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Collisions of dressed ground-state atoms
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We study collisions between dressed ground-state atoms in a full coupled-channel approach. In this way we
examine collisions in the microwave trap, in the cryogenic hydrogen maser, and in the context of rf-induced
evaporative cooling. The results for dressed H atoms confirm earlier results obtained within the so-called
degenerate internal states approximat{@1050-294{06)10806-4

PACS numbsg(s): 32.80.Pj, 42.50.Vk

INTRODUCTION consisting of an internal atomic ground state and a single

The concept of dressed atoifii§ has been shown to be a internal excited state which are coupled by an rf or micro-
fruitful approach in the field of trapping and cooling atoms. Wave field. We denote the upper atomic eigenstateppnd

It has been very useful in designing and explaining newn€ lower one byg). The atom can be described in terms of
cooling schemes such as Sisyphus coo[idpand trapping & fICtItIOUS_ spin-1/2 system, where the stppis con3|dere'd
methods such as the microwave tf@). The success of the as the spin-up state arjd) as the spin-down state. Taking
recent Bose-Einstein condensati@EC) experiment§4—6]  the zero point of energy halfway between the two levels, the
is based to a great extent on evaporative cooling where the ffnterna) Hamiltonian can be written as

field dresses the atoms and causes atoms with the highest

kinetic energy to go to an untrapped spin state. By lowering 1

the frequency of the rf field the effective depth of the trap- Hatziﬁwoo'zy (h)
ping potential well is lowered leaving the remaining atoms in

the trap with lower and lower kinetic energy. One of the

crucial questions in connection with the application of an rfwith ¢, a Pauli spin matrix. The part of the Hamiltonian

or microwave field is whether the field dressing will turn which represents the single-mode radiation field can be writ-
“good” collisions, i.e., elastic collisions, causing a new ther- tan as

mal equilibrium, into(partly) “bad” collisions, i.e., colli-

sions which open up inelastic spin channels leading to un-

wanted density decay and heating. Hi=fiwa'a, )
The idea to use a dressed-state picture to describe colli-

sions of cold atoms in a radiation field was proposed in congun ot anda the creation and annihilation operators for a

nection with an applied near-resonant laser field by ‘]u"ennﬁhoton in the mode with frequenay, . Finally, the interac-

[7]. Subsequently, coupled-channel calculations for sucfi f the field with the atom i 9& '

cold optical collisions have been successfully carried out usJElon ot the held wi € atom Is written as

ing dressed staté8,9]. However, collisions where the atoms

are dressed by rf or microwave fields have thus far only been o,

calculated in the so-called degenerate internal stBi&) Hat,szAaTo,Jra(u), 3

approximation[10]. This is a fundamentally different situa- 2yn

tion: whereas for optical collisions the coupling with neigh-

boring manifolds occurs through spontaneous emission, fofjherew, is the so-called Rabi frequency andstands for the

the present low frequency radiation field such a couplindaverage number of photons. When there is no interaction

takes place via the exchange interatomic interaction or Vigetween the radiation field and the atom, the eigenstates of

the magnetic dipole interaction. Also, in this case the atomshe total Hamiltonian are the so-called manifolds separated

interact only through electronic ground-state potentialspy energy%w.. The manifolds consist of statég,N) and

which are well known for H, Li[11], and Na[12]. In this | N—1) with energy differencé 5, whereN stands for the

paper we present results of full coupled-channel calculauonﬁhoton number and= w,— w, for the detuning.

of these dressed atom collisions. We consider three cases: the wjith the interaction included the eigenstates become su-

microwave trap for H, the cryogenic H maser, and Na atomsgerpositions of the statés,N— 1) and|g,N):

in a static magnetic trap including an rf field for forced

evaporative cooling6]. )
|1N)=cosd|e,N—1)+sind|g,N), (4

I. METHOD

A. Dressed states |2N)= —sing|e,N— 1)+ cosd|g,N),

For a general background we briefly recapitulate the
dressed state concefit3]. We consider a two level system, with eigenvalues
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1 1 These states correspond to the incoming and outgoing as-
ElN=<N— E)ﬁwﬁ > 7, (5)  ymptotic two-body collision channel]. In this basis the
coordinate-space representation of the scattering wave func-
tion is given by

