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Recent experimenf&. M. Spainet al,, J. Chem. Phy402, 24 (1995] discovered alignment effects in cross
sections for near-resonant energy-transfer collisions of Xe atoms with Ca Rydberg atoms at a single mean
relative velocity. A collaborative quantum-mechanical st{M¥ Isaacs and M. A. Morrison, Phys. Rev.55,

R9 (1998] confirmed these findings and discovered pronounced oscillations in the velocity dependence of
state-to-state cross sections. Collisions corresponding to tll}@o}YlSpm transitions in the Ca-He system are

here analyzed semiclassically. This analysis shows that the origin of these oscillations is a phase interference
process unique to Rydberg target states. We further demonstrate the importance of retaining the energy defect
and of using quantum-defect phase-shifted radial functions in calculations of alignment cross sections for
Rydberg states.
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[. INTRODUCTION tude and sign ofmg, i.e., p(—mg) # p(+my) (see, for ex-
ample, Ref[17] and references therginHere the magnetic
In conventional low-energy electron-atom scattering ex-quantum numbers refer to a quantization axis chosen parallel
periments, with the target gas in a cell or beam, atoms in ato the relative velocity of the projectile and target, i.e., the
initial stateny |, are uniformly distributed among magnetic collision axis. In this paper, we are concerned with collisions
sublevelsmy=—1,,...,+1,. These experiments determine involving aligned states, which can be prepared via absorp-
averages over initial and sums over final sublevels, such a#n induced by linearly polarized las€8,10].

the level-to-level integral cross section Nearly all experiments on collisions of projectile atoms
with aligned target atoms prepare the target ifowa-lying
1 lo ' excited statePrototypical are the experiments by Leone and

Tnglg—nl= 5] 31 20 Zf Onglome—nim- (1) collaborators on spin changing and fine-structure changing
0" =mg=-lg m=-I near-resonant energy-transfer collisions of calcium with vari-
ous nonreactive rare-gas atofds-11]. In these experiments,
Such experiments yield no information about the role of theone, two, or three linearly polarized lasers are used to excite
magnetic quantum numben in the scattering process. One Ca to low-lying alignedp, d, or f excited states, respectively;
cannot determine, for example, whether energy transfer ifor d andf states, the relative orientation of the electric field
one “m channel” (my—m) is more or less efficient than vectors of the lasers can be adjusted to produce initial states
another. Nor can one ascertain whether the interaction previth quite different spatial distributions of electron density.
serves or obliterates information about the initial distributionAlignment curves are obtained by varying the anglde-
of target states among magnetic sublevels. Such insights reneen the relative velocity and the electric field, of one
quire an initial state with aanisotropicdistribution of mag-  of the lasers. The variations of these cross sections @ith
netic sublevels. With the advent of pulsed lasers, the prepaignify alignment effects; the intensity of these variations
ration of such states became feasible, and studies fuantifies the strength of these effects. Experimentally, vary-
collisions involving laser-excited initial states of atoms be-ing B changes the admixture of magnetic substates in the
gan to proliferat1-11]. Alignment phenomena have gen- initial state, altering the “shape” of the electron probability
erated great interest because of the detailed insight they pretensity. Alignment phenomenon signal that, in effect, the
vide into fundamental mechanisms that influence thaarget “remembers” its initial alignment characteristics
dynamics and properties of colliding particleg2—16. through the collision. In addition to demonstrating such phe-
Two types of nonstatistical distributions can be realizednomena, data from these experiments has revealed the rela-
an aligned statein which the probabilityp(m,) of finding  tive efficiency of various pathways for energy transfer, dis-
an atom in subleveh, depends on the magnitude but not on tinguished by the magnitude of the initial magnetic quantum
the sign ofmg, i.e., p(—mg)=p(+mp), and anoriented  number[4,6].
statg in which the population depends on both the magni- These data have been interpreted in terms of “orbital
locking and following™” models, which are predicated on the
formation during the collision of a transient quasimolecular
*Electronic address: morrison@mail.nhn.ou.edu; electronic statg2,18,19. In this picture the orbital of the
www.nhn.ou.edu’ morrison excited electron temporarily couples to the internuclear axis
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of the quasimolecule within a few tens of bohr of the coor-tions at large relative velocitiggreater than a few thousand
dinate origin. Consequently, depending on the distance aneters per secondFinally, it elucidates the striking depen-
which the orbital “locks” and on the symmetry of the re- dence of these oscillations on the initial and final magnetic
sulting electronic state, cross sections may exhibit alignmerguantum numbers.

effects of varying degree. Theoretically, avoided crossings of Section Il summarizes key properties of alignment phe-
relevant potential-energy curves are invoked to determin@omena and defines relevant quantities. Our theoretical for-
which symmetry of the quasimolecular state is primarily re_mylatlon is described in Sec. Ill. Althoggh the emphasis in
sponsible for energy transfer. Except for the work of Hick-this paper is on the Ca—He cross sections in Sec. IVB, we
man on Ca—Xe collisiong20,21], applications of this model first present re;ults fdrmmng in Na—He collisions: in Sec.
have been rendered qualitative by the lack of accuraté’A We use this well-studied problerf29-32 to test our
potential-energy curves for systems of interest. Nevertheles{ormalism, its underlying approximations, and our numerical
analyses in terms of “orbital locking and following” theory pPlication. In Sec. IV we also show that two approxima-

have added significantly to our understanding of the dynamt-ions widely used in previous studies of conventional rare-
ics of energy transfef12,13. gas atom—Rydberg atom collisions—neglect of the energy

A quite different physical situation occurs if the initial defect and use of hydrogenic wave functions—produce seri-

state of the target atom is a Rydberg state. In this case, tf/S €rrors in alignment studies. Finally, Sec. V offers our
electron’s extremely diffuse probability density and the high-interpretation of the oscillations under discussion.

