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We investigate the spectrum and coherence of an atomic beam slowly coupled out of an atomic trap
which contains a partially condensed Bose gas at a finite temperature. The spectrum contains a coherent
fraction emerging from the condensate and a thermal fraction emerging from the thermal excitations
in the trap. We show the existence of a remarkable process involving the simultaneous creation of an
output atom and an elementary excitation (quasiparticle) inside the trap. This process, which can serve
as a probe to pair correlations in the condensate, can become dominant for a suitable choice of the
coupling parameters. [S0031-9007(98)08353-7]

PACS numbers: 03.75.Fi, 67.40.Db

The experimental realization of Bose-Einstein condenmal excitations, and (iii) the simultaneous appearance of
sation of evaporatively cooled trapped alkali atoms [1—3Jan output atom and an internal excitation, indicating the
makes possible the generation of coherent atomic beanexistence of pair correlations in the ground state. The
[4]. Previous papers have addressed the output couplingst process predicted here occurs evefi at 0 and may
of a single-mode noninteracting condensate [5] or an inserve as a probe of the deviation of the ground state from
teracting trapped condensateTat= 0 [6,7]. Under these a direct product of single atom states.
conditions the output beam is a coherent matter wave Here we consider output coupling by electromagneti-
packet which can be described by a single complex funceally (EM) induced transition between the trapped atomic
tion of space and time. However, at finite temperaturesevel |r) and a free output levdlf) with different angu-
one expects thermal excitations to play a major role. Orar momentum, which is not confined by the trap. Typical
the one hand, it is of interest to quantify and optimize themechanisms are a direct (one-photon) radio-frequency (rf)
coherence properties of the output coupled atomic beantransition and an indirect (two-photon) stimulated Raman
as in the case of continuous wave and pulsed optical laséransition. In the dipole and rotating wave approximation
sources. On the other hand, an analysis of the propethe EM coupling mechanism is described by the following
ties of the output may serve as a probe of the nature of thelamiltonian:
ground state and excitations in the atomic gas, as quantum
evaporation from the surface 6He is used to probe its Heouple = h[ d’r A(r, t)zZr}(r)zZ,(r) + Hce. (1)
internal dynamics [8]. Here we study a weak output cou-
pling of a trapped atomic gas at finite temperatures belovriere i(r) descnbes the annihilation of a trapped atom
the critical temperatur@,.. A qualitative analysis and a at r, while z,//f (r) describes the creation of a free atom
numerical illustration of the general analytical results re-at the same point with amplitudg(r, ). In the EM in-
veal the following three mechanisms contributing to theduced processes the coupling amplitude can be written as
output coupling: (i) coherent coupling of the condensate\(r, r) = A(r, r)e!KenT=2em) where A is slowly varying
fraction, (ii) stimulated quantum evaporation of the ther-in space and time. HerBkgy and ZAgy measure the
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momentum and energy transfer from the EM field to antrapped atomic gas left behind. The coupled equations for
output atom. In an rf coupling schemg, is the Rabi the field operatorg; andy, take the form

frequencyQ(r,t) = (pYE(r,t)/h [or (a)B(r,t)/ k] cor-

responding to the flipping of the atomic electric (or mag- i, (r) = Lo (r) + Uod (0)i (r)h (r)
netic) dipole( p) (or {ir)) in the electric (or magnetic) field + B (r, ) (r), 2

E(r,t) [B(r,t)], Agm is the detuning of the EM field P _ o5 5
frequency from the transition frequency, akgy is neg- iy (e) = Lyihy(r) + BA(E, D (). (3)
ligible compared to the initial momentum distribution of Here L,y = —h*V?/2m + V,,(r), where V,(r) is the
the atoms. In the stimulated Raman coupling, where tW?n N . - _ 1 AtooNa

. " agnetic trapping potentialy;(r) = U (¢ (r)i(r))
laser beams are used to induce a transition figro | ) is the effective potential indyced by the collisions with

through an intermediate levéd), A = Q,Q,/A;, where 4 .
Q. are the Rabi frequencies corresponding to the interth® trapped gas, and; = == A; are proportional to the
s-wave scattering lengthsA; for collisions between

mediate transitions and; is their detuning from reso- ) -
the atoms. Equations (2) and (3) have been previously

nance with the two beams [9]. In this caSey andkgy ! ) /. S
are the differences between the frequencies and momenfig2ated [6,7] in the Gross-Pitaevskii approximation, where
the field operators are replaced by their mean values.