1 1
EZN: ( N— _)hﬁ)c_ _hQ,
2 2 > FijiNim. Al
(fwy= 3 —ERi ON. ©
{ij}NIm r
in which sin¥=w, /Q, cos®=—dQ, andQ = \/5+ w?. _ o , _
To find collision properties such as tisematrix one has to
integrate the Schringer equation, which can be written as
B. Collisions of dressed atoms (14,15
In this section we will look at collisions of dressed atoms.
Referencd 7] contains the essential new ideas on the role of | _ ;2 42 I(1+1)%2
dressed states in collisions, while Ref8,9] describe the 5 d—2+ 5r2
implementation in a coupled-channel scheme. The effective' <# 9f l
Hamiltonian for the collision of two atoms in a radiation

+Ein T Ejn—E | Fijinm(r)

field is =— 2 Cppnmgrinnm (DF e m (1,
{7 N m
p’ (10)
H= ﬂ+v°+v0'+2 (HatHae, (6)
where E;y are the energies of the individual dressed atoms
and
where V¢ is the central(Coulomb interaction andv® the
magnetic dipole interaction. BotH, and H, ; were intro- s .
duced in the preceding section. When the atoms are far apart Cumijnmegivj e (N =10 (IM{iFENIVE(T)
the eigenstates dfl are the two-atom dressed states which de NIl £5 75 TN
can be described by the following symmetrized and normal- FVEOIMAIINT. (D)
ized states:
By transforming to the bare state basis this matrix can be
evaluated in terms of bare-state coupling-matrix elements. In
1 this respect the central and dipolar interaction only couple
{1LN)=coS 6|{ee},N—2)+ ESiﬂZGHeg},N— 1) bare states which have the same valudNofDetails of the
numerical calculation can be found in Rdi$4,15. There is
+sirf6l{gg},N), no fundamental difference with coupled-channels calcula-
tions for atoms trapped in static magnetic traps except that
the number of coupled channels can be larger in the dressed
1 state case because a dressed state is usually a superposition
[{12}N) = — —=sin26|{ee},N—2) +cos29|{eg},N—1) of different bare states. Furthermore, if a specific channel is
V2 coupled with a channel in a manifold with differeltand in
turn this latter channel is coupled with channels in other
+isin20|{gg},N>, (7) manifolds, the channel under consideration is coupled to
\/5 these other channels in higher order. In principle an infinite
number of channels might be necessary to calculate scatter-
ing properties of some definite channel. However, our results
1 fortunately show that the inclusion of channels to which a
[{22}N)=sir?0|{e€},N—2)— —sin26|{eg},N— 1) specific incoming channel is coupled directly is sufficient in
V2 practice to calculate the needed scattering properties. In
+co26|{gg},N), physical terms this means that the collision takes place on a

time scale too short for the rf interaction to cause such an
indirect transition.
with energies

C. Dressed atom collisions in the DIS approximation

Epgn=(N—1Dfiw+AQ, In calculating collisional transitions between atomic states
dressed by a radiation field, a considerable simplification oc-
curs when the DIS approximation is appligtD]. One then

Epan=(N—-Dfiwg, (8)  neglects the Rabi oscillation during collisions. This makes it
possible to express the elastic and inelastic scattering ampli-
tudes between pairs of dressed states in terms of amplitudes

Eppan=(N=1)fiw.—7%Q. between bare states, writing out both the initial and final
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dressed states by means(@f. S'matrix elements for transi-
tions between bare atomic states follow from a much simpler
fieldless coupled-channel collisional calculation. We will re- |d>
fer to this as the dressed-DIS approximation to distinguish it
from the normal bare-DIS approximati¢a5] in which the
bare atomic coupled-channel problem is further reduced to |C>
separate triplet and singlet potential scattering problems by T 0.05 -

neglecting the hyperfine splitting. Since the rigorous
coupled-channel atomi§matrix elements are known from
previous papergl5,16], we restrict ourselves here to the less
far-reaching dressed DIS. Its range of validity is difficult to
assess rigorously. Roughly, for the approximation to apply, B (T) .
the radial range where the exchange interactin- Vi is
comparable tdi w, should be so narrow that the system be-
haves diabatically in passing through this range to short dis-
tances and back. Classically speaking, the precession angle
of the fictitious spin analog system should be small during
these passages. Note that the system need not be diabatic
with respect to the hyperfine precession. The latter would -0.05 1
correspond to the bare DIS. Taking into account that the |b>
photon numbeN is conserved the dressed-D&matrix el-
ement for a collision with incoming stat¢22}N) and out-
going statg{12}N) can for instance be written out as

