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Probability of photoassociation from a quasicontinuum approach
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We examine photoassociation by using a quasicontinuum to describe the colliding atoms. The quasicon-
tinuum system is analyzed using methods adapted from the theory of laser spectroscopy and quantum optics,
and a continuum limit is then taken. In a degenerate gas the equilibrium probability of photoassociation may
be close to unity. In the continuum limit, for a thermal atomic sample, the stimulated Raman adiabatic passage
(STIRAP) mechanism cannot be employed to eliminate unwanted spontaneous transitions.
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At the lowest temperatures reached by laser cooling andverage over the ensemble. Within our QC method the re-
evaporative cooling, the range of thermal energies of atomguired average follows trivially from statistical mechanics.
translates into a range of frequencies that is narrower than a We first model the case in which PA takes place directly
typical atomic linewidth. An optical transition that combines to a stable bound state of the molecule. The applied light is
two thermal atoms into a molecule, i.e., a laser-induced tranthen the only mechanism for transitions to and from the
sition from the continuum of the relative motion of two at- Pound state. The bound stat®, whose energy we set equal
oms to a bound vibrational state of a molecule, may thereforé0 zero, is coupled with a QC of statgs) with evenly
exhibit a narrow resonance. In photoassociatiBA) spec- spaced eigenfrequencieg=ne. For the time being the QC
troscopy these resonances are utilized to measure positioffsassumed to be flat; i.e., the coupling matrix element be-
of vibrational levels of diatomic moleculdd]. The results tween|b) and|n) x,=« is taken to be the same for ail
include improved determinations of molecular potential sur-=0,£1,=2, ... . ForphotodissociationPD) and PA the
faces[2], swave scattering lengthgs], and dipole matrix coupling would normally be due to dipole interactions of the
elements foratomic transitions[4]. PA is also a potential atoms with a laser field. Within the rotating-wave approxi-
method to create cold molecules in a predetermined internanation we have«=dE/2%, whereE is the amplitude of the
state[5—7]. electric field andl is the (assumedly constant dipole matrix

In addition to its utility, PA is also an interesting theoret- element between the bound state and the QC states. The
ical challenge, in that it is a case tite-boundtransitions. ~ choice of the QC state=0 is such that the transitiofb)
As is appropriate for free initial states, past analyses of PA—|0) is on optical resonance.

are often based on collision thedry,6,8,9. Other theoreti- The Hamiltonian for this system is

cal approaches include direct integration of the Sdimger H

equation for the colliding atomic wave packdf®| and a 0 -~ 4k

perturbative treatment within the density-matrix formalism h En: [ en(n| 2n: (e[l + x*[o)nl). @)

[10]. In this paper, we take yet another tack. We assume that
the colliding atoms are confined to a finite volume. ThisWriting the state vector as/) =b|b)+Xa,|n), we find the
converts the continuum of the dissociated states of the mokime-dependent Schdinger equation

ecule into a quasicontinuuf®@C). We analyze the QC sys-

tem, and finally take the continuum limit by letting the quan- A o ;

tization volumé go to infinity[11]. We %rst st?de IgA, b=ix ; By A=l Fikb. @
including a simple model for rethermalizing collisions be-

tween the atoms. The result surprisingly suggests that thé/e use Fourier transforms to solve these differential equa-
equilibrium yield of PA may approach unity in systems neartions with constant coefficients. For the solution, a self-
or at quantum degeneracy, such as in Bose-Einstein condefnergy is needed. Here we resort to a continuum approxima-
sates in alkali-metal vapofd.2]. Second, we put forth that, tion,
unlike in discrete-level atomic systems, in PA the stimulated

[

Raman adiabatic passa@®TIRAP) procesq13] is unlikely S ()= |2 2 1
to provide relief to the problem of unwanted spontaneous (@)=|«] nTme 0w, tin
emissions.
The QC consists of discrete energy eigenstates. Much of 2 _ | k|
the understanding of, and insights into, few-level systems =|«] fdn w—netinp € ' )

that has evolved in laser spectroscopy and quantum optics

[14] may thus be transferred to problems of PA. One couldvith »=0+. The continuum approximatiof8) is valid as
achieve a similar discretization by utilizing normalizable long as one considers times short enough that the discrete-
wave packets along the lines of REF]. However, to com- ness of the QC states is not resolvéetho 1<e 1. We
plete an analysis of this type, one has to construct an erhave verified this with extensive numerical studies of the
semble of wave packets to represent a thermal gas and th&chralinger equation.
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With the continuum approximation, Eq&2) are easy to To begin with, we set up a link between our QC model
solve. We first model PD; the system starts in the bound statend collision physics. First, we need a QC for two atoms.
and winds up in the QC. The initial conditions &€0)=1, Second, in collisions it is customary to consider partial
a,(0)=0. The result is a simple exponential decay of thewaves one by one, so that our QC should have angular mo-
bound-state population to the QC at the PD rdie mentuml as a good quantum number. We achieve both ends
=27|k|% €. by quantizing the relative motion of two colliding atoms in a

