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We present measurements on fine-structure-changing Ne'" {(2p) (3p))+He collisions at superther-
mal energies with an average value of (E) =470 meV. For an extensive set of transitions absolute
values of polarized-atom cross sections are given. A wide range of cross section magnitudes and
polarization effects is observed. Even higher order polarization effects are evidently present. A suit-
able set of anisotropy parameters is introduced which has large advantages for a direct comparison
of experimental and calculated cross sections. Although the experimentally observed polarization
effects are reproduced by quantum calculations, the calculated magnitude of the cross section is, in
general, larger than the experimental value. Moreover, in contrast with the thermal energy range,
the current semiclassical model fails in describing the most prominent cross sections in terms of
the "visible" avoided crossings in the adiabatic potentials. In the quantum calculations, clear in-
dications are found for an additional transition mechanism of radial matching. In this mechanism
a change in the rotational quantum number of the nuclear motion matches the asymptotic energy
gap AEp, & between the initial and Gnal state k and l, respectively. This process is most efficient at
large internuclear distances, thus enhancing the magnitude of the cross section considerably. Radial
matching is most eff'ective when (E)/AEi, i )) 1. The calculated magnitude of the cross section is
thus sensitive to details of the long-range part of the potentials used as input. At thermal energies
this sensitivity is masked, which explains the good agreement of the calculations with the model
potentials of Hennecart and Masnou-Seeuws [J. Phys. B 18, 657 (1985)}with the experiments in
the thermal range.

PACS number(s): 34.50.Pi, 34.50.Rk, 31.50.+w

I. INTRODUCTION

In recent years there is a growing interest in inelas-
tic collisions of short-lived electronically excited states
[1—16]. In our crossed beam experiment [17,18] we study
the collision-induced intramultiplet mixing process

Ne" ((2p) (3p); nI, )+X' m Ne'*f(2p) (3p); ai)+X,
(1)

with X a rare-gas atom or a small molecule. The different
fine-structure levels (n) of the Ne**((2p)s(3p)) multiplet
are denoted by their Paschen numbers 0 and /, respec-
tively. These short-lived Ne*' states (typically r=20 ns)
are produced by laser excitation &om the metastable lev-
els sPo or sP2 of the Ne'((2p) (3s)) multiplet. By mea-
suring the fIuorescence intensity of a decay mode for both
the initial and final state for difFerent laser polarizations,
polarized-atom cross sections Q& &

for the (aI, ) —+ (ni)
transition can be determined. Here ~Mi,

~

is the magnetic
quantum number of the electronic angular momentum
Ji, of the initial (ai, ) state with respect to the asymp-
totic relative velocity g. By calibration of the secondary
beam density, absolute values of Q are obtained [19).
By comparing the experimental results with either fully
quantum-mechanical coupled-channel calculations [20] or
semiclassical calculations [21], detailed insight into the
collision dynamics of process Eq. (1) can be obtained.

Recently, a hollow cathode arc (HCA) source [22]
for metastable Ne*(sPo, s P2) atoms has been installed,

supplementing the thermal metastable atom source [23]
(TMS) . Typical translational energies are in the su-
perthermal range 300—6000 meV for the HCA source,
and only 60—170 meV for the TMS. In the center-of-mass
frame, collision energy ranges of 200—1200 meV and 50—
100 meV, respectively, can be probed for the Ne**-He
system. The prospect of the HCA source, with an av-
erage collision energy of (E) = 470 rneV for Ne**-He,
is to study the process of Eq. (1) at collision energies
well above the typical energy splittings between the var-
ious fine-structure levels of the Ne** multiplet, ranging
from LEI, I,+i——7 to 240 meV. The total energy spread
of the multiplet is AEi go= 584 meV, although most lev-
els are confined to a smaller interval AE2 9——171 meV.
Threshold effects in the thermal energy range result in
large polarization effects, e.g. , Q~ ~/Q~i~= 8.9 for the
(cr7) -+ (ns) transition with AEs 'r = 81 meV at a col-
lision energy (E) = 100 meV [21]. Whether any polar-
ization efFect at all is present in the superthermal energy
range is yet unclear. For the process of Penning ioniza-
tion involving Ne**(JA, = 3) atoms effects of the order of
Q~o~/Q~s~ 2 and 1.5 have been observed in the thermal
[24] and the superthermal energy range [25], respectively.