0.10 7

E (K)

0.00
0.05 0.10

1 . -0.10 |a)
S{12}N,{22}N = _sze(_ (sz 0) S{ee},{ee} - (00529) S{eg},{eg}

2

+ (00520) S{gg},{gg})' (12)

FIG. 1. Hyperfine diagram for ground-state atomic hydrogen.

which is governed by the central interaction, the total two-

L , atomM ¢ value is conserved as well as the photon number. It
The dressed-DIS approximation has in the past been used {9 easjly seen that this allows only transitions within the

calculate the loss rate of atoms trapped in a resonant micrqme manifold to take place. These processes are endother-
wave trap[10]. These result_s give us the opportunity t0 4 and can be neglected § is large enougH10]. The
check our program and to investigate the validity of theginole interaction, on the other hand, which permits an ex-

dressed-DIS approximation in this context. change of angular momentum between internal and external
degrees of freedom and therefore does not consktye
ll. THE MICROWAVE TRAP causes transitions to lower manifolds. More specifically,

o ] ) transitions to all two-body statd¥) with AN=—1,—2 are
_The principle of the microwave trap is based on the cre4|joyed. It is easy to see that in the DIS approximation the

ation of a trapping potential for a specific dressed state by airix  element for the decay from[{22}N) to
applying a position-dependent microwave amplitd®)] [{111N—1) is given by
with a local maximum in free space. The advantage of a
microwave trap over an optical trap is the extremely low
spontaneous emission rate. The advantage compared to a S _i 2 0sin20(S _s
static magnetic trap is that atoms can be trapped in the lowest {11}"‘*1{22}”_\/58' SIN26( Sy foc ~ Sobh{be))-
energy state so that spin relaxation can be reduced. Recently, (13
trapping of Cs atoms in a microwave trap has been demon-
strated[17].

In the following we will concentrate on the microwave
trap for hydrogen. A hydrogen atom has four hyperfine state
which are enumerated from low to high energy|aj |b),
|c), and|d), see Fig. 1. At high magnetic field electron spin
resonance is possible between g and|c) states and
between thda) and|d) states. Here we will only consider
the pair|b) and|c) as the two-level system to compare our
results with Ref[10]. We thus haveg)=|b) and|e)=|c). G ™ S
From the preceding section it is clear that atoms in the af—a'p' uk = G
dressed stat¢2N) have a decreased internal energy in a ’
region of increased rf power and will thus be trapped. We are
therefore interested in two-body collisions with the initial —Oa g}l m {aplim
channel{22}N, given in Eq.(7). In spin-exchange decay,

For large magnetic field values th&matrix element
(bby (b} 1S €qual to— Sy, (cq @and allSmatrix elements for
e decay from{22}N in this situation can be expressed in
terms of Sypq ¢ @aNd Syppy,cqp - From the experimental
point of view it is more interesting to discuss rate constants.
These can be defined in terms $Mmatrix elements by15]

Sta g}’ m’ faplim

2> : (14
th
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with k the wave number in the initial channel. The decay of 0.8
the density of trapped atoms in th2N) state is given by

dn,y

Q
O
[72]
. S—
and the effective rate constant calculated in the dressed-DIS"’E
approximation is given by o
i
eff H H 2 Io
G*M(B,T)=2| sinfg[2sirf26+ (1—4cog6)?] N
&
1 o
+ 58irP20C0$0| Geo (B, T) &)
. . 1.
+2| sin*é| sin*e+ Esmzze
+cod'6 )Gccﬂbb(B,T). (16)

Note that Eq(16) differs from the final expression derived in
Ref.[10]. This is because in Ref10] no account was taken