associated with the two laser beams. _ A :
Here we consider a small rate of output from the trap,Th'S approximation neglects the existence of elementary

so that the output atoms are dilute enough to neme&xcitations at finite temperatures and the fluctuations
the interactions between them outside the trap. It is stilRfound the mean value even’&t= 0, which are shown

necessary to take into account their interaction with ﬁhé)elow to have an important effect. .
The formal solution of Eq. (3) foy, in terms ofy, is

dr(r,t) = 1}}0)(1',t) - ifotdt'f v’ Gp(e, v/t — )AQ, )i (e, 1), (4)

where 121}0) satisfies the time-dependent Schrbdindement of the ground state of the system, which contains en-
equationiﬁ;?;;o) - £f12/]§0> and the “free” Green’s func- tangled pairs of correlated atoms in excited single-partic_le
tion G(r.r’,t — 1) can be written in terms of the states, f(_)rmed by binary collisions. The net effe;ct of this

solutions ¢ (r) of the corresponding time-independent annihilation, whose traces can bg clearly seen in the out-
equation fwyek(r) = Lrop(r):  Gelr.x',t — 1) = put spectrum, as ;hown pelow, is the creation of a new
S o (D)ot (e~ ="g(; — ). The field operator quantum of excitation while the total numbefr of trapped

J:(r, 1) in thermal equilibrium can be written in terms atoms s reduce_d by one. The wave functmtj(;r) of

of the annihilation operatorg, of the condensate state a d'IUt.e weakly_ Interacting que gas are T‘ea”y the en-

ergy eigenfunctiong,, (r) of a single particle in the effec-

and &; of the elementary excitations, obtained from a_ . . tooo12
Hartree-Fock-Bogoliubov approximation that puts thellVé trapping potentialV:(r) + 2U°N.°|q’0(r)| ' wperqas
an expression for the functlomé(r) in terms ofu;(r) is

many-body Hamiltonian of the interacting system into a ; . . .
diaggnal fgrm [10] g sy obtained by a formal solution of the equation fof in

Ref. [10]
bu(e, 1) = e /T W (1) - [ &' () [Ws () Pt (')
L o(r)ao v;(r) = UON(); £y + o, — ¢u(r),
+ D Tulma; — v a1t (5) (6)
j implying that the function—v;(r) describes collisional

Here u is the chemical potentiafl(r) is the wave func- scattering of two atoms in the condensate into two excited
tion of condensate atoms, anﬁ(r), u}(r) are the steady- states. Such virtual processes are the essence of pairing
state solution of the equations obtained from Eq. (2) ireffects in the ground state of a Bose gas.

the absence of output coupling [10]. In thermal equilib- Here we assume that the output rate is small compared
rium d&o can be replaced by/Ny, Ny being the macro- to the energy separatiodw; between the trap states. In
scopic mean number of condensate atoms [11], and theis case the energies and wave functions of the con-
population of the excited modes is given by the Bosedensate and elementary excitations do not vary signifi-
Einstein distributionV;’ = (@;f&j>eq = [ef@/T — 1171, cantly from their initial equilibrium values and the main
Equation (5) implies that the annihilation of a trapped par<ontribution to the time dependence ¢f(r,r) comes
ticle atr is equivalent to the annihilation of a particle in from the operatorsi, &;. Moreover, for short times
the condensate [with amplitud(r)] or the annihilation ~we may assume that the system stays close to equilib-
of an elementary excitation (with amplitudé) or thecre-  rium and the population of the trap states decays expo-
ation of a new excitation (with amplitude v'*). Thelast nentially with decay coefficients, y;. For dw; <
amplitude is associated with the noncondensate compae-< yo_l,yj_l we thus assumeéq(r) = &o(0)e /2 and
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a;(t) = &j(O)e_i“‘fte_yft/z [12], where yy,y; are esti- lated quantum evaporation, where an atom initially popu-
mated below. As shown below the exponential decay adating an elementary excitation with energy + /iw;
sumption is not always correct, and, in some cases, thieaves the trap with kinetic energywx = u + liw; +
number of excitations may even grow. nAgMm. The third term describes a process where the
If at + = 0 all the atoms are in the trap, then, fol- energyZAgy from the EM field is sufficient to excite
lowing from Eg. (4) with the free termy},(o) set to zero, @ grpund state atom to a free momentum state with
we many express the field operaty(r,s) of the free Kinetic energy u + Agm — hw;, thereby leaving a
atoms atr > 0 in terms of the operatoré, dj,&;r ap- counterpart atom in an excited trap state with energy

o N N n + how;. While a quantum of elementary excitation is
pearing in Eq. (5). Thew, has the formj; = Wo&o +  gpnihilated from the trap in the second process of quantum

