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Orbital alignment cross sections by stimulated emission probing:
The state-to-state Ca Rydberg process
Ca(4s17d 'D,)+Xe—Ca(4s18p 1P,)+Xe

Eileen M. Spain,® Mark J. Dalberth, Paul D. Kleiber,” and Stephen R. Leone®

Joint Institute for Laboratory Astrophysics, National Institute of Standards and Technology,

University of Colorado, Boulder, Colorado 80309 and the Department of Chemistry and Biochemistry,
University of Colorado, Boulder, Colorado 80309

Stefan S. Op de Beek and Jan P. J. Driessen
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(Received 10 January 1995; accepted 22 March 1995

The initial state alignment effect vs relative velocity is measured for a state-to-state Ca Rydberg
collisional energy transfer process. The stimulated emission detection method is used to determine
the alignment effect for then,I-changing transition: Ca@l7d 'D,)+Xe—Ca(4s18p P,)
+Xe+AE=-1.7 cm L. The rate of electronic energy transfer in this state-changing collision is
observed to vary with the direction of the Rydberg electron charge cloud relative to the collision
axis. Both the expected d@g3) and co$28) dependencies are observed. The alignment data are
analyzed to obtain the relative cross sections for the individuélDGh magnetic sublevels. The
values of them-sublevel cross sectiong:o'!:0*? are 1.13-0.02:1.110.02:0.83-0.02. Qualitative
interpretations of the relative cross sections in terms of both mole¢uar der Waals Born—
Oppenheimer potentials and the impulse approximation are presentd®9®American Institute

of Physics.

I. INTRODUCTION sions of Nand states scale as the geometric size of the
Rydberg level at lown, but decrease as becomes larger.
The large size of a Rydberg atom suggests that it wouldHowever, Na ns state collisional depopulation studies
undergq unique collision dyngmlcs since the outer electroBhowed that the Nrare-gas interaction was responsible for
and cation core may be considered as separate scatterers,i#n changing collision since no dependence onrhevel
first recognized by FerntiDepending on the Rydberg atom- (geometric cross section of the Rydberg statas found' A
collision partner interaction, the level of excitation in the study of Rbnp collisional quenching by rare gases con-
Rydberg atom, and the nature of the collisional process, thgjyded that the cross sections were not explained solely by
relative contributions of the electron-perturber and ioniCg|ectron/rare-gas or ionic core/rare-gas interactfd@encur-
core-pertyrber interactions may vary. This is because tuningant with these experiments, theoretical probes of these sys-
the principal quantum numben, of the Rydberg state can tems were developed that have relied mainly on a low energy
alter important dynamical parameters such as the electrogiectron scattering model which is formulated by the impulse
orbital velocity, period of electron orbit compared to colli- 555r6ximation plus free electron model. Here, it is assumed
sion time with the perturber, electron binding energy, densitya; the jonic core-perturber and electron-perturber interac-
of nearby Rydberg states, and the radial extent of the orbital,, are short range with respect to the mean distance be-

Experimental probes an'd theoreticgl models of such int?r?“ﬁveen the ionic core and the Rydberg electron. This assump-
tions have been the subject of considerable research a&'v'tyfion allows the ionic core-perturber interaction to be ignored

Most of this body of work has concentrated on understandln%md the Rydberg electron to be considered free. Qualitative

the scalar quant|.t|es of various coII|s!onaI processes. agreement between several theoretical studies and the experi-
Scalar experimental and theoretical studies of Rydber - : _
ental n-dependent-mixing cross sections was obtain®d.

atom rare-gas collisions are available in the I|terature._ Typ'_Both theory and experiment showed that the cross section for
cally, collisional depopulation cross sections for an initial

Rydberg level with a rare gas have been measured in CeEe increased as the geometric size of the Rydberg orbital

experiments. Many of these experiments investigated th Scales asi®) from n=>5 to 10. Fom=10, the cross section
' eveled off or decreased slightly. This trend in the magnitude

collisional removal ofns, np, andnd states in arl-mixing £ the |-mixi i i leads to th lusi
process, thought to occur by an impulsive Rydberg electron?’ 1€ !-MIXINg Cross section with feads 1o the conclusion

perturber interactior(i.e., low energy electron scattering that the interplay among the ionic core, Rydberg electron,

No final states were resolved. The ratesl ahixing colli- and perturber changésht lower n, the three participants act
together as a whole and tthemixing cross section scales as

the Rydberg geometric cross section. At higherit is the

a) i . . . .