of the fact that transitions to state§12}N—1) and FIG. 2. Effective rate constant for dipolar relaxation as a func-
[{12lN—2) cause a gain of kinetic energy that is large tion of the ratio of detuning and Rabi frequency. Solid line: DIS
enough for the final atoms to leave the trap so that two atomgxpression for total effective rate. Dashed line: Contribution of the
instead of one are lost. Also transitions|[{@2}N—1) and  decay to the|/{22lN—1) and |{22lN—2) states. Dashed-dotted
[{22}N—2) were not included in Ref{10]. The contribu- line: Contribution of the decay to th11}N—1), [{1L}N—2),
tions of various terms to the total rate constant and the totd{12N—1), and|{12}N—2) states. Dots: results of full dressed-
effective rate according to the dressed-DIS approximatiorstate coupled-channels calculation. The magnetic field value is 5 T
(16) are shown in Fig. 2 for a magnetic field strength of 5 T as in Ref[10].
as in Ref.[10]. Clearly, in this approximatio®™ does not
depend or’ andw, separately, but only on their ratio which
determinesy. This is also the result of full coupled-channel
calculations, provide, is not too large. The dots indicate
coupled-channel results for an arbitrarily low Rabi frequency
w,=2mx10" sec . It is seen that they agree rather well  Another device for which a dressed state approach could
with the approximate equatioil6). in principle be useful is the cryogenic H maser. Hydrogen
To study the breakdown of the dressed-DIS approximamasers are the most stable frequency reference for averaging
tion we calculated the rate constant for the decay frontimes from a few seconds to 1 h. The basic elements are a
[{22}N) to [{11}N—1) for zero detuning as a function of the dissociator where H atoms are formed from Ha state se-
Rabi frequency, again f@=5 T. Note that this transition is lector to select only the upper hyperfine levels for creating a
dominant for the decay frof{22}N). In Fig. 3 the results population inversion and a storage bulb which is located in-
are shown. Clearly, at all practical values of the Rabi fre-side a microwave cavity tuned to the zero field transition
quency the discrepancy is negligible. A discrepancy of ordebetween thea and ¢ hyperfine levels of the H atom. This
10% starts to build up only above unrealistig, values Af=1, Am;=0 hyperfine transition at about 1420 MHz is
where the Rabi precession becomes significant during a colised because its frequency is only weakly dependent on
lision. Note also that at such, values the microwave mag- magnetic field neaB=0 (see Fig. 1 Although atoms stay
netic field is no longer negligible compared to the static field.inside the storage bulb for about 1 s, realizing an extremely
At o, = 2mx3x 10 sec ! the energy distance of the ini- long interaction time with the electromagnetic field, wall col-
tial and final dressed levels has dropped to only 15% of thdisions limit the reproducibility and the accuracy of H ma-
distance for zero Rabi frequency. At even higher frequenciesers.
the level|{11}N— 1) crosses th§{22}N) level and the decay Another limitation stems from the interatomic collisions.
channel becomes closed. In Fig. 4 the total effective rat§wo-body collisions shift the frequency from the unper-
G*f for =0 is shown as a function of the Rabi frequency.turbed hyperfine transition frequency. At an early stage in
The steps irG®" as a function ofw, are caused by the same the development of hydrogen masers these collisional effects
effect of closing of channels. The overall conclusion, how-were calculated in the bare DIS approximatid8-20, in
ever, is that the DIS approximation where the Rabi oscillathis case ignoring not only the influence of the microwave

tion is neglected during a collision works very well in the
experimentally interesting circumstances.

Ill. THE CRYOGENIC HYDROGEN MASER
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FIG. 4. Rate constar®®™ for =0 as a function of Rabi fre-
quencyw, calculated in the dressed-DIS approximati@nosses
and with the coupled-channels meth@dangles.
0, 50 100 1o 200 280 Recently, an experiment has been carried out in an H maser
9 1 operating at room temperatuf@7] and two other experi-
w, (10”7 sec™) ments in a cryogenic H masg28,29. In each of the three

experiments the order of magnitude of the theoretically pre-

dicted hyperfine-induced shift was confirmed. With respect

FIG. 3. Dipolar rate consta@,an_.(1yn-1 for =0 asafunc-  to its sign, however, the experiments may form the first in-
tion of Rabi frequencyw, , illustrating breakdown of dressed-DIS dication of a discrepancy. Moreover, one of the collisional

approximation. linewidth parameters also appears to disagree with theory
[30].

