VOLUME 77, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NVEMBER 1996

Strong Induced-Dipole-Field Oscillations of thedt u System above theé u(rn = 2) Threshold

Ken-ichi Hind' and Joseph H. Macék
'Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182, Japan
and Atomic Physics Laboratory, The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-01, Japan
2Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996
and Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
(Received 20 February 1996

Elastic, inelastic, and muon transfer processes ofithe system above theu(n = 2) threshold are
studied theoretically using the hyperspherical coordinate method. Strong oscillation structures in the
cross sections for these processes due to strong, attractive dipole potentials in this system are found.
In addition to the expected Gailitis-Damburg Stark mixing oscillations, unexpected oscillations due to
diabatic couplings of channels lacking attractive dipole potentials with those that have them are evident.
The two types of oscillations interfere to produce the structure that appears in the computed cross
sections. [S0031-9007(96)01715-2]

PACS numbers: 36.10.Dr, 31.15.Ja

Investigations of elementary atomic processes for atomic unit) for the electron-hydrogen system. Such large
dt u molecule are important for disentangling complicatedmagnitudes ofx in dru are related to its large reduced
phenomena underlying muon catalyzed fusignCF) massM of about 10 (m.a.u.) [8]. In this Letter, we
and, further, to understand the general Coulomb threanvestigate the effect of oscillations in this system. Such
body problem beyond the validity of the infinite nuclear oscillations for dfru molecules have not been studied
mass approximation conventionally applied to diatomicpreviously. Our calculations are limited to only =
molecules and two-electron atoms [1]. Recently, of0, where the GD oscillations are strongest. The GD
particular interest iruCF are muon transfers inthe= 2 oscillations are present for values.blup toJ = 7 in the
manifolds and Feshbach resonances thought to play = 2 manifolds with their frequency gradually deceasing
decisive roles for realizing a high formation rate of thewith increasing/. We defer calculations for higher to
resonant compleX(dtu)*dee] below the ru(n = 2) a subsequent paper [9]. Moreover, Lamb shift splittings
threshold [2]. Both processes may be important in(about 0.2 eV) of th&s and2p states are not considered.
resolving a long-standing puzzle of discrepancy that th@he muon atomic unit is used throughout unless otherwise
experimentally measured muon cycling rate is smallestated. The physical values adopted here for masses and
than that predicted by theory [3]. Such atomic processethe Rydberg constant were taken from [10].
relevant to exciteddru molecules are influenced by We employ the hyperspherical coordinate method to
a long-range attractive dipole interactiona/(2MR?),  analyze the Coulomb three-body systemdof. since it
wherea is associated with a dipole moment of degeneratéreats all three particles on equal footing, irrespective of
states ofru (du) atoms induced by collision partners mass and charge ratios [11]. This method also guarantees
d (¢t) at a distanceR with the reduced massf/. The exact dissociation energies @#fx andru fragments. Hy-
dipole interaction produces an infinite number of boundperspherical adiabatic potential curves and channel func-
or resonance states below threshold, and oscillationons are first computed and used to set up hyperspherical
of cross sections with energy above threshold. Thelose coupling equations. The hyperspherical multichan-
latter effect is called the Gailitis-Damburg (GD) oscilla- nel equations with suitable scattering boundary conditions
tion [4]. Exploration of this threshold behavior in the are solved, and the scattering matrix is extracted.
electron-hydrogen collision has proved difficult due to its The adiabatic potential curves are obtained by expand-
negligibly weak influences upon the overall cross sectiongng channel wave functions in hydrogenic basis sets situ-
[5,6]. To our knowledge, there is no report on this effectated around both nuclei of and¢. Thirty hydrogenic
in extremely low-energy ion-atom collisions. Strong bases up to thes = 5 states are incorporated [12]. In
dipole interactions of electrons with permanent dipoleaddition to these, fifteen hyperspherical harmonics are in-
moments produce analogous effects in electron scatteringuded to improve numerical convergences in the small
by polar molecules [7]. hyperradius( p) region. The nonorthogonal basis set is

Strong GD oscillations are expected Wrw. The transformed to an orthogonal basis set by prediagonal-
magnitudes ofxr are 66.25 and 68.70 [in the muon atomic izing its overlap matrix and eliminating the ill-behaved
unit (m.a.u.)] for the respective fragmentsdfu(n =  eigenvectors whose eigenvalues are negative or positive
2) andr-du(n = 2) with total angular momentumi = 0.  and very small.