Let us pause for a crucial mathematical remark. One seespherical potential well with radiuRR, using reflecting
from Egs.(2) that the QC state amplitudes respond to the boundary conditions at the surface.
time evolution of the bound-state amplituble and that the Finding and counting the eigenstates of a free particle in
changes ira,, then couple back tb. It may be easily shown the well is a straightforward exercise, which we discuss in
that, within the continuum approximatidB), theonly effect  detail elsewherg16]. The level spacing indeed tends to
of such back action of the bound-state amplitude on itself vizzero in the limitR—, and so does the PA rate. At this
the QC is exponential dampingy=—yb+---, with y  Point, though, we may see why such a seemingly bizarre
=T'/2. A roughly equivalent way of stating this is that once Pe€havior is as it should be. We are discussigctlytwo
the system has made a transition from the bound state to tfoms. When the volume holding the atoms tends to infinity,
QC, it will not return to the bound state. This is because theéXl0m density tends to zero and collisions must cease.
phases of the amplitudes of the QC states are such that, up to 10 régain a finite PA rate with increasing radiasf the
times of the ordet~ e 1, transitions back to the bound state duantization volume, we evidently must increase the number
interfere destructively. of collidersN in such a way that the densify=37N/4R3

The continuum limit of the QC model is effected by let- "émains constant. We thus multiply the r&g for the tran-
ting the spacing of QC levels go to zefo,+0. Obviously, ~Sition [m)—b) obtained for one collider, bj. Second, in
for a given laser tuning and intensity one should retain a PCRN isotropic ensemble only a fraction of the atoms is actually
rate I' that is in agreement with, say, measurements of" the given angular-momentum stdteso that we must ad-
molecular-structure calculations. We achieve this by settingUst the density in a manner that depends on BaéimdR.
€—0 and|«|2—0 in such a way thak = 27| x|%/ e remains  All told, it turns out tha.t in the continuum limit the one-pair
constant. With the continuum limit the time over which our rate Ry, should be multiplied by the factor
continuum approximatiortd) is valid, = e !, automatically
tends to infinity[15]. . F=272(21+1) ﬂl;_ xi. 5)

Of course, it is well known that exponential decay follows ke €
when a discrete state is coupled to a ti@ad flaj con- o
tinuum. Until now, the two main purposes of our discussion"‘erfizthe wave numbek encodes the collision enerdy
have been to demonstrate that the same behavior emerges foft “K*/2u, with 1 being the reduced mass ane 7ik/ u the
a QC, and to derive the quantitative connection between gollision velocity. The rate of PA for the given angular mo-

QC and a continuum. mentum is

We now move on to a model of PA. Suppose that the I
system starts out in the QC stafm); b(0)=0, a,(0) Ro=F Rm:;’_z ><277(2I+1)%. (6)
= 6mn- Once the system has made a transition to the bound oLty k

state, subsequent interactions between the bound state and

the QC states simply amount to a damping of the boundur Ed. (6) is in complete agreement with earlier results
state. Our key realization is that the staies and|m) thus ~ from collision theory. Equationgl) and(3) of Ref.[8] pro-
behave as a two-level system with the Rabi frequergy Vide a particularly transparent comparison. _
albeit not as a closed one; the population of the bound state For the sake of argument, we next introduce three experi-

decays at the ratE to the QC states that for the purpose of Mental assumptions. First, we assume that atoms and mol-
the two-level systenf|b), |m)} are unobservable. ecules alike are trapped. Under such conditions, PD of the