energy density of accessible bound states make problematic
a molecularfBorn—Oppenheimémescription of the dynam-

ics [22,23. Indeed, orbital locking theories predict that no

a!ignment_eﬁects will appear if the initiaI_ aligned state IS The preparation of an initially aligned state by a linearly
highly excited, for molecular bond formation is not an im- polarized laser introduces into the dynamics the direction of
portant collision mechanism. To explore this new physicakne electric fieldE, . (If more than one laser is used, e.g., to
realm, a joint experimental-theoretical investigation was ini- repare an aligned state, therE, is usually chosen as the
tiated, with measurements of alignment effects in thermagjectric field of the first laserThe subsequent collision de-
state-changing collisions involving aligned Ca Rydberg atfines a second direction, the initial relative velocitywhich
oms and rare-gas atoms by Leone and collabord®#28 s an axis of rotational symmetry for the collision. This vec-
and a dual theoretical program consisting of complementaryyy fyrther defines the axis of the collision frame. The
quantum[26,27] and semiclassical calculations. alignment-selected cross SeCtiOﬂ$0|o_>n|(,3;U) that are

The experimental and quantum-mechanical components . . . . Y
easured in the “two-vector correlation experiments” of

of this project recently reported the unexpected presence (ﬁ]eone and collaborators are near-resonant energy-transfer
pronounced alignment effects in cross sections for near- gy

resonant energy-transfer collisions of Xe with Rydberg calross sections for the transitiog | ,—nl as a function of the

atoms. Measurements by Spaital. [25] revealed unam- angle B betweenv andE, . A least-squares fit to these data

biguous alignment effects in cross sections for thel 17 yields magnetic sublevel cross sectiaﬁg‘O\(v). This cross

—.18p at a single mean relative velocity: e.g., a marked pref_sectlon is the sum over all final magnetic sublevels of the
te-to-state cross sections,

erence for end-on encounters when the Ca atom is preparé
in ad,2 state.

Quantum calculations by Isaacs and Morris(&6,27] [
conﬁ_rmed the_s_e results and, by gxploring a wide range of oMol (p)= 2 Unolomoanlm(v)- 2
relative velocities, uncovered oscillatory structures in cross m=—|
sections for this and other transitions in both Ca—Xe and
Ca—He collisions.The theoretical formulation used in the
guantal calculations explicitly precluded the formation of a
quasimolecular stateSo the origin of the alignment effects, duantum numbem. , » .
the oscillations, and their dependence on the initial and final 1he fundamental theoretical quantities for describing
magnetic quantum numbers of the electron remained H1€se collisions are the scattering amplitudi$<,nim
mystery. —Kg,nglgmg) for initial and final relative momentid , and

In the present paper we seek to resolve these mysteries §y @nd for all allowed initial and final magnetic substates
analyzing alignment effects in near-resonant Ca—He collidndm. In the collision frame,Athh the axis coincident with
sions using the semiclassical impact parameter metgd. the initial relative velocity, K=(6,¢) are the scattering
preliminary account of this paper has appeared in R&].)  angles. From these amplitudes from the scattering matrix
Our theoretical formulation allows easy identification of as-in the collision fram¢ one can compute the magnetic
pects of the system that are crucial to the observed featuresiblevel cross sections™l(v).

(e.g., the role of the energy defect and the phase shift in the These cross sections are independent of the sigmgof
electron’s radial functions due to quantum defectdore-  because of reflection symmetry in the scattering plane
over it leads to an explanation of the aforementioned oscilformed byK, andK. They are related to alignment-selected
lations as due to an interference process unique to Rydbeigjoss sections by the diagonal elements of the density matrix
target states. It explains the disappearance of these oscilléer the initial state,

Il. ALIGNMENT EFFECTS

One such cross section is obtained for each initial magnetic
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lo z
Tngigni(Biv)= 2 pe?  (B)a™l(v).  (3)
mo=—lg (Y p

The density-matrix elememif]'qg),mo(,@), appropriately nor- T

malized[17], is the probability for finding the Rydberg elec-
tron in a state with quantum numbdgsandm,. For a pure
state, this element is given by the reduced Wigner matrix