Zj[ufﬁj - vj*&;r]’Where the componengd of the vec-  evaporation, the third term describes a process where a
tor &/ = (\pguf _U-jf*) are obtained from Egs. (4) and new gquantum of elementary excitation (a quasiparticle)

> . e . . . .
(5) in terms of the corresponding componentstttir) = |s_created. The factdlvjq _+ 1 in this term |mpI|¢s t_hat
(\Ifé,uj, —v}*). An expansion in eigenfunctions (r) of this process occurs ql_so in the absence of excitations (at
a free atom gives T = 0),_ but it is a_mpllfled b)_/ the presence of excitations.
(ool iy 0 Acqo'rdlng to the'lnterpretatlon_ following Eq. (5) we may
& (r.1) = ng¢k(r)e—iwkt€l weme Ty Al =1 7 anticipate that this process points to the existence of pairs
’ - k wx — of —iy//2’ of correlated atoms in the ground state in the trap, which
are broken when one atom is forced out. This process
where occurs also in the limit of weak (adiabatic) coupling and
L o therefore it should be differentiated from nonadiabatic
&k = f d’r @y (D) A(r)e™ ™ (r) . (8) processes that may contribute to the generation of new

elementary excitations [13].
In Eq. (7) the frequencies’ are the components of the | the limit where Eq. (11) holds, the above interpre-
vectoro/ = (w‘g,w'};, w'f_), where tation of the processes described by Eg. (10) leads to the
f following approximation for the exponential decay rates:

hwp = p + hAgm,
9) — 27> [Fo*8(wx — wi) 12
fiols = p + hibgy * ho; . Yo 77'%| okl"0(wkx — @), (12)
After sqme timer the m.ean. number of Ou}?lﬂt atoms in a y; = 272 |ﬁ/k|25(wk _ w.jf+) _—_— (13)
state with momentunk is given byny = (by bx), where X
by = fdfr @k (r)ifs(r). From thg form of the output o B g o isth . _
operator/(r) and Eq. (7) we obtain wheren; = 3, |0x|*8(wk — wj-)is the rate of creation
' of the jth excitation. When this last process is dominant
ng(r) = I\nglzNqu(wk - w{{, Y0/2) v; may become negative and the number of excitations
f e P grows. A more detailed analysis of the dynamics will be
+ DN/ D (wx — w)v,v;/2) given elsewhere [14].
j

: Energy conservation requiresioy = u * fiw; +

+ |1~,flj|2(N;‘1 + 1)D(wg — w}l,yj/z)]’ (10) 7Aem and momentum conservation follows from Eq. (8).

) ) In the first two processek; = k, + kgu, i.€., the mo-

Here the time-dependent spectral line shapegnentumk, of an initially trapped atom plus the momen-
D(w,v/2) = % tend to Lorentzians of width tum kgy supplied by the EM field equals the momentum
v/2 in the limit t > y~!. However, the treatment here k; of a free output atom at the trap, before it is accel-
applies only to times < y !, whereD =~ sin*(wt)/w?  erated by the repulsive interaction with the atoms left in
has spectral width~1/¢, which may become narrow the trap. Far from the trap its momentum is given by