This minor complication is easy to take into account inPound state redistributes the atoms over the QC states. The

the familiar analysis of two-level systems. We find the ratemolecules do not stay in the state doulet, [m), and one
of transitions|m)—|b), which we write, using the relation might as well allow a probability distributioRy, of colliding
I'=2x|x|e, as atom pairs over the QC staté®) to begin with[17]. Sec-
ond, we take the trap to be big enough that the actual dis-
creteness of the center-of-mass states may be igrid&id
== . (4) Thir_d_, we assume that, whether as a result of atom-atom
onty"  opty collisions or, say, laser cooling, the atoms rethermalize on a
time scaler, that is short compared to the time it takes to
Over the relevant time scalg %, the depletion of the initial cycle an atom through PA and PD.
state is proportional te. The balancing PD removes prob- ~ Two significant consequences arise from the third as-
ability out of the statgb) at the ratd’, so that the population sumption. First, the coherent interaction between the states
of the bound stat®=R,,/T is also proportional te. Inthe  |m) and|b) is interrupted by collisions, which leads to col-
continuum limit,e— 0, the initial statém) is not depleted at lision broadening. The usual modeling in spectroscopy di-
all, and the population of the bound state tendgém We  rects us to replace the linewidth in Eq. (6) (but not the
have seemingly banished PA. The resolution of this dilemmdactor I') by a collision broadened linewidthy,=y+ r;*.
is sought next. Second, the system presents the same QC occupation prob-

_2lk]Py  Alelm
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abilities P, with and without the laser field, except that, with of energies in the continuum of the relative motion of two
the laser on, these probabilities should be reduced by thatoms. Next, we investigate within our QC model a scheme
factor (1—P) if a substantial fractiorP of the atoms wind that has been suggestedl as a means of keeping spontane-
up as molecules in the bound state. Overall, we model theus emission in check.

evolution of the occupation probability of the bound stBte For background, first consider an ordinary discrete three-
with the simple rate equation level atom{|m),|b),|f)}, with the Rabi frequencies(t) and
_ Q(t) driving the respective transitionsn)— |b) and |b)
P=R(1-P)-TP, (7aa  —|f). The idea of STIRAP goes as folloW43]. Suppose

that the transitionm)—|f) is on exact two-photon reso-
nance, upon which one can always make one atom-field
dressed state as a linear combination of the statgsnd|f)
without involving the statéb). If one adjusts the time evo-
The time scale for a PA> PD cycle is seen to be the longer lution of the Rabi frequencies in such a way that fi(t)
of R "1 andI' 1. Our technical assumption about the colli- >«(t) and at later timesk(t)>Q(t) (“counterintuitive
sion time is valid if eitherR7.<1 or I'7.<1. This may pulse order’), for t— —co this dressed state coincides with
always be achieved by choosing a low enough laser interthe atomic statém) and fort—c it coincides with the state
sity. |f). If the dressed state evolves frgm) to |f) adiabatically,
It basically remains to clean up the notation. First, sup-an atom starting in the stafen) will end up in the statéf)
pose that the laser is tuned so that a bound state and a statthout ever visiting the intermediate stats).
with the energyi A above the continuum threshold are on  In the case of a molecule, one picks a stable vibrational
resonance. The PA rate depends on the resonant continuwstate|f) from the electronic ground state and sets up a co-
state, so we have to use the appropriate value for the PD ratgerent, two-photon resonant procéss — |b)— |f) by add-
I'. Second, as in Eq7b), we average over the distribution of ing another laser with Rabi frequen€y between the states
the relative energies of the colliding atoms. We adopt theb) and|f). The suggestion in Ref7] is to utilize STIRAP
Maxwell-Boltzmann distribution at temperatufe We also  in such free-bound-bound processes to bypass the intermedi-
make the assumption that.<kgT/#. Then, a Lorentzian ate state troubled by spontaneous decay.
resonance line with widthy,. effectively acts as & function Within our QC method, we may similarly discuss the sys-
in energy in the suni7b). For thes wave (=0) we find tem of two discrete statd$) and|b) and a QC of statelsn).
3 EAKLT As before, from the point of view of the three-level system
R=pAp e 8 T, (8)  that ensues for each fixérh), the sole effect of the QC is to
make a sink for the population of the intermediate sthje
Spontaneous transitions to states that are not included in our
QC model simply add to the rate at which the system leaks
out of the three active states via the intermediate state.
The problem with free-bound-bound STIRAP is now ob-

R=2, RyPpm- (7b)

where\p=(27%%/ ukgT)*? is the conventional thermal de
Broglie wavelength, albeit for the reduced mass m/2 in-
stead of the atom mass. The steady-state occupation prob-
ability of the bound state is