element,p(|mol) =y (8)=d}%, (B). Equation(3) ef-

mo,
fectively deconstructs the alignment cross section into “ki-

nematic quantities’bgg)’mo(ﬁ), which fully account for the

alignment properties of the particular initial state, and “dy-
namical quantities,” the magnetic sublevel cross sections
olml. Absent alignment effects, the latter cross sections are
independent ofmy|, and the sum in Eq3) is independent
of B. So the extent to which each cross seciidfl(v) de-
pends orjmy| at a particular relative velocity is a measure
of the strength of the alignment effect at that velocity; if these FIG. 1. Geometry and coordinates for semiclassical description
Cross sections are independent|n‘5|, then no such effects of collisions of a rare-gas atom by a Rydberg electron in the colli-
are present and the collision has obliterated all information sion frame.
concerning the initial alignment of the Rydberg elect{éh
Thus the magnetic sublevel cross sections fully describe R(t)=betvte,, (4)
alignment phenomena; they are the data we present in Sec.
IV B. where we have exploited the axial symmetry of the collision
to choose a trajectory that intersects thexis (with unit
IIl. THEORY OF STATE-TO-STATE CROSS SECTIONS vectore,) at b. We describe the interaction of the rare-gas
projectile with the Rydberg electron as a binary encounter
To calculate eithet-mixing or magnetic sublevel cross represented by a point contact potential discussed below. We
sections we require amplitudes for the state-to-state transgescribe the quantum states of the Rydberg electron as sta-
tions ag=(NnglgMg) — a=(nlm) for all magnetic quantum tionary angular momentum eigenstates labeled by quantum
numbersm, andm allowed by the orbital angular momenta numbersn, |, and m. Within this model we calculate final-
I, andl of the excitation §ylg)—(nl). As our theoretical state transitions amplitudes numerically using first-order
treatment is the same for both types of cross sections, weéme-dependent perturbation thed87—44Q.
here describe this common methodology, leaving details of The semiclassical impact parameter method has a long,
particular scattering quantities to the relevant subsections isuccessful history in research on atomic collisions in general
Sec. IV. [35] and Rydberg atom-rare-gas collisions in particular
Figure 1 shows the geometry of the collision and relevan{20,23. Of particular relevance to the present study is the
variables. The collision frame is defined by its origin—the semiclassical analysis of inelastig | changing and quasi-
nucleus of the Cacore—and it axis (with unit vectore,), elastic I-mixing collisions of rare-gas projectiles with
which is parallel to the initial relative velocity. We adopt Rydberg-atom targets by Lebedev and Fabria] (see
the “quasifree-electron model[22,33,34 in which the core also Sec. 4.3 and 6.3 of Rd#1] and references thergin
functions as a “spectator,” a point particle that does notThese authors combined the impact-parameter method with
participate in the collision. Rather, its role is to support thenormalized perturbation theory to derive elegant analytic ex-
initial and final states of the Rydberg electron. In the colli- pressions and simple scaling formulas for the probabilities
sion frame, then, the relative velocity reduces to the projecand cross sections for such collisions.
tile velocity. The system wave function depends on the spa- Treating the relative motion of the rare-gas projectile and
tial variablesr of the Rydberg electron and on those of thethe atomic core classically is a good approximation provided
rare-gas projectileR. In the semiclassical approximation, the de Broglie wavelength associated with this motion is
however, the latter variables are treated classicallyRas small compare to the size of the target atph2]. This re-
=R(t). So the system wave function reduces to the Rydbergjuirement is easily met for collisions of interest here; the
electron wave function and thus depends only ofihe evo-  radius of the Rydberg atom is huge, and the projectile-core
lution of the system is described by a set of coupledsystem has a large reduced mass and thus a small de Broglie
Schralinger—Hamilton equations. wavelength.
For the collisions considered here, the inelasticity is very In our investigations the projectile is helium. Because the
small compared to the relative kinetic energy. So the classifirst excitation threshold of Hé&~20 eV) is well above the
cal trajectory of relative motion should be quite undisturbedbinding energies of the Rydberg electron, and the polariz-
and well approximated as rectilind&@5,36. Identifyingbas  ability of He (0.2501 &) is small[43], we treat this projec-
the impact parameter of the projectile, we write tile as a structureless point mass. Since the Rydberg electron

R()

He
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is distributed over a large volume of space and its probability (21+1) (I—m)!
density is correspondingly small, the electron—He interaction Nim=(=1)" .
) ; ’ L . . 47 (I+m)!
is weak and acutely nonadiabatic, consisting primarily of an
impulse from the projectile to the electron. We model this
interaction using the Fermi contact potential The radial function can either be approximated analytically
as hydrogenid48], calculated in the JWKB approximation
[36], or computed numerically in the Coulomb approxima-
)5(f—R), (5 tion [49,50. The latter approach, used here and described
below, introduces a phase shift in each radial function from

where A=1.1%, is the electron-He scattering length its pure hydrogenic form, the amount of the shiﬁ being the
[44,45. Originally introduced by Fermi in studies of pres- quantum defect for the state. This approach thus incorporates

sure shifts in the spectra of alkali Rydberg atoms perturbe§Semiempirically the effects of the core electrons on the ini-

by rare buffer gasei83], this model has been widely used in tial and final states of the Rydberg electron—inclusion of

subsequent research on Rydberg atom-rare-gas collisiofdhich is esseptial to alignment p_henomff;ﬂae Sec. IV@‘
The evolution of the system is described by the Sehro

[20,23. For rare-gas perturbers heavier than helium, effects ,

arising from the perturbation of the projectile’s ground-statedinger equation

electron density by the Rydberg target electron become im-

portant. Lebedev and FabrikafiB6] have shown how to . -

modify the simple scattering length approximation used here, i E‘P(r’t):H(t)\P(r't) (10)

according to which the electron-rare-gas scattering amplitude

equals—A, to accommodate these effects. . . .
We expand the semiclassical wave function of the Ryd-2nd the rectilinear trajectorR(t) of Eq. (4). The Hamil-

berg electron in a basis of bound states as tonianH(t) is the sum of the Rydberg electron Hamiltonian

and the Fermi potentigb). Upon inserting the expansidf)

into Eq. (10), we obtain the usual initial value problem

(€)

hZ

\7(t)=27rA<m—e

W(r,0)=2, a,(t)g,(r)e 'tk

d i , .
- _ Aet/h
wherea,(t) is a transition amplitude ang,, is the quantum- aaa(t)_ A 2, 8qr(t)€ ($a VO[Par), (1D
defect shifted energy in atomic uniteartreg “

1 where we note that the transition amplitudegt) are intrin-
T 26,02 (7) sically collision frame qua.mtities.. _The energy d_gfeﬁbt
! =¢€, |1 — €, embodies the inelasticity of the transition. Us-
ing the Fermi potentia(5) to evaluate the coupling matrix
8lements transforms these equations to

€nl—

For the Rydberg states of Ca considered here, the quantu
defects 5, are d;74=0.9043 andég,=1.8721. For colli-
sions with Rydberg atoms, this expansion is more appropri- q .
ate than one in quasimolecular states, which yields a compli- _ . iAet/h
cated set of 2oupled equations and re(;/uires accurgte &aa(t)——ZmA(E ; 3 (D[ R(D],
potential-energy curves. For collisions in which the target (12)
atom is not in a Rydberg state, however, an expansion in
quasimolecular states would be suitapl,47); in such a
collision the target is more “opaque,” i.e., its interaction
with the projectile is stronger, in part due to increased target
electron density. Por a1 =70, (1) (1) (13
Neglecting spin-orbit and spin-spin interactions renders
thg R_ydberg .ator'n core spherlgally _symmetrlc, anq we can, o1 ated at =
write its Hamiltonian eigenfunctions in terms of radial func-
tionsuy(r) as

where we have introduced thiensition density

R(t). The variation of the transition ampli-
tudesa,(t) with time quantifies the effect on the Rydberg
electron of the passage of the He atom through regions of
varying initial- and final-state electron density. This interpre-
Po(r)= %u”'(r)\ﬁm( 0,0). (89  tation becomes key to understanding the oscillations in the
resulting cross sections, as discussed in Sec. IV B. State-to-
state cross sections are calculated from these amplitudes in
Here Y,,(6,¢) is a spherical harmonif48] whose axis of thet—o limit.

