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Semianalytic treatment of two-color photoassociation spectroscopy and control of cold atoms
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We present semianalytic expressions for scattering probabilities of cold trapped atoms in the presence of two
weak, independently tunable laser fields, both tuned near molecular resonances. We consider two experimental
situations. In the first, an Autler-Townes doublet appears and is shown in certain circumstances to exhibit
unequal peak heights. In the second, the pair of lasers is employed to produce translationally cold ground-state
molecules, in which case our formula suggests the optimal conditions for such production.
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PACS numbe(s): 34.50.Rk, 32.80.Pj, 33.70.Ca

Cold atom traps have recently enabled high-precisiorsists of varying the detunings and intensities of both lasers,
photoassociatiofPA) spectroscopy of molecular vibrational and monitoring fluorescence from the decay of bound level
levels in alkali-metal atom dimefd—4]. The photoassocia- Ep;. As in the one-color case, understanding the resulting
tion process employs a laser of angular frequenagyto  line shapes will prove essential in ferreting out detailed spec-
boost a pair of colliding atoms from their initial relative ki- troscopic information.
netic energyE to a molecular bound level with energy ~ Beyond spectroscopy, application of a second laser also
Ep,~E+%w,. Populating this bound level leads generally to affords opportunities for manipulating _slow atoms. A recent
spontaneous emission or other trap loss processes, whoREPPOsal suggests a means of producing translationally cold
rate versus laser detuning thus maps out the spectrum gfound-state molecules by the scheme depicted in Kig. 1
molecular vibrations. The observed line shapes represe |. Here the second bound level liapovethe first, in a

thermal averages over the distribution of trapped atom ene'rpolecular Rydberg potentiatl, in the sodium example of

. : Ref.[8]), which is expected to decay spontaneously into sev-
gies, which can be comparable to, or smaller than, natural . o
eral of the lowest-lying vibrational levels of th‘ég ground-

linewidths at the mK temperatures in magneto-optical T3P tate potential. In this case the second laser’'s detuning is
(MOTs). In addition, extremely low collision energies pro- iven byAZEEbz—ﬁ(w1+w2). Understanding the produc-
duce a suppression o_f scattering rates near threshold _in on of cold molecules in this scheme requires a simple in-
cordance with the Wigner threshold law. These Cons'derterpretive framework. Accordingly, we show in this paper

ations imply that the bound level's energy is not giveny,y, semianalytic line-shape formulas can serve both as in-

simply by the energy of the PA laser which produces thggrpretive tools and as guides for two-color manipulation of

maximum signal, but must be culled from a detailed treatvg|d atoms.

ment of the thermally averaged line shape. Such line shapes |n hoth experiments an incident pair of colliding atoms is

have been presented, and agree well with the shapes megansformed by a light-assisted collision process into one or

sured in high-resolution PA spectroscaj. more reaction productp, which we will consider as con-
Recently, steps have been taken to extend PA spectroinyum exit channels in the sense of scattering theory. We

copy to the two-color regime, employing a second laser otherefore model PA spectroscopy by computing rate coeffi-

angular frequencyn, to drive the dimer from bound level cients for the production op:

Ey,;, to a second bound levéd,,. A two-color experiment

has successfully determined the tripletwvave scattering K,(T,A;,A;,l4,15)

length of “Li [6], and similar experiments are underway in

o0

rubidium [7]. This type of experiment, depicted schemati- T 2

cally in Fig. 1(a), probes the high-lying bound states of the “\ kK ,20 21+ D)Spg(E1L AL A2, 1) %) @
3Eu+ ground-state potential=g) starting with spin polar-

ized alkali-metal atoms and passing through an intermediatelere |, refers to laser i's intensity, while

bound level of an excited potentiéhe b °S ;' potential in  E=#2k?/2u=uv?/2, v is the relative velocity angw the
Ref. [6]). Laser 1 is detuned by an amouki{=E;;— 7w, reduced mass of the colliding pal,, represents the scat-
relative to the excited levet,;, while laser 2 is detuned by tering matrix element for producing the prodyctfrom the
Ar,=E,,—fi(w;— wy) from Ep,. The experiment then con- initial ground stateg. The sum in Eq(1) is taken over all
partial waved, and is finally averaged over the distribution
of velocities in the trap, implied by the angular brackets.
*Electronic address: bohn@jilacg.colorado.edu This distribution has typically the Maxwell-Boltzmann form
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S-wave scattering. The expressi@® has been shown pre-
viously to agree with full close-coupling calculations in the
limit of weak laser lighf5].

