with
respect to the quantum diffusion length, and the scaled transverse
spread of the atomic beaxriW, with respect to the initial width of
the injected atomic beam.

The solution to Eq.(3.6), given the initial conditions
(3.3, is

o1 5- L2 (3.9
= Eg Egz. .

Equation(3.8) determines the dependence of the radius of

the atomic beam on the propagation distazcdevidently
when the quantum diffraction effect dominates over the non-

2 o5 1 s 2 25 3
linear effect, i.e., 1/z>1/L7, the beam radius increases with 2L,
the propagatlon distance AS a.result the atomic be&?m d.'_ FIG. 3. The spatial distribution of atomic density for self-
verges in the transverse direction due to quantum diffusion
To obtain atomic self-trapping and self-focusing, the non-

respect to the quantum diffusion length, and the scaled transverse

focusing as a function of the scaled propagation distaticg with
linear term should play a dominant role in the propagation ok eaq of the atomic beardW, with respect to the initial width of
the atomic beam. This leads to a requirement for a criticalpe jnjected atomic bear) as a surface plot angh) as a contour
density of the incident atomic beam for the self-focusing.pot version of(a).

The critical density can be determined by the condition

L—L (3.9 In terms of Eq.(3.10), the critical density for atomic self-

= =ar ' focusing is proportional to the single-photon recoil energy.
for which the nonlinear effect exactly cancels the quantunfhysically, the photon recoil results in diffusion of momen-
diffraction effect thereby causing the atomic beam to propafum for the atomic beam; hence, the recoil acts opposite to
gate with a constant radius. This case corresponds to selfte self-focusing process. Evidently, the heavier atoms re-
trapping of the atomic beam. From conditit9) the criti-
cal density is

_(8*+9°14)% E,

quire a lower critical density for self-focusing than lighter
Pc= 52|

atoms do, as photon recoil becomes less significant for
heavier atoms. Hydrogen atoms require the highest critical
1 density. In addition, the critical density for self-focusing de-
E_y(WWO)Z)\LVd, (3.10 pends on laser detuning, laser intensity, and the incident
beam widthW,. From Eq.(3.10, we see that for a large
whereE,=7%2k/2m is the single-photon recoil energy, and detuning, a high critical density is required to achieve the

E,=7y is the energy associated with the single-atom spontarge nonlinearity required for self-focusing. An increasing
taneous emission decay rate. For the critical dengity
atomic self-focusing is achieved for

laser intensity can increase the atomic nonlinearity which
Po~ Pc-

leads to a lower critical density being required. Quantum
(3.10 diffraction depends on the widtW, of the incident beam.
Given condition(3.11), the density of the atomic beam on

For a wide atomic beam, quantum diffraction will be small,
and hence, a wide beam can exhibit self-focusing with a low
the beam axis,p(0.2)=po/f(2)? will increase. After a Critical density.
propagation distance=z;, satisfyingf(z;)—0, the density
along the beam axip(0,z) —~. The corresponding point

Z; on thez axis is a focus and; gives the self-focusing

The above conclusions are obtained by assuming the con-
length, which has the expression

ditions (3.5). Of particular interest is the focal point for the
self-focusing atomic beam. At the focal point, the theory
becomes singular with the density increasing without bound.
The singularity is caused by neglecting the loss of atoms due
to spontaneous emission and photon absorption of atoms

zi=Lq(1—pc/po) 2 (3.12

plx2)
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which become very important whefi{(z)—0 as shown by focusing stops. Then the quantum diffraction process will be
Egs. (3.4). Hence the exact description of self-focusing dy-important and atomic defocusing occurs as shown in the con-
namics, particularly that near the focal point, requires theour plot 3b).

complete solution of Eq93.4) including the loss of atoms

and photon absorption. To further observe the dynamics of V. CONCLUSION

the atomic density evolution in the propagation of the beam

with self-trapping and self-focusing, we solve the density Light-induced dipole-dipole interactions yields an atomic

distribution numerically for the atomic beam in terms of thewave nonlinearity which can lead to self-trapping and self-
coupled nonlinear hydrodynamic equatiof®4). Figure 2 focusing of an atomic beam propagating along the axis of a
shows that the self-trapping can be obtained over a length,eling-wave laser beam. This effect is analogous to the
scale greater than three quantum diffraction lengths I gejt.trapping and self-focusing of light beams due to the op-
the numerical simulation, a large laser detundivg100y and  tjcal Kerr effect.

a low peak laser intensity,= y/250 for an atomic beam with Certain criteria must be met for this self-trapping and self-
width Wy=5um is chosen to reduce the loss of atoms due tdocusing phenomenon to occur. The atomic beam must be
incoherent spontaneous emission. The self-trapping isoherent and have a high bosonic degeneracy in a single
achieved for an appropriate dens‘i(y)\ﬁvdzl_ The numeri- mMomentum mode. Moreover, the atomic beam must be
cal calculation shows that the parame¥éy varies approxi- above the critical density which itself depends on the atomic
mately between 0 and 100 depending on the thermal de Brgl'ass. , _ ,

glie wavelengthh gz. The self-focusing occurs at a higher N contrast to optical self-trapping and self-focusing,
density and requires a higher laser intensity to increase thalomic self-trapping and self-focusing exhibits more compli-
atomic nonlinearity. We simulate the self-focusing by usingc@ted focal dynamics due to incoherent loss channels arising
the same parameters for the self-trapping except the las&iom the inelastic photon scattering during spontaneous
intensity choserl ,= /5 and the atomic density satisfying MisSsion a_nd densﬂy-de_zpendent photon absorptpn. The lat-
poh3V,=2. The result is shown in Fig. 3. ter results in a self-modified decrease of the nonlinearity re-

We find that the density singularity in the approximate SPONS€ for self-focusing. Both analytically and numerically,

analytical solution is removed in the exact numerical simu-Ve study the dependence of atomic self-trapping and self-

lation. This is because in the realistic self-focusing dynam_focusmg_on laser and ato_mlc parame_ters. The expgrlmental
bservation of the atomic self-trapping and atomic self-

ics, the photon absorption will sharply increase at the foca] _ :
point due to the sharp rise in the atomic density. In terms Ofocusmg requires a coherent source for atoms such as an
Egs.(3.4), the strong photon absorption near the focal point atom laser.
results in the decrease of the laser intensity in the regime. As

a result, the light-induced dipole-dipole interaction which

leads to atomic self-focusing will decrease with decreasing This work has been supported by the Australian Research
laser intensity. The dynamic processes last until self-Council and by a Macquarie University Research Grant.
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