quantization is the axis of the collision frame The principal maximum of the Rydberg electron radial
_ function increases with roughly asn?. The resulting highly
Yim(6,¢)=NimP|™(cos6)e™, (8b)  diffuse electron density in the initial and final states suggests
evaluating the transition amplitudes via time-dependent per-
with normalization constant turbation theory. To first order, the solutions of Ef2) are
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2m7AR
me

h 21 (= (=
aa(t—>+oo)=aa(t—>—oo)—i(2wA)(E) Paoﬂa(v;b)=( ) U—zﬁwﬁx expiAe(z—2z)(fv)

XE aa’(t*)_oo)j eiAEt/ﬁPara[R(t)]dt. xPa,aO(Zib)Pa,aO(z !b)dZdz! (193)
‘ we have used the fact that the transition denglfy) is real
and independent of the azimuthal angleThe sine functions

. _ _in the phase of the integrand average to zero upon integration
To evaluate these amplitudes, we change the variable of irgver z andz’, leaving

tegration fromt to z Using cylindrical coordinates
477Aﬁ)zlf°°fx Ae ,
m. A oco hv(z z")

(14)

[b,¢,z(t)], with z(t)=vt, and introducing the radial func-
tion via Eq. (8a and the associated Legendre polynomial Pao—m(vib)
P|m|(cos¢9) in the spherical harmoni¢8b), we obtain the

explicit form XPa,ao(z,b)Pa,%(z’,b)dz dZ, (19b
AnA [ & where we have invoked the symmetry of the transition den-
a,(t—>+ow)=a, (t——o)—i 5 (H) sity with respect to thety plane of the collision frame. Note
€ that in the integrand, the argument of the cosine contains the
' —m) only dependence on the relative velocity and the energy de-
XZ g/ (t——2)NiyNp € ¢ fect A¢, and the transition densities contain the only depen-
« dence on the initial and final magnetic quantum numbers.
“ ol 2 o[ In practice, evaluation of the state-to-state cross sections
XJ Pi" (—) " (ﬁ)Um(R) is made much more efficient by writing the transition prob-
0 ability Eq. (19b) in terms of Fourier transforms of the tran-
XUy (R)JI(Zv,A€)dz, (15)  sition density, namely,
27AR\2 1
whereR?=z2+b?. The function Paoﬁa(vib)=4( 7r-‘rn ) S[Foav:b)?, (209
e v
. _|cos[Ae ' ;| EVEn where F,. (v;b) is the Fourier sine or cosine transform
‘](Z’U’Ae)z[sirj(ﬁz) for [+1"+|m|+|m |: odd
*(sin|[Ae
(16) . :f sin| (Ae ,
Faral0i0)= | | cod| 7y 2| Paral20)d2
embodies the symmetry under inversion of the transition am-

even
odd’

plitudes.

We evaluate the integral in Eq15) using an adaptive
Simpson’s rule algorithm. The maximum valuez deter-
mined from the radius that contains 0.9999 of the electronhis step reduces evaluating the transition probability to a
probability. To determine our error tolerance we checkedsingle integral over the rare-gas trajectory and shows that
known quantities such as hydrogenic radial expectation valthis quantity is positive definite.

for I+I’+|m|+|m’|[ (20b)

ues. The above expressions for the state-to-state transition
We then obtain state-to-state cross sections by integratingrobability and for the corresponding cross section assume
the transition probability that only one manifold is populated in a pure state. Similar
formulas will result if two or mord manifolds are populated
R 2 incoherently. But if these manifolds are in a coherent super-
Paoﬂa(v’b)_ |@a(t—+c0)] (17) position, thgn our expressions must be modified to aIIowpfor
interference.
over the unobserved variablesand ¢: To conclude this section, we note two important differ-

ences between this formulation and those of prior applica-
® tions of the semiclassical impact parameter method to Ryd-
aaoﬁa(v)=27-rJ’ P%Ha(v;b)b db. (18 berg atom-rare gas collisions. In their studied afixing in
0 sodium Rydberg atoms, Gerst¢B7] and Derouard and
Lombardi[39] assumed that the energy deféat was neg-
We also evaluate this integral using Simpson’s rule, findindigible. Equation(14) shows that this assumption yields a
that a step size in impact parameterAdf=0.1a, gives ex- larger cross section than if the defect is included properly.
cellent convergence. For I-mixing cross sections in Na neglect of the energy de-
For purposes of interpretation, it is useful to write thefect is not seriougsee Sec. IV A But Ae must not be set to
transition probability(17) in terms of the transition density zero in calculations of magnetic sublevel cross sections for
(13) expressed in cylindrical coordinates: alignment studiegsee also Ref[36]). As we shall demon-
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strate in Sec. IV B, the energy defect plays a crucial role in )
explaining the oscillatory behavior of magnetic sublevel a0  « Ca-He 174->18p
cross sections. This point is evident from Ef9b); in the
limit that the argument of the exponential vanishes, the tran- 1
sition probability and therefore the state-to-state cross secy 100 ™
tion exhibit a simple inverse square dependence on velocity s
The second difference concerns our choice of the axis o' §
spatial quantization. Using the axis, as in the collision
frame adopted here, yields symmetry properties that provide
insight and simplify cross section calculations. For example, ® |
in the limit where Ae/v—0, only transitions for which
+m+1'+m’ is even(or zerg are allowed. Although this
approximate symmetry is broken when the limit is not at- s
tained, it does explain the high-energy behavior of the state ! I !