Prom a theoretical point of view, the broad energy
range accessed by the combination of the HCA source
and the TMS, provides a rigorous test for the model po-
tentials [1,2, 20, 26] used as input for our coupled-channel
calculations. Moreover, the validity of our semiclassical
description of the collision dynamics can be verified in a
broader context. The semiclassical model is based upon
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localized I andau-Zener type transitions at avoided cross-
ings between difI'erent pairs of adiabatic potential curves
and a locking radius to switch between a space-fixed and
a body-fixed description [21].

This paper describes the application of the newly in-
stalled HCA source to experiments for the Ne**-He sys-
tem. A brief overview of the experiment is given in Sec.
IIA, including the measuring routine, data analysis, and
a discussion of systematic errors. The use of anisotropy
parameters for the cross section is addressed in Sec. III.
In Sec. IV the measurements in the superthermal energy
range for the Ne**-He system are presented and com-
pared to the results of fully quantum-mechanical coupled-
channel calculations. Though in qualitative agreement,
the calculated quantum results for the magnitude of the
cross section are in general larger than the experimentally
obtained values. The most prominent cross sections can-
not be understood in the framework of the current serni-
classical model (Sec. V). A possible additional transition
Inechanism, so-called radial matching, is briefIy depicted
in Sec. VI. This involves a change in rotational quantum
number at large internuclear distances and thus assigns
the observed difI'erences between the experimental val-
ues and the quantum results to possible deficiencies in
the long-range part of the model potentials of Hennecart
and Masnou-Seeuws [1,2].

The major difference between the HCA source and the
TMS is the much larger distance (599 mm for the HCA,
90 mm for the TMS) from source to scattering center, due
to geometrical limitations and a higher demand on dif-
ferential pumping for the HCA source with its larger gas
How of approximately 1 Torr//s. The geometrical loss
factor of 120 is partly compensated, both by the higher
center line intensity of the primary beam source and the
longer "life path" It' = gv of the short-lived Ne*' atoms
in the center of mass (c.m. ) frame. A net loss factor of
12 results for the collision-induced Buorescence. From

2
the performance of 1 kHz/A for the thermal metastable

2
source [18] a .performance of 0.08 kHz/A. is expected
for the HCA source. Initially, however, a background
signal of about 6 kHz is found, by far surmounting any
collision-induced fluorescence signal. By carefully shield-
ing the source, the background signal due to the contin-
uum blackbody radiation &om the hot plasma inside the
tungsten hollow cathode is reduced to only 200 Hz.

B. Measuring routine and data analysis

In a basic cross section measurement, both the in-
tensities for collision-induced Buorescence I and direct

II. EXPEB.IMENT

A. Ceneral setup

The experimental apparatus is described in full detail
by Manders et al. [18] and Boom [27], so we only briefly
discuss it here. In Fig. 1 a schematic overview of the
crossed beam apparatus is given, including the newly in-
stalled HCA [22].

The scattering center is defined by the intersection
of the laser beam and the primary beam of metastable
neon atoms. Collision partners are provided by a sec-
ondary beam, formed by a skimmerless supersonic ex-
pansion emerging from a nozzle, positioned 2 mm below
the scattering center. Fluorescence from the decay of the
initial, laser-excited state or &om a final state populated
through a collision-induced transition is monitored. The
optical detection system consists of a parabolic mirror for
eKcient photon collection (solid angle efIiciency 40/o), se-
lectable narrow-band interference filters for wavelength
selection [2 nrn full width at half maximum (FWHM),
10 nm FW10 sM], and a photomultiplier-amplifier com-
bination, operating in pulse counting mode. The total
detection efIiciency g is about 2x10 per emitted pho-
ton (including branching ratio Ag, /Ai, of Einstein coeK-
cients) at a wavelength A=650 nm.