These values are more than ten times greater than the Evaluating integrals for different-center matrix ele-
corresponding ones, of the order of 5.08 (in the usuaments is the most critical step in our calculation. It is the
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main cause of numerical inaccuracies and the most timgd® | ®"), respectively. U is the adiabatic potential matrix
consuming step because of the cumbersome presence raentioned above.

the Coulomb singularities in the two-dimensional plane. We first divide thep interval into a number of small
Here we have to evaluate the matrix elements of differentsectors and inspect whether or not there exist strong
center hydrogenic bases. For this purpose, the Lagueravoided crossings within each sector. If so, the adiabatic
polynomials in the hydrogenic basis of either center arexpression of Eq. (2) is not suitable as it is. In this
expanded in terms of the Gaussian basis set with higbase,P is partitioned asP = Py, + P,, where P, has
accuracy. The Gaussian functions are amenable to dironzero elements pertaining to the avoided crossings,
rect transformation from one coordinate system into thend the remaindeP, is a smooth function ofp. The
other [9]. As a result, all different-center matrix elementspartial diabatic transformatioR = AF is done to remove
are reduced to one-dimensional integrals over a single hysharp spike couplings oP, [13]. The unitary matrix
perangle, and the locus of Coulomb singularities in theA is obtained by solvingA’ = —P.A within the sector.
two-dimensional plane is transformed to just points in thisMultichannel equations foi are obtained using this
coordinate. transformation. They are similar to Eq. (2P, W,

In Fig. 1 we show four of the calculated potential and U are replaced by the respective tilded quantities:
curves converging to thea = 2 manifolds. We label P = A"'PyA, W = A"![W — (P! + P2) — 2P(P,]A,
these potentials asu(+), tu(—), du(+), anddu(—) in  andU = A"'UA. W is a smooth function op since
the order of increasing energy in the diabatic sense. Isharp couplings itW are cancelled b/ + P2,
the smallp region(p = 100), the obtained accuracy isto  The § matrix S’ in the dipole representation, i.e.,
about five figures. In the large region(p = 300), high  the representation that diagonalizes the long-range dipole
accuracy is indispensable since, as seen later, we deal wiihiteraction, is obtained using the matching procedure of
the extremely low-energy collisions at 0.001 &N778 X Christensen-Dalsgaard [14] with free-field wave functions
1077 m.a.u). The high accuracy to ten figures was for then = 1 manifolds and dipole-field ones for the=
reached since the eigenfunctions are well approximate®d manifolds [15]. This matrix is furthermore transformed
by the well-behaved hydrogenic basis functions in thanto the S matrix S in the usual angular momentum

asymptotic region. representation by
Expanding the total wave functio#f in terms of S = ViIg'yOot, 3
where the transformation matric®™ are unitary [4].
v, (p, Q) = % Du(p. VFu(p), 1) The twenty-channel coupled equations were solved

] ] ) ] with the matching radius chosen to be 20000 m.a.u. This
whered,(p, 1) is a channel wave function witft being  cajculation includes channels up to the= 4 manifolds.
all angular variables, yields the adiabatic expression fog,ch a large distance is required to impose dipole-
the hyperspherical multichannel equation For field boundary conditions safely upon the radial wave
1 .

¥ + 2PF + [_ L AE-U) + W}F _0. () [functionF even at the lowest energy of 0.001 eV. The
4p? convergence of the present calculations was confirmed by

Here the matrix notations are usedP and W are comparison with corresponding twelve- and six-channel

derivative coupling matrices defined bigb |®’) and  calculations, which include channels up to the=
3 and n = 2 manifolds, respectively. The six-channel

calculations reproduce the results by the twenty-channel
ones fairly well.

The squared magnitudes of the transition matrix ele-
ments in the dipole representaticbﬁ},i/lz for the elas-
tic and inelastic processes within the(r = 2) manifold
and for the muon transfer processes from dhgn = 2)
to the ru(n = 2) manifold are shown in Figs. 2 and 3.
As seen in Fig. 2, the series of the Feshbach resonances
converging to the/u(n = 2) dissociation limit are found
at 8.24,10.29, 11.21, and 11.63 eV.

Strong oscillations are observed in every process above
their respective thresholds. To examine the origin of
e L the oscillation structures, notice that the asymptotic wave

10? function F,,,, for the attractive dipole channel incor-
p (mau) porates the known phasg,(k,,8,) dependent on the
FIG. 1. Hyperspherical adiabatic potentials(p) (m.a.u.) argumentg,, In(k,/2), W't_h Bu andk, associated V\,"th .
converging to thex = 2 dissociation limits for/ = 0 versus the strength of the potential and momentum of the dissoci-
hyperradiusp (m.a.u.). ated fragment [15]. In the lower-energy region, where the
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1 e pulsive dipole channels via a combination of couplings
l with nearby attractive dipole channels.