S§ sectio

cro.

to-state cross sections calculated using the quantum  se0 900 1300 1760
mechanical impulse approximati$86,27. relative velocity (m/s)

Third, many prior studies of Rydberg-atom rare-gas scat- i _ _ N
tering approximate the radial functiom, (r) by those of FIG. 2. Partial magnetic cross sections fod+718p transitions

atomic_hydrogen in the pure-Coulomb approximation. Forjn Ca—He collisions. The present semiclassical reqplnty are

) o . : : .compared to the quantum mechanical cross sections of Isaacs and
rare-gas collisions with aligned Rydberg atoms, this approxiy, e on [27] (lines) for |mg|=0 (solid line and closed circles1

mation grossly underestimates state-to-state cross sectingn dash line and open triangleand 2(short dash line and open
and misrepresents the alignment effesse Sec. IVB To squgres P g P

some extent, this failure results from the comparatively large
guantum defects for the states of Ca of interest. The hydr
genic approximation is adequate for studiesl afixing in
sodium.

%o compare with measured data, this cross section must be
averaged over the Maxwell-Boltzmann distribution of rela-
tive velocities appropriate to the gas temperaflire

(I mix) 2
IV. RESULTS AND DISCUSSION ) (Tnyi, (0)V) _ ot ), (23
We begin in Sec. IV A witH-mixing collisions of He with oo (v) 2kgT ~Morlo

Na Rydberg atoms. We do so to validate our model, to verify

our numerical procedures and codes, and to explore values Bfhere u is the reduced mas8.40 for Na-Heg) andkg is

the principal quantum number of the Rydberg electron at Boltzmann’s constant. Here we have adopted the approxi-

which the binary encounter mechanism is valid. We therimate form of Derouard and Lombarf89]. The conditions

turn to alignment phenomena in Ca—He collisions in Secfor validity of this form are well-satisfied for the procel@y)

IV B. because the quantum defects forl states of Na are small
[56]. Note, however, that unlike Derouard and Lomarbdi,
who were primarily interested in more highly excited states

A. Angular momentum mixing processes for which Ae is quite small, we do not set the energy defect
Gallagher and co-workef{®1-55 performed a series of 10 zero.

experiments in which rare buffer gases were introduced into Several theoretical papers have addressed this phenom-

a cell of alkali atoms in an excited configuratiol, at ~ enon [29,31,36,37,39,40,57-%9 Gersten [37], using a

absolute temperatufé They observed a lengthening of the model based on the semiclassical impact parameter method

lifetime of the excited atoms, which they attributed to With a quasifree-electron interaction between the rare-gas
collision-induced transitions to configurations with same ~ and the Na target, reported results fy=4-7. Gersten ne-

but differentl,. Studying the process glected the energy defects and, because the assumptions of
his model are invalid at small atomic radii fop=<10, used a
Na(nyd) +He—Na(ngl) +He (1>2) (21 hard collision approximation for projectile impact param-

eters less than a critical valug,. In semiclassical time-
dependent perturbation theory, the contribution to the inte-
gral in EqQ.(18) over impact parametdy from small impact
parameters tends to overestimate the transition probability.

for values ofn, from 5 to 15, they found that fany<10, the

I-mixing cross sectionr{ "™(v) increases wittn, as nj,
0''0

while beyannoz 10 this cross sgction declines. However, the agreement in Fig. 2 between quantal and semi-
The I-mixing cross section is just the sum overlo of  classical cross sections at all but the lowest relative velocities
the level-to-level cross sections of EQ), suggests that in the present application this effect may be

negligible except at these low velocities. Gersi8id| pro-
posed correcting for this overestimation, a consequence of
gg “TDO(U): 2 On 1 —na(V). (22)  the increased coupling at small impact parameter between
00 =T, 000 the initial and final target Rydberg states, by setting the tran-
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TABLE . Cross sections for mixing in units of 1000 A. the binary encounter approximation succeed, the interaction
of the Rydberg atom with the rare-gas projectile being such
Level Theory Theory (present Experiment that a quasifree interaction model adequately describes the
6D 8.94 0.387) collision. In general, the onset of this highregime will
9D 515 4.42 1.000) depend on the nature of the Rydberg atéis quantum de-

fects and the importance of configuration interactiand on

1(1)3 2'(9)2 2'2(1) iISE)ZO) the .extent tq which th@T internal structurg pf the .p(ojectile

' ' ‘ participates in the collision. Our study bmixing collisions

12D 2.31 225 1.680) of He with excited Na atoms confirms that fop>10 and
13D 1.93 184 1.680) absent significant configuration interaction, one may confi-
14D 1.59 151 1.320 dently model collisions of Rydberg species with He using the
*Deouard and LombardB9]. bina}ry encounter appro'ximation with a Fermi contact poten-
bGallagheret al. [51,53. tial interaction and solving the scattering equations via first-

order perturbation theory.

sition probability at some valule, equal to an arbitrary con-
stant; Lebedev and Fabrika6] have discussed this strata- B. Alignment and oscillations in Ca-He collisions

gem and applied it to studies of heavy-rare-gas atom rigyre 2 shows quantum and semiclassical magnetic sub-
collisions with Rydberg Rb atomsee also Sec. 6.2 of Ref. |oyel cross sectione‘m0|(v) for the 17— 18p transition in

[41]). Because the choice of this constant is ambiguous anga_e scattering. The results of the present calculations

because the comparison in Fig. 2 show that the existence angh ee very well with those of the fully quantum-mechanical
characteristics of the oscillations in the present state-to-stagﬁlpmse approximatior27], even at relative velocities as
cross sections do not hinge on this point, we have notimpler,y, as several hundred m/s. Both theories predict significant

mented this correction. alignment effects over the entire velocity range, the relative
Derouard and Lombardi39] followed a methodology efficiency of a particulaim,| channel depending signifi-

similar to Gersten but did not invoke the hard collision aP-cantly on velocity. For these channel€, manifests the most
proximation. Becguse they neglect energy defe_cts, thellr Crossionounced oscillations, with peaks spaced as. The os-
sections depend inversely on the square ofheir velocity  gjjations in ot are equally evident, although their peaks are
averaged-mixing cross sections witimg=8-14 began 10 g6 widely spaced than those af. In sharp contrasty?
agree with experiment at abou@=410. They also were able gpqyy5 no oscillations, varying smoothly with velocity: for
to fit their cross sections to am; dependence, consistent largev, this variation conforms to the 2 prediction of Eq.
with experimental findings. (199.

