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Comment on ‘‘Quasicontinuum modeling of photoassociation’’
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We maintain that the reservations against the use of stimulated Raman adiabatic photoassociation in a
nondegenerate gas, expressed by Mackie and Javanainen in a recent manuscript@Phys. Rev. A60, 3174
~1999!#, do not account for the coherence induced by the photoassociating laser. The authors treat the problem
of two-color stimulated photoassociation using a set of decoupled three-mode problems, each containing a box
eigenstate and the two bound states. We argue that such decomposition is not justified, since in the limit of a
very large box all three-mode problems are, in fact, coherently coupled. The three-mode condition can only be
met with a set of wave packets whose bandwidth matches the spectral width of the photoassociating pulse.
Using this basis set, we show that by the authors’ own formalism; stimulated Raman photoassociation is a
viable process in the thermal ensemble.
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A recent article by Mackie and Javanainen@1# provides
the details of a previously published theoretical analysis
photoassociation@2#. The authors use box quantization
depict the dissociation continuum. Starting with one bou
state coupled to the quasicontinuum, they obtain the follo
ing equations of motion for the population amplitudes,

ḃ5 ik* (
n

an1b~0!d~ t !, ~1a!

ȧn52 ivnan1 ikb1an~0!d~ t !, ~1b!

whereb is the bound state amplitude,an are the quasicon
tinuum amplitudes,vn5n« (« being the spacing betwee
the quasicontinuum states! is the energy of thenth box state,
and k ~assumed to be independent ofn, i.e., ‘‘flat con-
tinuum’’! is the bound-free coupling. Fourier transfor
methods are used to obtain the closed-form solutions

~2!

b~ t !5
i

2pE dv exp~2 ivt !F 1

v1 iG/2G
3Fk* (

n

an~0!

v2vn1 ih
1b~0!G , ~3a!

an~ t !5
i

2pE dv exp~2 ivt !H F k

~v2vn1 ih!~v1 iG/2!G
3Fk* (

n

an~0!

v2vn1 ih
1b~0!G1

an~0!

v2vn1 ihJ ,

~3b!

where G52puku2/« is the photodissociation rate. The a
thors rightly point out that at the continuum limit the numb
of continuum states coupled to the bound state increase
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the same extent that the bound-free coupling decreases
sulting in a finite photodissociation rate. They then proce
to treat the reverse process of photoassociation, using
initial conditions

b~0!50, an5dmn , ~4!

which on substitution into Eq.~3a!, result in the following
dynamics for the bound-state amplitude:

b~ t !5
k*

vm1 iG/2
@exp~2 ivmt !2exp~2Gt/2!#. ~5!

By taking the continuum limit of this expression (e→0,
uku2→0) the authors conclude that ‘‘the only effect of th
light-induced coupling to the quasicontinuum on the boun
state amplitude is exponential damping,’’ thereby dismiss
the possibility of photoassociation. Consequently, they c
struct a damped two-level model that is supposed to corre
describe photoassociation. Generalizing their argumenta
to a two-level system, coupled to a quasicontinuum, th
claim that ‘‘as before, the couplingk to the quasicontinuum
vanishes in the limitV→` ~whereV is the box volume!. It
follows immediately thatk!V (V is the Rabi frequency for
the transition between the two bound states! holds for a large
volume. This is exactly the result that prohibits the adiaba
condition from being satisfied in a free-bound-bound stim
lated adiabatic Raman passage~STIRAP! process @3#.’’
Moreover ‘‘we should treat the free-bound couplingk as a
perturbation.’’

A basic assumption of box quantization is that the resu
of any such model should be completely independent of
box size or the particular basis set chosen to represent
continuum. Yet the results of Ref.@1# seem to be highly
dependent on both. To illustrate this point, we conside
different set of continuum states, composed of superposit
of box eigenstates, or wave packets

fm~ t50!5(
n

am,n~0!cn , ~6!iz-
©2002 The American Physical Society01-1



am

o
nd
e

ox
u

-
e

n

th
-
rs
n

et
th

r
an
av
in
to
e

ifi

on
n

IR
e

liv

k
w

th

th
s
-
te

the
es.
ck

om
ode

kets
ting
nto
uld
n-

tion,
ning

re-
ve-

he

ot
they
ode

ar.

or

The
ro-
e of
nd-

e
s, to
de

so-
v-
n-

ther-

u-
ffi-
tum
e
of

the
-

COMMENTS PHYSICAL REVIEW A 65 027401
wherecn are the box eigenstates. The photoassociation
plitude fromfm at time t is given as

bm~ t !5k* (
n

1

vn1 iG/2
@am,n~0!exp~2 ivnt !

2exp~2Gt/2!#. ~7!