field during collisions but also that of the hyperfine preces- An effect that has been neglected in the existing theoreti-

sion. cal treatment is the influence of the radiation field on the

From these results it was found that by a procedure calledollisions. In fact, this treatment is based on the dressed-DIS
spin-exchange tuning it is possible to get rid of the frequencyapproximation. An obvious question, fitting within the
shift due to the combined effect of spin-exchange collisiongramework of this present paper, is therefore whether devia-
and cavity pulling, the total frequency offset having the formtions from the dressed DIS can be held responsible for the

discrepancy. Estimating the strength of the microwave field
_ DIS 2 by assuming that it gives rise to & pulse on the atomic
dw=[A+y<vhg™=n(1+ AT, (17 oscillators during their residence time in the storage bulb, we
find a Rabi frequency, of the order of a few sect. Taking
where\ 'S is the bare-DIS value of a frequency-shift crossinto account the short duration of a collisios (1 nseg, this
section,v is the collision velocity[I is the full atomic line- cannot be considered a serious option for an explanation of
width, y is a constant dependent on cavity parameters, anthe discrepancy. The smallness of the deviations from the
A=Q.(w./w— wl/w;) equals twice the ratio of the cavity dressed DIS is confirmed by a coupled-channel calculation
detuning to the cavity resonance width. The spin-exchangalong the lines of Sec. I. Corrections matrix elements
tuning procedure consists of choosifigso thatdw does not  and to the frequency-shift cross sectiong, \q, and \,
vary with atomic density via the collisional contributidhh, ~ [25,2€ turn out to be too small to be of importance.
to the linewidthI", a crucial result to avoid instability due to In this connection, we point out that in principle there are
density fluctuations. By the elimination & the instability = good reasons in favor of the case of a dressed-state basis for
due to thermal noise became the main limiting factor of thethe description of atomic collisions in the H maser, despite
H maser. From this perspective, cooling down the H masethe weakness of the microwave field: the detunéhgf the
to liquid helium temperatures promised to lead to an increas&equency w,, of the maser field relative t@,; is much
of the stability by about three orders of magnity@4—24.  smaller than the already small value af, as is easily

This exciting prospect turned into a less favorable oneshown making use of the equation for the spin-exchange
when it was showh25,2€] that a more rigorous treatment of cavity tuning. As a consequence, the asymptotic states in the
spin-exchange collisions including the hyperfine precessioimcoming and outgoing collision channels are dressed states.
of spins during the collision leads to an additional, We are therefore forced to deal with a quantum Boltzmann
hyperfine-induced, frequency shift not simply proportional toequation with both the density matrix and tBematrix in a
I'. An earlier semiclassical calculatiga8] for thermal en- dressed-state basis. This leads to the equation for the rate of
ergies had already led to a hyperfine-induced shift of a typehange of the spin-density matrix for dressed states, which
with less grave consequences. In view of its importance itve denote by symbols with bars, describing the collisional
became a priority to measure the hyperfine-induced shift antime evolution of the density matrix elemept - for the
its dependence on the partial densities of the hyperfine statesoherence of th& and«’ states:
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Nup vy

pecleon=n__ 2" ppr A+ 8 (14 50) (1+ 5 ) (14 6,57)

’7Tﬁ | |* o o
X EID 2+ 1)<m_Hk[S{K)\},{M,u'}(k)S{K’)\},{vv'}(k)_ 5{M},{;m’}5{f<’>},{ul}]> o (18)
therm

evance in the microwave tragould cause collisional trap
the contribution of collisions in which an atom in a super 0_Ioss even for states for which this process is negligible in the
PEIRO- -, nventional magnetic trap. This is because dressing causes

sition of the « and x states undergoes a collision with an eigenstates to become superpositions of different bare states,
other atom. The derivation of the equation, as well as a dis;

cussion of its physical meaning, is given in REIE]. The thus introducing components with various totdl: which
prime on the summation sign inéicates the subsidiary condi(—:OUId cause decay to untrapped_ states.
fion € e~ o= e— €7~ €57, i.€., energy conservation Preliminary results of calculations of these processes have
in eacKh ofMthe Vcolligionsﬂdescyriliaed L:)y the t@anatrix ele- beer_w us_ed to estimate loss rat_es for rf-induced gvaporatlve
. . .cooling in the Na setup31]. In this paper too we will focus
ments. Here we take into account that the two spatial atomi n the specific case of ultracold Na atoms in the lower hy-
sta_tes gorresponding to the two spin state_s oqcurring as .Sugérfine manifold. For Na there are three states in this mani-
scripts in ap component have to be equal in view of spatial fold so that we have to consider the dressed states as super-

homogeneity. Note that the. energy conservation conditio ositions of three independent bare states instead of two as in
refers to the dressed atomic energies, i.e., to the sum