L NSF Postdoctoral Fellow, Chemistry 1992-94. __electron-perturber interaction which dominates. Therefore,
Permanent address: Department of Physics, University of lowa, lowa Cltyth . i is | h h .
lowa 52242. e cross section scaling Is less than the geometric cross sec-

9Staff Member, Quantum Physics Division, NIST. tion. Alternatively, these observations were explained by
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Gallagheret al® and other® in a classical free electron

. . . ) . E[10%cm™
model. In this model, an increase in orbital perigsdales as [107em™]

n® and a decrease in Rydberg electron velo¢itgales as 'S, P, 11D,
n~1) will decrease the probability of the electron-perturber 5T 18 L "]
impulsive collision. Therefore, as increases, the perturber - Xe! An=17
has a greater chance of moving through the Rydberg orbital 4L 863 nm ™\
without en.counter!ng the Rydberg.electron, thus leading to a _5._395 n{ —
decrease in the-mixing cross section. 4

In the studies reported here, much more information 3+ 733 nm
about the angular mgmentqm mixing mechanism can be n=a / {1 672 nm
gleaned from the anisotropic behavior of the dynamical
event. To understand the anisotropic properties of a collision, 2 r / 305
a vector correlation experiment is needed, where the atom is
initially excited and alignedoriented with respect to the 1L 423 nm
collision axis. If the Rydberg atom is prepared in an aligned
(oriented state, then the spatial extent as well as the angular n=4
shape of the electron charge cloud can determine the scatter- ol
ing properties. 4sns 1 4snp! l4snd

We present results for then(]) state-changing collision
Qf a Rydbgrg calcium atom \1N|th Xe in a tWO'\{eCtor correla- FIG. 1. Schematic representation of the energy levels for a Rydberg colli-
tion experiment[Ca(4s17d “D,)—Ca(4s18p “P;)]. The  sion, where the final state is probed by the stimulated emiggiomed the
Na cell experiments cited above measured absolute crossmpmethod in this papgrThe subsequent fluorescence is measured as the
sections for collisional depopulation as a functiomofere, ~ initially aligned Rydberg orbital is rotated with respectug, .
relative cross sections for population transfer from individual
angular momentum levels of the initial state to a final state
are measured. We employ stimulated emission detection tSubsequent fluorescence from thes4dd state to the
probe the final state population, which is referred to as theéts4p P, state at 733 nm is collected by a fiber optic bundle
dump method. Other than selective field ionizalidBFI) coupled to a monochromator and photomultiplier tube
and the resonant collision of Rydbekgatoms!® we are not  (PMT). No signal was observed with He as the collision
aware of any state-to-state dynamical experiments of Rydpartner, whereas the interaction with Xe provides adequate
berg atom collisions. In the preceding papeyse of the signal to extract an alignment effect.
dump method is assessed. It is found that if the dump step is
chosen such that all final state magnetic sublevels are equally
dumped to an intermediate state, then a reliable two-vectdd. Ca(4s17d 'D,) preparation
correlation experiment is achieved. Interpretation of the re-
sults for the state-changing collision are discussed in terms,
of two theoretical models.

The 4s17d level is excited in a resonant two step exci-
on involving only singlet states 64— 4s4p—4s17d).
The angular wave function of the aligned state depends on
the relative angles of the individual laser polarizations. With
both laser polarizations parallé]]), the Cc4'D,) state is
A. Overview prepared with an angular wave functi¥g,, where the laser
olarization vectors serve as the quantization axis. When one
Yser polarization is set perpendicular to the oftjer), an
aligned state with wave functionY{_,—Y,,)/V2 is pre-
Ca4s17d 'D,)+Xe—Ca4s18p 'P,)+ Xe+AE pared. The probability density for thel=17d Hydrogenic
C 17 el @ wave function(|¥|?=|R,, Y| is shown in Fig. 2.