Table | compares our velocity-averagédnixing cross Figure 3 deconstructs these magnetic sublevel cross sec-
sections with those of Derouard and Lombardi and with thgjons into their state-to-state constituents. For clarity, these
experimental data of Gallaghet al. All results correspond  4re separated into groups according to the initial magnetic
to T=430K. Unlike the data, neither theoretical result quantum numbefm,|. Symmetry with respect to inversion
shows an initial increase withy. Our cross sections, which through the origin and reflection through the azimuthxa)
include the energy defect, are smaller than those of Derouarﬂane, imply, in the semiclassical theory, that cross sections

and_Lombarldi,.Who §eieto zero. The effect of this approxi- oy my—m andmy— —m are equal. In the quantum theory,
mation onEﬁO']";)(v) is far less important than on the Ca-He this symmetry is formally approximate; for this system, how-
alignment cross sections of Sec. IV[Bor purposes of direct ever, it holds to graphical accuraf6,27. In both theories,
comparison, we also computédnixing cross sections in the cross sections fomy—m and for —my— —m are equal.
zero-defect approximation. For 10D and 11D, respectivelyHence we show only non-negative valueswf andm. Fig-
we found the valuegin units of 1000 &) 3.84 and 2.98, ure 3 highlights the dependence of the oscillationgifol
respectively, in good agreement with those of Derouard andn the initial quantum numbém,| and shows that for cases
Lombardi] Moreover, the effect of the energy defect dimin- where o/™! does oscillate, these structures arise from all
ishes very slowly with increasingg, roughly asn,*. contributing state-to-state cross sections. We further see that
The failure of both theories fony< 10 reflects the quite asv increases, the variation with velocity of all state-to-state
different physical mechanisms at work in collisions with across sections reduces to the? dependence expected from
target in a low-lying excited state, as opposed to one in &d. (19b).
Rydberg state. Belowny=10, the Na target is relatively The vital role of the energy defedte for the oscillations
opaque to He. The electron density of its excitgdlence s illustrated by the comparisons in Fig. 4 of magnetic sub-
electron is sufficiently large that first-order perturbationlevel cross sections from semiclassical calculations wigh
theory and the binary encounter approximation fails. Here ar-1.69 cni', the value for the 1d@— 18p transition in Ca, to
approach that models the transient complex formed by théhose withA e=0. (See Ref[36] for an example of the sig-
system, such as expansion in quasimolecular electronic statagicance of the energy defect far, I-changing and quasi-
[46], appears necessary. elastic rare-gas atom Rydberg-atom collisipriBhe zero-
Above ny=10, however, the valence electron density be-defect results manifest the familiar 2 dependence at all
comes sufficiently Rydberg-like that perturbation theory andvelocities. TheA e>0 results, however, show this behavior
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=50 ~ 100
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20 T 4
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1000 1500 2000 2500 3000 600 1000 1400 1800
(a) v (m/s) v (m/s)
30 FIG. 4. Partial cross sections ford# 18p transitions in Ca-He
40 m=1 collisions calculated with energy defedte=1.69cm? (curves
- and in the zero-defect approximati¢symbolg for |my|=0 (solid
2 30 curve, 1 (long-dash curve and 2(short-dash curvye
3 -
—'?b 20 \ TN T potentialV(r)=Z./r, whereZ.=Z—N+1 with Z andN the
10 o7 nuclear charge and number of electrons, respectively. The
radial Schrdinger equation is solved using the quantum-
defect shifted energy of Eq7). Since this energy is not an
) 1000 1500( 12(;00 200 3000 eigenvalue of the pure-Coulomb Hamiltonian, radial func-
v(m/s

tions that decay asymptoticallyr ) blow up asr—0
unless they are cutoff at some radiyscomparable to the
size of the atom. We choosg, to be the inner classical
turning point. For a Rydberg state, the spatial extent of the
radial function is so great that the regior<®@<r is negli-
gible. (For the states of Ca considered hergs 3a,, while
the mean radii of these states is approximatelyagO00Fol-
lowing Bates and Damgaafd9], we calculate radial func-
tions from a truncated series approximation to the asymptoti-
cally decaying radial function. The most evident difference
between the Bates—Damgaard radial functions and hydro-
genic functions is a shift in their phase; we therefore refer to
them as quantum-defect phase shifted radial functions.
Figure 5 compares magnetic sublevel cross sections cal-
with various initial magnetic quantum numbels,|: (uppey 0  culated with these quantum-defect phase shifted radial func-
—0 and 0-1, (middle) 1—0 and 1-1, and(lower) 2—0 and  tions[49] to values obtained using hydrogenic functions. The
2—1. The solid lines corresponds to final magnetic quantum numimagnitudes of the hydrogenic cross sections are consistently
berm=0 and the dash lines tm=1. below values obtained using phase shifted radial functions.
And, although the hydrogenic cross sections do predict os-

1000 1500 2000 2500 3000
(c) v(m/s)

FIG. 3. State-to-state cross sections fod4¥18p transitions

only asv—c, a limit that the cosine factor in Eq19b)
shows to be equivalent the—0. 120
Semiclassical and quantal calculations for thel- 2322 f
transition (not shown, for which the energy defect is 0.28 100
cm 1, confirm this dependence ahe. For this transition, 80
none of the magnetic sublevel cross sections exhibit oscilla- €0
tions for 500<v <3000 m/s. Alignment effects do, however,
appear forv=1000m/s, whereo? exceedso® and o?, 40
which are of comparable magnitude. 20
Almost as important as including the correct energy de-
fect is properly accounting for the shift in phase of the radial
function due to the corey,(r) of Eq.(8a). Many prior stud-
ies of rare-gas collisions with Rydberg atoms have approxi-
mated these functions by analytic hydrogenic forms. We F|G. 5. Partial cross sections ford# 18p transitions in Ca-He
have found this to be a very poor approximation for align-collisions calculated with quantum-defect phase-shifted radial func-
ment effects in Ca-He cross sections. tions (thick curves and with hydrogenic radial functiorithin
In the Coulomb approximatiofb0], the potential energy curves for |mg|=0 (solid curve$, 1 (long-dash curves and 2
of the Rydberg electron is replaced by the pure Coulomkshort-dash curves

o™l (au.)