We remark here that the semianalytic expressi®nal-
ready tells us something about controlling cold collisions.
First, the maximum diversion of flux into produpt is, of
course, achieved at the resonant endegyA ,, which is at
the experimenter’s disposal. Moreover, tiogal yield of the
product attains its maximum valuetslg|2= 1, precisely
when y = v4; that is, when the rate /% at which incident
flux flows into the resonant channel exactly matches the rate
v, /# at which the product is produced. This circumstance
enables the experimenter, in principle, to shut off flux back
into the incident channel altogether.

We begin our discussion of the two-color case by present-
ing the scattering probability for producing produymt from
the decay of bound levdd, in Fig. 1(a),

1S/ 2= (E=A2)%y17s
1 HE-AD(E-A) P+ (¥R AE-A) %

Potential Energy (arb.)

(€©)

The second laser thus splits a single scattering resonance into
a pair of peaks located near the energies

Potential Energy (arb.)

1 1
Ar=5(A1+A9) =5\ (A-42)%+40%07,  (4)

The widths y; and vy, are as defined above, while(),,
=V,(b,|b,) represents the molecular Rabi coupling, propor-
tional to the radiative coupliny, (defined analogously with
FIG. 1. Schematic alkali-metal atom potential curves for theyv,) and to the bound-bound Franck-Condon fact@ur
processes considered, along with the bound levels and the lasgbnyention differs from that of RéfL2], so that ), repre-
frequencies that move between them(a only levelb, candecay  gents the Rabi frequency for transferring amplitude between
by spontaneous emission, whereas(y, both bound levels may tne two bound statesThe energy shiftg4) will also be
decay.. We consider only isolated resonances, in particular ignorinﬁccompanied by additional shifts, as is generally the case for
hyperfine structure. bound levels embedded in a continu(i®). These shifts be-

) come more prominent at higher laser intensities, and do not
for a MOT, but will take other forms at temperatures near Oraftect our conclusions here. Notice that when the second
below the phase transition to Bose-Einstein condensation. |5ser is switched off settin§),,=0, we recover the one-

Referencg¢5] stressed that for sufficiently low laser inten- oy scattering profilg2).
sities, theone-colorscattering probability takes the pseudo-  \ye nave derived the two-color formul®) in the con-

Lorentzian form text of the generalized multichannel quantum defect theory
) ) ) (GMQDT) [10], which presents detailed scattering resonance
S1g(E.LALTD)*= y17s(ELID/I(E=A)*+(¥/2)°]. (2) shapes given a modest amount of input information on a
scattering process. This input consists of a short-range ‘“re-
Here the total widthy is the sum of two partial widths: action matrix,” which usually emerges from a full solution
¥s(E.l,11), representing stimulated emission back to theof the relevant coupled Schiimger equations, but in the
ground state, ang,, representing the decay width for spon- present context of weak laser intensity is given perturba-
taneous emission from levk). For weak laser light, Fermi's tively in terms of Franck-Condon factors. A full account of
golden rule determines the stimulated width bythe derivation of Eq(4) will be given separatelj11], along
ys(E,1,1;)=27V2|(bs|E,1)[?, involving the Franck-Condon with the accurate close-coupling calculations that exhibit
overlap between the energy-normalized incident widué) power broadening and energy shifts at higher laser intensi-
and the bound-state wave functifin ). The action of laser 1  ties.
is given by the radiative coupling matrix element The character of the pair of peaks is conveniently param-
V1(R)=(271,/c)¥d,(R), proportional to a molecular di- etrized by a mock anglg=tan [2hQ,/(A;—A,)], rep-
pole matrix elemend;(R), and typically expressed as a Rabi resenting the strength of the bound-bound Rabi coupling,
frequencyQ;=V,/h. Generallyd,; depends weakly on the normalized by theelative detuning. A value ofy near /2
internuclear distanc® for high-lying bound levels; we will means that\;~A,, i.e., that laser 2 is nearly resonant with
assume thatl; is constant in the following. Note that the the energy differenc&,,—E,,, yielding a scattering profile
Wigner threshold law is built into the squared-Franck-like that shown in Fig. @&). The dashed line represents the
Condon factor, which vanishes &"? near threshold for one-color scattering profile for a detuning /h=10 MHz of