) e case of H. This is also essential for understanding the
Hach Hayg +Hy for the two atoms together. EXPressing ogoctive modification of the edge of the trap potential in-
dressed states in bare states by means of the dressed—ij ced by the rf field
equations of Sec. [[Eq. (7)] and noting that energy conser- :
vation in terms of dressed states is to a very good approxiﬁe
mation equivalent to energy conservation in terms of ba“?ion we take the static fiel® in the low range of linear
states in view of the smaliness it , we recover the usual 7,5, splittings. The bare-st&@enatrix can then be evalu-
expression for the rate of change of the spin-density matrixated in terms of élastic scattering in each of the channels
except for a number of additional terms associated with a . = - oo
transition to a lower manifold, i.e., associated with the ab-With F=0 and 2, wheré= (F=1+S) is the total conserved
sorption of a microwave photon during a collision. Classi-
cally speaking, the latter contributions are due to an energy
nonconserving transition caused by the time-dependent inter-
action term with the cavity field. Also these additional con-

tributions turn out to be negligible.

The product ofSmatrix elements in this equation describes

We start by considering the limiting case of a weak rf
Id (w,—0), i.e., the dressed-DIS approximation. In addi-

-0.070

-0.074
IV. STATIC MAGNETIC TRAP + RF FIELD

The last case we will consider is collisions of atoms in a

static magnetic trap including a rf field for forced evapora- 2 0.078
tive cooling. In this device a magnetic field gradient is cre- £
ated in free space and in this way the atoms in so-called 2
low-field seeking states experience a trapping potential L _g.0g2

whereas atoms in high-field seeking states will not. By ap-

plying a rf field with certain frequencw,;, the atoms are

dressed and the adiabatic potential for the trappable low-field

seeking state will turn over at the specific magnetic field -0.086
wherefws=0gugBg. AssumingB=0 at the center of the

trap, i.e., the specific situation in the present Bose-Einstein
condensation experiments, atoms with kinetic energy ex-

ceedinghw can thus leave the trap. By lowering the fre- 0090 T e00 400 500 600
guency of the rf field, atoms with lower and lower kinetic

: : ©. (108 sec™)
energy escape, whereby the atom cloud left in the trap is T

cooled. This cooling principle made it possible recently to

obtain the needed critical temperatures to cross the BEC FiG. 5. Field-split energies of thév,|(SI)F)=]15,0(13)2
phase transition line for Rb, Li, and Nd—6]. Temperatures |evel for detuning equal to 44.8 10° sec ! (bottom of the trapas

as low as 20 nK have been reportgt]. One of the main  a function of w, calculated treatingd, ; as a first order perturba-
concerns was that by dressing the atoms the exchange intaisn. Also shown is the threshold energy of the collision channel
action instead of the much weaker dipole interactiofrel- (dashed ling
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FIG. 6. Real part of elasti&matrix element for collision energy
E=100 uK as a function ofw, for detuning of 44.3x 10° sec !
(bottom of trap. e

spin quantum numbet, being the totaltwo-atom) nuclear 1 B ‘

spin, andsS the total electron spin. Note th&t=1 is forbid- 130 1.40 150 1.60
den fors-wave scattering because of Bose symmetry, since it B (G)

would correspond to an antisymmetric spin state. Values for

the scattering lengthasr_, andag_, for ultracold collisions FIG. 7. Elastic Smatrix element for collision energy

in the F=0 and 2 channels can be derived from thetfd®  E=100 uK as a function of magnetic field for the specific Rabi
triplet and singlet potentials obtaingt2] from experimental  frequency equal to 3:610% sec .
data. We find

ap_o=77=%%9, ar_,=86+5%a,. (19  numbers. Also, the scattering is described by the same
ag—g andag_, scattering lengths. This picture is confirmed