600 1000 1400 1800
v (m/s)
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FIG. 7. Radial factorsi;74(r)ug(r) in atomic units for along
the rare-gas atom trajectory.

e
M

product u,7q(R)u1g,(R), which appears in the transition

redial function (a.u.)
& )
£

0.02 density factors in Eq(19b), identify certain regions of space
i where Rydberg electron probabilities are higher than in ad-
004 jacent regions. Figure 7 shows the resulting structnréne
006 Quantum defect phase shified radial product for the 1#—18p transition densities along
rare-gas atom trajectorieg(t) for contributing impact
0.08 ‘ , ; ; parametersb. For each transitionmy—m, this radial

0 200 400 600 860 ' ,
() r bokr) product is modulated by a different angular factor

P‘zm"'(cosa)P'{“‘(cosa), where along a trajectory c@s-z/R.
FIG. 6. Radial functions for the 7 (solid curve$ and 1&

\ ) _For the 0—0 case, for example, the resulting transition den-
(dash curvesstates of Ca as calculated in the hydrogenic approxi-

ity manifests the rich lan f ks and vall nin
mation (upped and using the quantum defects of Qawer). Sy ests the rich landscape of peaks and valleys see

the density plots in parta) of Fig. 8. An incident rare-gas
cillatory alignment effects, these predictions are qualitativelyﬁtggﬁ'n filggjcs‘ee\t/ﬁéatlr:g;{;g; rggi)}nlzslong its trajectory where
) X AT 0

incorrect over much of the velocity range studied, in some The phase of the cosine function in Ea9b) is crucial to

Egiis Flgcr:cg)r(zcr:rt]lyl edejtlg;ba;'lﬂgl%% cr);(/j: rﬂ?é g;izg SC é:’%nseﬁw_e probability that such a transition will actually occur. For

calcdlated usingp h),/drogenic functions ,Iies betwesnand fixed velocityv, the integrand in this equation will contrib-

2, whereas the more accurat8 calculated with quantum- ute significantly to the transition prc.)bablllty-only for values
; w8f zandz' such that(a) the separatioz—z’' is an integral

defect phase shifted functions clearly exceeds these t multiple of the wavelength 2A e/Av, and(b) the transition

cross sections. ' ) .
The reason for this sensitivity is evident from the com—denSIty factors,,(z,b) andP,4(z',b) are appreciablat

parison of hydrogenic and quantum-defect phase shifted raP—Oth _z_and z. One_ can under_stand the vari_ation vatiof th_e

dial functions in Fig. 6. The hydrogenic functions show atrans’|t|_on probability by(qulvalent!y varying the spacing
significant phase difference between thel Bhd 1§ states. ;_Z mb t;e ph?sk;e. fAS t:]hlsoipgctmg qthanges, the prfoduct
This difference is all but eliminated when the quantum de- .a’aéz' ). a’g(z ' ). olrl e h ransi :jon, n partk(]a) 0 h
fects for these states are taken into account. Similar brealE'g' varies dramatically, as the poiatandz” pass throug

downs in the hvdrogenic approximation appear for othepeaks and valleys in the transition density. In effect, the fac-
transitions[ 26]. ydrog PP PP tors P,/ ,(z,b) and P, ,(z',b) represent two “opportuni-

ties” or “paths” whereby the Rydberg electron can be ex-
cited to statea’. The cosine factor results in interference
oscillations between these two excitation paths, i.e., between
Equation (19b) explains the oscillations in the state-to- (acutely nonadiabatjdnteractions az andz’. It is not sur-
state and magnetic sublevel cross sections as interferenpgsing, then, that these oscillations disappeatas-0, as
phenomena resulting from the spatial distribution of Rydbergn Fig. 4, or asv—<, as in Fig. 3. Each state-to-state cross
electron wave function$28]. The functions in the radial section, of course, entails an integral over impact parameter.

V. INTERPRETATION
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600
5 e ) =0
500 =
.S — — 251
400 g
5 ]
S 300 g
e} — =
200 2000 3000
v(m/s)
100 FIG. 9. Cross sections for a “two-plane” model of semiclassi-
cal 1™,,— 18p,, transitions in Ca-He collisions. For purposes of
0 illustration, planes were located at=150a, andz,=500a,.
0 100 200 300 400 3500 600 T
(@) Z (a.u) the 2—1 cross section in Fig. 3.
o To clarify further the origin of the oscillations, we con-
600 sider the extreme model of a Rydberg state in which the
electron presents to the rare-gas atom only two “planes” of
transition density, one a; and one atz,, i.e., we approxi-
500 mate the transition densityl3) by
400 Par o RO1= 4 [RIOIYEIRO N S 2(t) — 2]
3 +o[2(t) ~ 2]} (24)
s 300
= Since in this model, transitions can occur only at interactions
200 timest, or t,, wherez(t,) =z, andz(t,) =z,, the transition
probability (19b) reduces to
10 2mAR\2 1
Poyalvib)= 2| PR (21,0)+ P (22,D)
ol . . : . l 0 me | v
0 100 200 300 400 500 600 Ae
+2cos—(z,—z
(b) z (a.u.) ﬁv( 2 1)
FIG. 8. Transition densities for the-80 (upper figur¢ and 2
—1 (lower figure state-to-state 1¥,— 18p,, transitions in Ca-He XPyralZy ,b)Pa,a(zz,b)) . (25
collisions. Light regions correspond to large values, dark to small
values.