) Two collinear pulsed dye laser beams are used to excite
is investigated in a crossed beam experiment which is schehe initial state. Both dye lasers are pumped by a single
matically shown in Fig. 3 of Ref. 11. In the crossed beamNd:YAG laser so that both photons reach the scattering cen-
apparatus the Ca atoms emanating from an effusive oven ater simultaneously, which improves the stability in the initial
electronically excited by a two-step laser excitation schemestate population. The light emerging from the two dye lasers
displayed in Fig. 1. At the interaction region the Ca beam isare linearly polarized vertically with respect to the laboratory
crossed at 90° with a pulsed supersonic jet of Xe atoms. Thifame. The polarization is refined by propagation through a
configuration provides a well defined initial relative velocity Glan—Taylor prism. To prepare th&'{_;—Y,,;)/v2 angular
vector,v,. The relative velocity of the CaXe collision is  wave function, one laser is directed through a double Fresnel
82 meV (718 m/g. The reader is referred to previous rhomb to rotate the linear polarization by 90°. The two laser
publication$?*3for the details of the calcium effusive oven beams(423 and 396 niare combined by a beam splitter
and pulsed jet. Upon collision, population that transfers tdbefore the rotation by a second double Fresnel rhomb rotator.
the collisionally produced €18p P, level is stimulated This can introduce some degree of ellipticity to the polariza-
down to the 44d D, level with a third pulsed dye laser. tion because of differing amounts of retardation.

Il. EXPERIMENT

The collision induced near-resonant state-to-state ener
transfer process
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FIG. 2. Two-dimensional plot in bohr of the probability density

[W[2=|R,Y,m|? for the 17d level of hydrogen(a) Y, spherical harmonic ~ FIG. 3. Alignment data for the process Ca(4d 'D,)+Xe

prepared by two parallel polarized laseii®. (Y,_;— Y,,)/v2 spherical har-  —Ca(4s18p 'P;)+Xe+AE=-17 cm' by dumping the final

monic prepared by two perpendicular polarized lasers. Ca(4s18p lPl) state. The two preparation lasers are aligt@gbarallel and
(b) perpendicular. Error bars represent érror.

C. Stimulated emission detection . . . .
homebuilt pulse train stretcher in order to match the maxi-

The final 418p P, state is probed by simulated emis- mum input frequency of the computer expansion board
sion. This method of detecting the collisionally produced fi-counter. The pulse train stretcher counts the NIM pulses
nal state is described in detail in the preceding pab&  which arrive within an externally supplied time gate and out-
stimulate emission from the final $48p 'P,) state to the puts the counts as TTL wita 5 MHz frequency. This time
(4s4d 'D,) state, a wavelength of 863 nm is produced by agate is supplied by a pulse generator, triggered by the exci-
second Nd:YAG laser pumping a third pulsed dye laser. Theation laser pulse signal on a photodiode. The photon count-
dump laser pulse is passed through a Glan—Taylor prism ting gate is delayed 20 ns from the dump laser pulse and is 50
refine the linear polarization, which is vertical in the labora-ns wide, to maximize the ratio of collisionally produced pho-
tory or space-fixed frame, because a small percent of the dy@n counts to stray background counts. No direct fluores-
light is unpolarized amplified spontaneous emission. In thisence could be observed from the initially prepared
study, an elliptically polarized dump pulse is not required, a4s17d D, state. Therefore, to monitor the inititD, state,
described in the preceding paper. The linearly polarizedhe cascade fluorescence light collected by the second fiber
dump pulse is sufficient because it will stimulate emissionoptic bundle is selected at 672 nm with a band pass filter and
from all three of the ﬁnafPl state magnetic sublevels to the a second PMT. This PMT signal is gated 50 ns after the
intermediate'D, state. Fluorescence from th®, lower  preparation laser pulse with a 100 ns width. The PMT current
state at 733 nm is counted as a function of the angle that thig integrated by a boxcar and converted to counts by a
prepared angular wavefunction makes witf;, while the  voltage-to-frequency converter. The finad¥Bp data (after
dump laser polarization is fixed with respect to the fibersubtraction of background couitsre normalized to the
bundle collection optics. 4s17d initial state fluorescence, giving alignment data that

are proportional to the cross sectiof)3).

D. Signal processing

The 733 nm photons are counted to obtain the populal-”' RESULTS AND DISCUSSION

tion of the collisionally produced <l 8p state. Current from The cascade fluorescence from the dumped final state is
the PMT is amplified by 100 times and converted to a NIMcollected as a function of the ang®,, that the initial state
voltage. The NIM voltage is converted to a frequency by amakes with the initial relative velocity vectar,,. Figure 3
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TABLE I. Relative cross sections: Cag#7d)+Xe—Ca(4s18p) +Xe.