To confirm this speculation we implemented six-
channel pilot calculations by turning off all nonadiabatic
couplings in P and W between the upper channels
du(*+) and the lower onesu(*) but retaining the
Landau-Zener type crossing betwedp(+) and ru(—)
in the vicinity of p = 179.50. Without this crossing little
muon transfers from the upper to the lower channels takes
place. This result seen in Fig. 2 shows no oscillation
in energy for the elastic procesgu(+) — tu(+). In

. . Fig. 3, the result of the pilot calculation for the transfer
102 10° processdu(+) — tu(—) is shown. The oscillations

Incident Energy (eV) seen above-5 eV are thought to be due to oscillation

. . via ¢, (k,, B,) of the du(+) channel since there are no
FIG. 2. |T} »|* versus the incident energy (eV) in the center- R PR . .
of-mass Lrér’ncle measured from the(n 2923; (thre)shold. The couplings of the upper channels with the lower attractive

solid, the long-dashed, and the short-dashed lines are tHghannelru(+). -
twenty-channel calculations folT},, ), u)? 1T/ iu Figures 4 and 5 show the squares of the transition

and T}, ..+ I*, respectively. The thin solid line is the six- matrix elements7y;|* in the usual representation. The
channel pilot calculation fofT/ ;) .)*. Here,|T, . ..—*>  conspicuous GD oscillations result from the strong Stark
is equal to|7;,_, .+ [*>. The arrow at 12.01 eV indicates the mixing between2s and2p states of the same manifold
dissociation limit ofdu(n = 2). The vertical lines just below through the transformation of Eq. (3). Irregular oscilla-
this are a series of the Feshbach resonances (see text). tion patterns arising above 5-10 eV are thought to be
due to the interferences of the Stark mixing components
couplings with other channels are still negligibly small, With components attributed to the above-mentioned dia-
the phase shif6s,(k,) exhibits the weak energy depen- batic coupling mechanism.
dence in the present dipole representation. The cou- Finally, we examine whether or not the rate constant
plings become more dominant with increasing incidensStill shows these OSC|IIat|ons. Thg Stark mixing process
energy. Specifically, the coupling with other attractived T 1#(2s) — d + tu(2p) is considered as an illustra-
dipole channels, say, would cause a noticeable oscil- tion. The discussion below would also hold correctly

lating energy dependence of the phase shjftk, ) in the i
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in other processesjTm(z,,),,#(zx)|2 in Fig. 4 is well ex-

wth channel throught, (k,, B,). Similar energy depen- pressed as the closed analytic foﬁminz(g In Eio) This

dences would also appear in phase shifts pertinent to rés obtained by using the two-channel approximatior$ of
including only ru(*) channels. Here is the incident
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FIG. 3. [T} .|* versus the incident energy (eV) in the
center-of-mass frame measured from the(n = 2) threshold. ~ FIG. 4. |T,,;|> versus the incident energy (eV) in the center-
The solid, the long-dashed, the short-dashed, and the chawf-mass frame measured from thg(n = 2) threshold. The
lines are the twenty-channel calculations f/,_).)>,  solid, the long-dashed, and the short-dashed lines are the
ITtly,(+),dJu(+)|21 |Tf,[l—(+)~,d,u(*)|2’ and ITt/,u(*),d,u(*)lzv respectively_ tWEnty-Channel calculations fdﬂwt,u(Zs),r/,L(Zx)Izy |Tl,u(2[7),t/t(2p)|21

The thin solid line is the six-channel pilot calculation for and|T;,:p) .0 |* respectively. HerelT, .oy uopl* is equal
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e system incorporating Lamb shift splittings, since the effect
originates from the presence of the attractive dipole
potentials in the outer region gb roughly from 100
to 1000 m.a.u., where the Lamb shift is small compared
with the channel potentials. In such a nondegeneigte
system, however, the GD oscillations Thowing to the
Stark mixing would be absent for energies between 0 and
about 0.2 eV. These oscillations appear in the higher
4 energy region in an irregular way due to interferences with
oscillations connected with diabatic couplings. They are
also present for values of highdrup toJ = 7 in the
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L ANAN | n = 2 manifolds. Additionally, for such higher values of
0 = 5 > . . . .
10 10 10 J, oscillations may be present in the corresponding rate
Incident Energy (eV) constants as well.
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