Internuclear Separation (arb.)
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FIG. 3. Thermally averaged line shapes for a trap temperature
b of 1 mK, showing the Autler-Townes doublet. Heidg = 100 MHz
" T and ) ,,=20 MHz. In each casé w, is fixed near the energy dif-
0.04 } AL ‘ | ho ] ference AE=Ey;—E,, between the bound levels, anl; is
T\ ho, ho, 1 scanned. In the togbottom panel laser 2 is bluéred detuned
) {\L ho, | _L by 10 MHz, while in the middle panel, laser 2 is resonant with
] ‘ AE.
002 1 /" ".‘ """"" - ] but laser 2 has been detunedAg¢/h=25 MHz. In this far-
/i N\ E~4, i detuned case, the field-dressed picture is no longer the ap-
',/ propriate frame in which to view the scattering. Rather, the
. N J__ broad peak lies at a scattering enekyhat can be boosted
0.00 ~ - directly to levelE,; by 7 w,, as shown in the left-hand inset.
0 20 30 40 | . . .
The narrower peak, requiring a higher scattering energy in

Scattering Energy E/h (MH
g &Y (MHz) this example, is generated when the relative laser energy

FIG. 2. S-wave scattering profilelS;4(E)|? for cold atom scat-  7i(w;— ;) hits levelEy,, as shown in the right-hand inset;
tering in the presence of laser 1 aloiashed linesand both lasers  however, this two-photon process can proceed only by a vir-
(solid lines. In this examplep, stands for they =64 vibrational  tual excitation in the first step, rendering this peak narrow. In
level of theb 33 potential, andh, for thev = 10 vibrational level  fact, from Eq.(3) it follows that the width of the narrow peak
of the 33, ,+ ground-state potential, following Ref6]. In both (a) scales as t;%)( in this limit.
and (b), ;=100 MHz, A;/h=10 MHz, andQ3,=4.0 MHz. (3a) The scattering peaks are separated by a “dark spot,” i.e.,
shows the strongly field-dressed casg/h=10 MHz (x=/2),in g zero of scattering probability, whel=A,, arising from
which the one-color peak splits nearly in halb) shows a less  gestructive interference between the two scattering paths
strongly field-dressed casa,/h=25 MHz (y=~ —0.5). The inset —b,; —p; andg— by;— b,— b;—p,. This dark spot
energy-leyel diagrams iIIu'strate different ways of viewing the pairrepresents a form of two-color control of the scattering, en-
of scattering resonances in the two cases. abling the experimenter to shut off productionmf. Alter-