Note that the determination of these scattering lengths is Y the rigorous coupled-channel calculations. It fully applies
multichannel problem, despite the fact that only elastic chant0 the actual experimental circumstances with a static field
nels are open. Calling the single-atom dressed states B, of order 1 mT or less. We conclude that rf-induced ex-
change relaxation does not occur in this case.
— We now turn to a search for resonances occurring in the
IN)=aif=1IN=1)+BH{ON)+ yi{IN+1) (20 collision of two atoms in the 1-1 state. The presence of such
o a resonance would be of major importance for the study of

with i [=(—1,0,1)] numbering the dressed states andBose-Einstein condensation as in principle the scattering
—1,0,1 in the right-hand side thlem;= 1—1, 10, and #1  length can then be changed arbitrafi82,33. In analogy to
bare single atom hyperfine states, Benatrix elements for atoms in a static magnetic trap it should be possible to have
the transition between two-atom dressed states can be fougdbound state in a closed channel crossing the energy thresh-
in terms ofar_o andagr_,. For most of the transitions we old of the colliding atoms due to the rf interaction. Na is a
find a vanishing result. Inelastic transitions occur only be-good candidate for a resonance at relatively low values of the
tween two two-atom dressed states. This restriction turns ouf field as there is a bound state very close to the continuum,
to be due to a selection rule which can be understood aghich is responsible for the large positive value of the
follows. In the case of three bare single-atom basis states tHén;= 1-1 scattering lengtf34]. Due to the rf interaction the
dressed-state system cannot in general be represented in #ergy levels of the bound states split and some of them
form of a fictitious spin in an effective magnetic field. For cross the collision threshold, see Fig. 5. We consider an ex-
that to be the case the energy splittings have to be equal. |perimental setup comparable to the one used at MIT and
the present situation, however, in between collisions each afonsider the specific case &@,=1 mT. In Fig. 6 the
the atoms behaves as an elementary spin 1 particle, the eseal part of the elastiSmatrix element as a function of
ternal constant- rotating magnetic fields being too weak to , for atoms colliding at the center of the trap, correspond-
decouple the electronic and nuclear spins. During collisionsng to a detuning of 44.3 10° sec !, is shown. Note that
this does happen, but only via virtual transitions to closedve define w, to be equal to(f=1, m¢=—1|Hy¢|f=1,
channels. Since the rf field is practically constant during an;=0)/%. From the figure it is seen that the position of the
collision, the total two-atom spin projectiod g ¢ is con-  first resonance is found not very far from where the first
served, together witk. As a consequence, the collision pro- order picture predicted a possible resonance for the specific
cess is most easily described in terms of purely elastic scastate withMg .= — 1. Note that higher order perturbation
tering in a basis withF and Mg .4 as good quantum terms lead to deviation from the linear behavior in Fig. 5. We
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estimate the width of this resonandey, , at 3500 sec! for  the collision partners as atoms dressed by the field and takes
a collision energy of 10@K. The width behaves agE and  the coupling of an unrestricted number of dressed-state
will therefore be equal to about 630 secat the tempera- manifolds into account in a full coupled-channel approach.
tures at which BEC has been obsenjédl At even higher Previous calculations for the cases of the hydrogen micro-
values ofw, more resonances show up. Note the broad resowave trap and the cryogenic ac H maser have been carried
nance Aw,=1.4x10° sec’! at 100 uK) for a Rabi fre- out in the dressed-DIS approximation which neglects spin
quency of 1.6x10° sec !. It turns out that the Rabi fre- precessions in the external field during the collision. Our
quency at which these resonances are found is too high teresent rigorous treatment confirms the results of these pre-
treatH,; as a first order perturbation. A complete determi-Vious treatments for realistic external field strengths. A third
nation from which specific resonances result requires a cagpplication is associated with the recent Bose-Einstein con-
culation along the lines of Ref34], i.e., taking the rf inter- densation experiments in which rf-induced evaporative cool-
action fully into account in a coupled-channel method.ing played an important role. We address the question
However, this goes beyond the scope of this publication anwhether the rf field might turn “good” collisions into “bad”

will be dealt with in a forthcoming paper. In Fig. 7 we finally collisions. This turns out to be not the case. Considering in
show the elasticSmatrix element for the same first reso- particular the specific case of the Na rf BEC experiments at
nance as a function of magnetic figlor position or detun- MIT we find resonances in the collision of atoms trapped in
ing) for a specific value of the Rabi frequency. It is clear thatthe energetically lowestdressedl state for experimentally
this specific resonance will turn up very locally with an es-accessible values of the Rabi frequency, which may have
timated width ofAB~0.014 G at 100uK. For the broad interesting applications in future experiments: a change in
resonance, however, we find a width of 1.2 G at a collisionRabi frequency provides a handle to change the macroscopic
energy of 1 nK. This means that for a collision energy of 2properties of the Bose condensate.

K, the temperature at which BEC has been observed, this

resonance will be visible over the whole trap. ACKNOWLEDGMENTS
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