3 EAKaT vious. In the continuum limit the Rabi frequency of th®
\p e 2B " !
__Pto _ 9 —Im) transition tends to zerox\e—0. It is therefore
1+ pr3 e MalkeT impossible to effect the reversal of the relative sizesof

and « required for STIRAP. Though STIRAP clearly occurs
In a degenerate atomic sample wjih3=1, the PA prob- with properly timed atomic wave packets and laser pulses as
ability may approach unity. The results do not depend criti-in Ref.[7], we believe that, in a gas whose density operator
cally on the technical assumption that<kgT/#; except for is diagonal in the energy representati@uch as a thermal
a factor of the order of unity, Eq8) remains valid all the gay, it is washed away by the requisite average over the
way to the optimal overlap between the velocity distributionensemble of colliding wave packets. The trademark signa-
and the PA resonance that occurs With=7 y.=~kgT. tures of STIRAP, such as optimal population transfer with
Of course, we have resorted to a classical counting otounterintuitive pulse order, will probably be absent in PA
atomic states and to the Maxwell-Boltzmann velocity distri-[18].
bution, so that in the limit of a degenerate gas the functional Even though the three-level scherfm)— |b)—|f) can-
form of Eq. (9) must be taken with a grain of salt. We be- not directly draw from STIRAP, it may be beneficial for
lieve, though, that the qualitative features of our results surether reason$16]. For instance, the molecules are guided
vive a full quantum degenerate analysis. Generally speakingnto a selected stable stdfe. Overall, though, we wonder if
the PA rate scales with atom densityggsand the competing eventually a direct two-level transitiocdown in energyfrom
PD rate ap, so that the equilibrium PA yield must involve a the continuum to a vibrational state of the ground-state elec-
dimensionless parameter made of atom density. In our exronic manifold might be a viable option for creating cold
ample the density parameters for PA yield and atom degermolecules in a specific state. Such schemes may require in-
eracy are essentially the same. The degree of degeneracyéonvenient wavelengths and suffer from unfavorable transi-
itself is unlikely to change this state of affairs. tion matrix elements. However, once cold molecules can be
In a practical experiment one usually photoassociatesrapped, spurious spontaneous branching may be a more se-
ground-state atoms into electronically excited moleculesrious problem than a low PA rate.
The latter decay spontaneously to both bound vibrational The one general caveat about the relation between mo-
states of lower-lying electronic manifolds and to a wide bandecular processes and QC models has to do with our assump-
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tion that the QC is flat. In reality the rate of PD varies de-between the atoms, and thus obtainedegnilibrium prob-
pending on where in the PD continuum the laser deposits thability of PA (9). We may also tredtl6] coherent transient
atoms. As long as the detuning-dependentFqt&) is much  schemeg7] without conceptual difficulty.

smaller than its scale of variation with the detunifgthe Whether our observations are helpful in eventual experi-
same kind of exponential damping of the bound state as iments remains to be seen, but we hope to have made a meth-
the case of a flat continuum may be expedtt@]. However,  odological point anyway: We have developed a framework
along with the PA rate come frequency shifts of the QCtor pA that enables one to draw from all of the understanding
relative to the discrete states coherently coupled to it. Suchq insights that have accumulated over decades of laser
shifts are proportionall to Ia;er intensity, by rule of thumb Ofspectroscopy and quantum optics. The results suggest that at
the order ofl’, but their precise values depend on the shapg;,m gensities approaching quantum degeneracy, near-unit
of the entire continuunf19]. The shifts are difficult to cal- _PA efficiencies may be reached. Detailed many-body analy-

cqlate, an(_j difficult to measure. One should always bear Les with proper inclusion of photon recoil, propagation of
mind that in PA both transition rateend level energies de- light through the sample, etc., remain to be carried out

pend on laser intensity. é\lonetheless, we speculate that even in steady state, PA may

As it comes to the fundamentals, such as PA rate in th convert a Bose-Einstein condensate of cold atoms into a
free-bound scheme, our model agrees with the earlier colliz

: . 3 Bose-Einstein condensate of diatomic molecules.
sion work. However, the density parameexy does not
seem to have been unveiled before. Besides, we can easily This work is supported in part by the National Science
go, and have gone, further than collision theory analyses dd-oundation under Grant No. CHE-9612207. Numerous en-
We have incorporated a transfer of atoms to #&man the  lightening discussions with Phillip Gould, Edward Eyler, and
bound state, plus a simple model of rethermalizing collisiondVilliam Stwalley are gratefully acknowledged.
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