It is evident that the first associative term on the r.h.s.
Eq. ~7! would couple more continuum levels to the bou
state as the continuum limit is approached, thereby comp
sating for the reduction in the coupling of any single b
state to the bound manifold. The number of terms in the s

(
n

1

vn1 iG/2
am,n~0!exp~2 ivnt ! ~8!

increases at the continuum limit as 1/«, while their ampli-
tudes scale down as 1/A« to maintain normalization. There
fore, this sum increases as 1/A«. As the authors point out, th
continuum limit is obtained by taking« andk to zero while
maintaining a fixeduku2/« ratio. Thus, by the authors ow
methodology, the first term on the r.h.s. of Eq.~7! converges
to a nonzero~and not necessarily small! finite value at any
given time. The ensemble yield is calculated by taking
bundle of wave packets$fn%n51,N and summing over asso
ciation probabilities rather than amplitudes, as the autho
suggest~and as indeed is appropriate for a thermal e
semble!:

Pmol~ t !5(
m

ubm~ t !u2. ~9!

Clearly, at any given time a certain fraction of the pack
would have a good overlap with the bound state and
fraction would only depend on thedensityof particles~num-
ber of packets per box length! rather than on the particula
choice of wave-packet parameters, leading to a fixed
finite photoassociation rate. This is the approach we h
used in Ref.@3#. It is a manifestation of the fact that a certa
fraction of the particles confined in the box, proportional
the pair density, do collide at any given instant. The fre
bound transition amplitude for these colliding pairs is sign
cant, and STIRAP is possible.

The apparent dependence of the viability of STIRAP
the choice of basis set is puzzling. According to Mackie a
Javanainen, who use a basis-set of box eigenstates, ST
cannot be carried out due to the incompatibility of the fre
bound rate and the bound-bound rate@1,2#. On the other
hand, using a set of wave packets as we did, STIRAP is a
and well, at least for the subset of colliding particles@3#.
Moreover, it appears that the choice of the wave-pac
bandwidth~a box eigenstate is in fact, an infinitely narro
packet in energy domain! would affect the outcome of the
calculation. Yet, the results could not possibly depend on
basis set.

The formalism of Mackie and Javanainen decomposes
problem of photoassociation in a thermal ensemble, into a
of three-mode problems~or two-mode problems in the one
color case!. The total efficiency is obtained as appropria
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by incoherent summation over probabilities. However,
three-mode approximation works poorly for box eigenstat
Starting with the entire population in one such state, ba
dissociation would populate many neighboring states fr
which association can take place. Thus, all the three-m
problems are in fact, coherently coupled.

On the other hand, choosing a basis set of wave pac
with the same spectral width as that of the photoassocia
pulse, back dissociation would take place predominantly i
the initial packet and the three-mode approximation wo
be justified. Two-color photoassociation in the thermal e
semble can thus be described to a very good approxima
by a set of decoupled three-mode problems, each contai
a wave packet and the two-bound states. Moreover, the
quirement for a three-mode description sets the correct wa
packet width. Any choice other than the bandwidth of t
photoassociating laser pulse~including a box eigenstate!,
would invalidate the three-mode approximation. This is n
to say that other basis sets are less correct. However, if
are to be used, incoherent summation over the three-m
problems@1,2# is not justified.

A simple analogy should make this point starkly cle
The N3N Hamiltonian, whose elements in one basis are

Hi j 5
1

AN21 S 0 1 . . . 1

1 0 . . . 0

A A � A

1 0 . . . 0

D ~10!

hasN22 zero eigenvalues, and two eigenvalues of61. No
time scale of order (N21)21/2 is actually involved. And it is
both entirely valid, and very convenient, to diagonalizeHi j
by a change of basis.

To summarize, while the initial thermal density operat
may be diagonal in eigenstates of energy@i.e., the initial
conditions of Eq.~4! are as legitimate as others#, the Hamil-
tonian used to propagate these states certainly is not.
authors’ formalism does not allow for the coherence p
duced by the laser pulse. On the other hand, the choic
wave packets with energy width matching the pulse ba
width, naturally reflects this coherence and~to a good ap-
proximation! diagonalizes the Hamiltonian. As this choic
indicates that STIRAP is possible in a nondegenerate ga
the extent that a thermal collision is possible, we conclu
that the viability of adiabatic stimulated Raman photoas
ciation is not affected by the findings of Mackie and Ja
anainen. This simple analytical point is empirically co
firmed by a recent experiment@4#, clearly demonstrating
coherent Raman resonances in the photoassociation of
mal cesium atoms.

All said, we acknowledge the importance of Bose stim
lated collisions in allowing near-unity photoassociation e
ciencies when the STIRAP process takes place in a quan
degenerate gas@5#. The collisional STIRAP process in th
thermal ensemble, is essentially limited to the fraction
atoms colliding during the pulse time. Consequently,
photoassociation yield in amK thermal ensemble of Na at
oms was predicted to be 631026 per 20-ns pulse@3#. This is
1-2
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significantly different from the ‘‘conventional’’ STIRAP pro
cess involving three internal bound states, which off
nearly complete population transfer. In conducting fre
bound-bound STIRAP starting with an atomic Bose-Einst
condensate, the three-level picture may be restored and
process efficiency dramatically increased.
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