relative to the scale of variation of the functioq‘fﬁ{l2 k| = w/k,;% + mUN/V, UN/2V being the effective
appearing in Eq. (10). Then repulsive potential. In the third proceks + k; = kgwm,
D(w, ) ~ 278(w)t (11) implying th.at th_e total ‘momentum of the resulting output
atom-quasiparticle pair is equal to the momentum sup-
and the output ratény /dt becomes constant in time. plied by the field. The contribution of a specific term in
The first term in Eq. (10) describes a coherent outpuEg. (10) to the output rate of atoms with a correspond-
component generated when atoms with enesgjn the  ing asymptotic kinetic energyi’k?/2m = p = ho; +
trapped condensate are excited to a free momentum stadtAgy, is proportional to the number of atoms with momen-
with kinetic energy iwy = u + hAgm by absorbing tum £k, satisfying #%(k, = kgm)?/2m + UN/2V =
energy iAgm from the EM field. The second term u = hw; + hAgy in the initial momentum distribu-
describes a thermal output component generated by stimtion of the corresponding trap state and to the density
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of free states with the corresponding output momen-
tum. The main contribution of the condensate wave
function ¥, is neark, = 0, corresponding to an EM
field detuning FhAgm = oy — u ~ UN/2V +
ﬁzk%M/Zm — m. The width of this distribution ad\gy

is varied is governed by the widthk, of the initial
atomic distribution and the additional momentukgy.

The contribution of processes revealed in the second
and third terms in Eg. (10) is dominant at field detun-
ing fidgm ~ UIN/2V + RPkim/2m — p * hiwj. By
tuning the value ofAgy we can select one of the three
processes discussed above to be dominant. Low (or
negative) values ofAgy; give rise to a thermal output
leading to an evaporative cooling of the trapped gas. High
values of Agy give rise to an increase in the number of
excitations. Output atomic beams with the best coherence
properties are expected for medium valuea\gfs, where

the condensate atoms are coupled most efficiently out of  1¢° (b)
the trap.

The output rates corresponding to the different terms
are demonstrated in Fig. 1 for a one-dimensional system
of N = 2000 atoms in a harmonic trapping potential
of frequency w,, and a repulsive interaction strength
NUy = NU; = 10,/ i} @ap/2m. The corresponding criti-
cal temperature i¥, =~ 300/ rap -

The coherence properties of the output atomic beam are
characterized by the correlation functions of the output
field operator like the first order coherence function
gW(r,r' 1) = <$}(r, )iy (x',1)). The output beam at a
finite temperature is a mixture of quasimonochromatic )
partial beams whose energies are given in Eq. (9). We ' 50 50 o 10 20 30 40
thus have gV(r,r', 1) = NoW) ()W) (r) + 3,[N; X A an
uf*(r)uf(r’) + (N; + 1)1,;(1-)1,{*(1-’)]_ Far from the FIG.1. The relative output rate from the condensate (thick

f ; solid), thermal excitations (thin solid), and pair breaking
trap, each component’(r) [see Eq.(7)] is roughly (dashed) for 2000 atoms in a harmonic 1D trapping potential

given by a wave of finite S}Qat'al exteng’(r) ~ 35 4 function of the detuning gy of the coupling EM field
0(r — vet) >y 8(hk%/2m — wy)éie’™™, where v, = from the atomic transition. The detuning and temperatures are
/725(0]«/% The two-point coherence at.r' is de- given in units of the trap frequenay,.,, for (a) kgm = 0 and
termined by the number of terms with; > r/t and  (b) kem = 2y2mwu.p/h. A constant density of free states
v; > r'/t appearing ing. The coherence is maximal Was used. Inset: illustration of the main effects contributing to
if only one of the terms is dominant. Higher order e output
coherence involves higher order correlation functions. If
the term originating from the condensate is dominant at a
pointr, then the beam is expected to be coherent to a high To conclude, this Letter shows that the measurement of
order, while it will not be coherent if terms originating the spectrum of a weakly coupled output as a function of
in thermal excitations are significant. The significancethe coupling parameters may be an excellent tool for the
of the different terms is visualized in Fig. 1. It shows analysis of the quantum state of a trapped atomic Bose gas
that the best separation between the different terms iat a finite temperature. The remarkable effect of output
achieved forkgy = 0, where the width of the output from pair breaking in the ground state demonstrates that
rates as a function adkgy; reflects the initial momentum the output spectrum may as well reveal properties of the
distribution inside the trap. condensate that are not included in mean field theories.
Optimal coherence properties may be achieved by Y.J. acknowledges support from the Foreign and Com-
tuning the spatial shape of(r) in Eq. (8) by focusing monwealth Office and the Royal Society of London.
the laser beams used in the stimulated Raman transition ®. C. acknowledges U.K. CVCP for support. This work
overlap with the condensate wave functidg(r). was supported in part by grants from the U.S.—Israel
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