Relativem-sublevel cross sectiohs

Detection method Initial state polarization a° o o
Stimulated emission Parall€]]) 1.13+0.02 1.130.02 0.83-0.02
Stimulated emission Perpendiculgr—) 1.10+0.02

a/alues normalized to 2+1=5 for J=2.

displays the alignment curves for laser polarizations paralleBecause of the large density of states in the Rydberg series,
and perpendicular, respectively. Data were collected everfiowever, it is very difficult to do so. It also becomes quite
15° to resolve the fourfold structure. Approximately 30 difficult to interpret because the van der Waals interaction
alignment curves were averaged for the parallel and perperpotential is much greater than the 1.7 chsplitting between
dicular configurations. The error bars representttiestan-  the initial and final states. Nevertheless, it is clear from the
dard deviation of the mean in the points. As described in thenhanced values af° and o' that the asymptoti& andII
preceding papet. in order to extract dynamical information states are preferred in the entrance channel.

about the energy transfer process, the following expressionis The second analysis invokes the impulse approximation
used that relates the observed alignment curve to the fundin two frameworks: the free electron mo@&tand a time-

mentalm-sublevel cross sectioris'™): dependent perturbative approd€hn both frameworks, it is
2 assumed that the electron and the perturber interact impul-
T(Bre)=2 | 2 I d=2(Be)| o™, (2) sively at short range because the large Rydberg electron
m | m charge cloud is unperturbed by the localized rare gas projec-

tile until the moment of impact. Work is in progress to use
the free electron model to predict observable alignment ef-
fects in the Rydberg collisions of €aHel® Here the Ryd-

E)eerg electron and the cation core are considered as separate
Scatterers. The Rydberg electron/rare-gas perturber interac-
tion is assumed to be the most important, and the other in-
teractions are ignored. The state-changing process occurs
through electron scattering with the rare-gas atom. The scat-
tering amplitude for the state change is given by

wherem andm’ are the magnetic quantum numbers of the
initial state with respect to the initial relative velocity vector
and the preparation laser polarization, respectively. The soli
curves in the alignment data represent a nonlinear leas
squares fit to Eq(2). The relative values for thm-sublevel

cross sections'™ are extracted from the alignment curves
and are listed in Table I. The alignment data from the per
pendicular wave function yields no new information and
only uniquely determines thes! value, as noted

previously*?
The dynamical information of the collision is contained A Qe
in the relativec'™ cross sections. From Table I, we see that  nim—nt'm =47 Teiecrod Q)(n'I'm’[€¥[nIm),  (3)

the ¢ and o values are essentially equal in magnitude but

significantly larger than the? value. In other words, the

interaction between the,2 electron charge cloud and the Xe where fqeo{ Q) is the electron/rare-gas scattering ampli-
atom is more likely to produce thes48p final state in an tude and the'?"" is the momentum displacement operator.
end-on collision than in a side-on collision. Interpretation ofBasically, the magnitude of the overlap integral of the mo-
these results may be approached in several ways, and twoentum displaced initial state and the final state governs the
viewpoints are considered here. The first interpretation islignment effect.

based on molecular Born—Oppenheimer potential curves of Work is also in progress to use the time-dependent per-
the transient van der Waals diatomic formed during the colturbation method to predict alignment efféétbased on the
lision. The Born—Oppenheimer approximation may be validimpulsive collision between the Rydberg electron and the
at n=17 for the following reason. The root mean squarelocalized rare gas perturber. However, this approach takes a
velocity of then=17 Rydberg electron is about 1@m/s, different tack than the free electron modé& momentum
which is two orders of magnitude larger than the relativespace. The semiclassical approach in configuration space is
nuclear velocity of the Ca and Xe atoms, approximately 10based on a time-dependent perturbation method where the
cm/s. It is clear from the data that the initial asymptdiic potential,V(r), is a delta function at, the point in space
andII states corresponding @ and o are preferred for where the rare gas collides with the Rydberg electron. With
this state-changing collision. A recent semiclassical theoretithis assumption, the important quantity is the product of the
cal study* showed that the dependence of the initial orbitalinitial and final state wave functions at the point of impact.
alignment of the state-changing collision of a RydbergPreliminary results for Ca(@l7d D,)+Xe (where the
Na(np) atom with He can be large and quite sensitive to theelectron/Xe interaction is represented by the Fermi contact
collision velocity (Stueckelberg oscillationsUnfortunately,  potentiat’) show that the individuat'™ values vary signifi-
van der Waals potentials for thes#7d levels with Xe are  cantly with velocity of the nuclei. The® value is large over
not yet available. Lacking this information, the data can besome of that range and this result agrees well with our ex-
analyzed only by an intuitive picture of the curve crossingsperimental results. Although it is unclear how these theories
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