All three appearances of the transition deng®ty ,(z,b) in

This integration complicates the picture but does not alter théhis result contribute to the dependence of the magnetic sub-
qualitative predictions of Eq19b). level cross sectionsr'mO‘(v) on initial magnetic quantum

The differentangular functions in the transition densities number |mg|. But only the third term, a consequence of
for different my—m transitions—the aforementioned prod- quantum-mechanical interference between excitation possi-
ucts of associated Legendre polynomials—are responsibleilities at planes a, andz,, can induce oscillations—and
for the dependence of state-to-state and magnetic sublevitlen only if the planes a; andz, are at or near peaks in the
cross sections on magnetic quantum number. Consider th@o transition densities. Figure 9 shows the resulting cross
two extreme cases,-00 and 2—-1. For 0—0, the angular sectionsin this modelfor the extreme cases-00 and 2
densityP9P? is localized primarily along the axis, parallel —1 with planes az, = 150a, andz,=500a,. These results
to the trajectory of the rare-gas atom. Together, the variatiomre typical. Extensive testsot shown demonstrated that,
of the radial and angular products produces the rich array gbrovidedz, andz, are far enough apart\z=150g,), their
regions of(comparatively high transition probability in part particular values do not matter. One can easily find planes
(a) of Fig. 8, allowing plenty of opportunities for interfer- that induce oscillations in the-80 cross section, while there
ence. By contrast, for 21 the angular densit?%Pi is lo-  are no planes that cause structure in the 2 cross section.
calized primarily in thexy plane. The resulting transition The variations in Fig. 3 withv and withmy andm of cross
density for this case, shown in pali) of Fig. 8, offers far  sections determined from the actual transition densities of
less variation as the separatian-z’ (equivalently, the ve- Fig. 8 reflect the more distributed nature of these densities as
locity) varies. The result is the smooth dependence witi ~ compared with this two-plane model.
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VI. CONCLUSION sections for lower-lying excited states manifest quite similar

The primary results of this study are three. First, ourstate-StrUCtures(as seen in the Ca-Xe calculations of Hickman

to-state cross sections calculated with quantimpulse ap- [20), the equations of the present theory are not directly

A . ; - ! applicable to transitions between such states.
proximation) and semiclassicdtectilinear impact parameter,

first-order perturbationtheories are in close agreement over The comparison in Fig. 5 between magnetic sublevel
most of thgvelocit range studied. Second tﬁe semiclassics] o> sections calculated with quantum-defect phase shifted
y rang j ’ fadial functions and with hydrogenic functions argues

Lhei?cr);ft:?e\cgfirggslr;tgéggit:tégp s fégirofgt”cl)ﬁlﬁgfel-n ans]acgc; strongly for the use of the former in future studies of rare-gas
o y! g-ato 9 tom collisions with Rydberg atoms. While the method of
lisions as due to quantum-mechanical path interference efg

fects. And third, our study shows that previously used ates and Damgaafd9], which uses a truncated series ap-

approximations—neglect the energy defect, and the hydroPrOX'matlon to the asymptotically decaying phase-shifted

genic approximation for Rydberg electron radial functions—Coulomb function, works well for low-lying Rydberg states

are inappropriate for the study of alignment effects. The pri—Wlth small Al =1 ~lo, it encounters severe numerical diffi-

. . culties for highem and/or largerAl states.
mary theorepca} resglts are EG19b), W.h'Ch reveals the The present calculations confirm the findings of recent
origin of oscillations in these cross sections, and EZ28),

- - . . experimental and quantal investigations that alignment ef-
which greatly facilitates their calculation. fects do occur in near-resonant energy transfer collisions
The cross sections in Figs. 2 and 3 show that despite quitg gy '

different approaches to the dynamics, the quantal impulsgven when the target state is a Rydberg atom. Both theoret-

and present semiclassical theories produce nearly identic'(ial studies were designed to explicitly preclude the forma-

maanetic sublevel and state-to-state cross sections for nealo” of a transient quasimolecular state during the collision.
9 ) .a}nstead, both treat the collision as a three-body process in-
resonant energy transfer collisions of rare-gas atoms with = -
. " volving the Rydberg electron, the rare-gas atom, and the core

Rydberg atoms. Only at the lowest relative velocities does .
d . of the Rydberg atom, whose role is reduced to that of a
this agreement break down. These two studies share only the

Fermi contact potential, the spectator model of the core anapectator. Both studies reveal identical oscillations, most
' : ronounced in magnetic sublevel cross sections of| oy,

the representation of Rydberg elgctron ra}dlal functions IO>a/hich depend strikingly on the relative velocity, the energy
guantum-defect phase shifted radial functions. Implementaaefect and the initial magnetic quantum number

tion of both theories is of comparablmodes} difficulty, so In closing, we note that, while the measurements of Spain
the choice of theory can be based on the physical quantities 9, ' . ot Sp
: . . . &t al. corroborate the presence of alignment effects in near-
of greatest interest. The present semiclassical approach hlgﬁ— >
X ) ; : .. “resonant energy transfer cross sections for Rydberg atom-
lights interpretation. If one seeks cross sections for collisions . X I .
) . S X ; rare gas collisions, the predicted oscillations in these cross
involving a rare-gas projectile that is more polarizable than _ . ; ' ' ; .
: . sections await confirmation or refutation by experiment. We
He (e.g., Xg, then one may prefer the impulse approxima-
tion, where it is much easier to include the long-range
electron-atom polarization interaction than in the present
semiclassical treatment. For He, however, inclusion of polar-
ization in no way alters the qualitative behavior of any of the
cross sections presented hgzé]. We acknowledge useful conversations with Dr. J. Delos,
The importance of the energy defect illustrated in Fig. 4Dr. N. F. Lane, Dr. A. P. Hickman, Dr. |. Fabrikant, Dr. G.
implies that experiments to proljer exploiy oscillations in  A. Parker, Dr. K. Mullen, Dr. F. B. Dunning, Dr. J. P. Dries-
o/™l should emphasize transitions with the largest-energgen, Dr. N. Shafer-Ray, and Dr. S. R. Leone and the support
defects, within the range of true Rydberg states and subjeatf the National Science Foundation under Grant No. PHY-
to experimental constraints. Although partial magnetic cros9722055.

hope the present findings will stimulate such experiments.
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