natively, tuning to either of the resonancesAat and meet-

laser 1, thus exhibiting a scattering peakEdh=10 Mhz. ing the rate matching conditiors= vy, will shut off the
The solid line gives the scattering profile in the presence obutput of channeg, just as in the one-color case.
both lasers, with laser 2's detuning set alsoAge/h=10 For sufficiently large splitting the twin-peaked structure
MHz. In this case the strong coupling between bound levelsvill survive thermal averaging and appear as an Autler-
produces a Rabi splitting, indicated schematically in the levelTownes doublef12]. To observe the doublet, laser 2 is fixed
diagrams of Fig. @&). For a fixed “probe” laser frequency on an energy at or near the energy differena&
w1, the colliding atoms see resonances at two distinct inci=Ey;—Ey, between the two bound levels, and laser 1 is
dent energieE=A. , indicated by the two insets. In the scanned to search for the pair of peaks. Detuning laser 1 for
field-dressed atom picture these two resonances represdixed #w, passes first one scattering peak, then the other,
roughly equal linear combinations of the two bound levelsthrough the thermal distribution of trapped atoms, yielding
yielding peaks of roughly equal width. Note, however, thattwo peaks in the trap loss spectrum. Three such spectra are
the peak closer to threshold is smaller, a by-product of theshown in Fig. 3, which assumes a trap temperature of 1 mK.
Wigner threshold law. The relative sizes of the peaks depend on the parameter
Figure 2b) shows instead an alternative case whereand are nearly equal whep~ /2, as in the center panel.
x~—0.5, representing a more perturbative regime in whichOtherwise laser 2's detuning determines which peak is
the one-color scattering profile is only slightly altered by larger. If laser 2 is tuneblue of the bound-bound transition
switching on laser 2. In this figur&, /h=10 MHz as before, (% w,>AE, which impliesA,>A;) the scattering probabil-
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ity exhibits a broader peak at lower energy and a narrowethe peak heights may serve as a diagnostic tool for deciding
peak at higher energy, as in the example shown in Rig.. 2 when laser 2 is on resonance between the two bound levels.
The larger Autler-Townes peak therefore lies at redder de- We turn now to the manipulation experiment of Figb)l
tuning of laser 1, as shown in the top panel of Fig. 3. /o  [8]. Now there are two productg, and p,, representing
detuning of laser 2, the reverse is true, as shown in the bospontaneous emissions from bound levielsand b,. The

tom panel. Asymmetries of the Autler-Townes peak heightgroduct of interest for producing ground-state molecules is
have in fact been observed by Abrah@b3]. Symmetry of  p,, whose scattering probability is given by

1S,42= 7275952
T IE=AD(E=AL) = v2()/AP+ [ y2(E—Ay)/2+ y(E—Ap)/2]*”

©)

where y= v+ v4, as in the one-color case. The resonancelhe first condition requires that both lasers be exactly on
positionsA .. here experience additional shifts governed byresonance with the unperturbed bound levels. The second
the termy,y/4, representing the influence of the additional condition represents a matching of rates, analogous to the
continuum p,. The scattering probabilities for producing conditionys= vy, required to setSlglzzl above. Again the
productp; and for elastic scattering are proportional to rate y/f for diverting incident flux into the resonant chan-
nels must equal the total rate at which these channels decay.

|S1g1%[(E—~A2)%+ ¥5/4]y17s. (6)  This total rate is a sum ob;’s decay ratey, /%, plus a

modified rate (2)1,/7v,)?y,/#% for the decay ofb,. This

and modification implies that, if the Rabi frequency)2, is less
|Sgg|zo<[(E—A+)(E—A_)— ol y1— v 412 than the decay rate,/#, the decay process has to wait for

b, to be populated before it can decay; the effective rate is
+[y2(E— A2+ (y1— v2)(E—A,)/2]?, (7)  thus smaller. Vice versa, if the Rabi frequency is much larger
) ) than the lifetime, leveb, is continually replenished, enhanc-
respectively, and have the same resonance denominator asjiy the observed rate.
Eq. (5). Whereas in the previous case the scattering probabil- '|f these conditions are met, the resonant scattering prob-
ity vanished whenE=A,, here the dark spot is merely gapjjity for producingp, becomes
“gray.” In this case flux is lost from leveb,, so the inter-
ference between the pathg—b;—p; and g—b;—b,
—b;—p; remains incomplete, anfB;4|? has a minimum |Sog(E=Emo)|2=4h%Q5/(4h2Q 5+ v175), (9
rather than a zero. This minimum actually vanishes as the
loss rate fromb, diminishes and the interference becomes
more Comp|ete_ S|m||ar|y, emission frob‘b never experi_ which can be made al’bitrarily close to Unity by inCI’eaSing
ences a dark spot. the power of laser 2by Eqg. (8) this requires also increasing
To direct the laser-assisted scattering process toward prébe power of laser orjelncreased laser power will of course
duction ofp, requires simultaneously minimizing the other bring about energy shifts and saturation effddts|, but we
scattering process¢§1g|2 and|Sgg|2 at a suitable scattering €Xpect the present results to proy|de usefu! guidelines for
energyE o, Which should lie within the thermal distribution €ontrol parameters, as well as for interpretation of the scat-
of atoms. This requirement is met by the following condi- €ring processes involved.
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