The laser setup consists of a cw single mode ring dye
laser, stabilized in a separate, saturated absorption ex-
periment, with a waist radius m~ ——0.53 mm in the scat-
tering center. The linear polarization of the laser is de-
fined by a polarization prism and can be rotated by a
A/2 retardation plate. The angle P between laser polar-
ization and asymptotic relative velocity g is relevant for
the polarization efFect.

optical detection
(z-axis):
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color filter I

interference filter
'

light pipe
k

scattering center

mirror ~
h j

zzle

atomic beam defining

collimators (x-axis)

vacuum pumps (I/s)

Ne

~ &t-icAr

TMS

1200 170 '100 170

579 546 493 466 14 0
x(mm)

laser beam (y-axis)

FIG. 1. Schematic view of the crossed beam apparatus,
with the Ne' atomic beam axis (2:), the exciting laser beam
(y), and the optical detection system and He secondary beam
(z). The Ne' primary beam emerges from the HCA source
or TMS through a defining anode of 1 mm diameter and
an aperture of 0.7 mm diameter. The He secondary beam
emerges fram a 50-pm-diam nozzle orifice, positioned 2 mm
below scattering center. The laser beam passes the compo-
nents: (a) optical fiber exit; (b) beam splitter; (c) J'=2 m
lens; (d) translator-rotator module for horizontal alignment
laser beam; (e) parallel plate for vertical alignment; (f) po-
larizer; (g) polarization rotator; (h) laser shutter and iris di-
aphragm; (j) translatable to switch between quadrant diodes
for laser beam alignment; (k) quadrant diodes, spatial refer-
ence for laser beam. The origin of the xyz coordinate frame
is chosen at the nozzle exit. Pumping speeds for the difFerent
vacuum chambers and distances along the primary beam axis
aze indicated.
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fluorescence K are measured [Eq. (1)), with the sec-
ondary beam set either "on" or "ofF." To correct for
stray light &om the laser each of these intensities is mea-
sured both with the laser on resonance (frequency vp)
and detuned (frequency vp + Av) by Av = 80 MHz.
The ratio between the "net" collision-induced and direct
Huorescence signals Ii/Ii, is now simply given by [18]

LoIl L of
goff '

L "= L "(vp) —L "(vp + Av),

in which the second term corrects for the "leakage" of
direct Huorescence through the filters used for collision-
induced Huorescence.

A complete polarization measurement typically con-
sists of a series of 15 cross section measurements, equally
distributed aver a 180' interval of the angle P between
laser polarization and relative velocity. All direct Huores-
cence signals K are measured at a single angle P. Since
I +/K is usually comparable to its statistical error or
at most a few percent of L "/K " corresponding intensi-
ties are only measured at a single angle P before and af-
ter the complete polarization measurement. This roughly
saves a factor 2 in measuring time. Depending upon the
actual signals, a complete polarization measurement over
180 takes about 40 to 90 minutes.

A numerical simulation [28] of the experiment takes
into account the Gnite size of the scattering center, the
spread in the velocity distributions, and the details of the
optical pumping process. Prom this simulation a convo-
lution factor ( is determined, relating the actual ratio
Ii/Ii, of collision-induced and direct Huorescence signals
to the first order expression [Ii/Ii], & i by

n2 l' ' Qi~i, (g). (3)
Il gl

ideal ~~ 0

The subscript "ideal" refers to a point-size scattering cen-
ter and disregards the velocity spread. Supersonic expan-
sion theory [19] is used to calculate the secondary beam
density n2. Further, Qi~~(g) is the desired cross section
for the (ni, }~ (ni} transition at relative velocity g and
l' = gw the life path in the center-of-mass system. The
optical detection efBciencies gt and gA, are taken at the
optical axis for convenience, but all other quantities, such
as the secondary beam density n2, are evaluated at the
position (xsc, zsc) of the scattering center. The difFer-

ence between the position xt of the laser beam and the
average position xs~ of the collision-induced fluorescence
is taken from a Monte Carlo simulation [28] of the optical
excitation process. Typical values are (xsc —2:~) = —0.2
mm and (zs~ —zi) = —0.03 mm, i.e. , the excitation oc-
curs more in the upstream wing of the laser beam and the
scattering events are shifted slightly to the higher density
region closer to the nozzle.

Due to the broad velocity distribution of the HCA
source, the convolution factor ( strongly depends on the
assumed velocity dependency of the total cross section.
For example, it varies between 0.90 and 1.14 for energy
dependencies of the cross section Q 1/g and Q g,

respectively. Since no experimental information on the
energy dependency is available, we do not apply the cor-
rection factor and take ( = 1.00 for clarity. Concluding,
an additional 12% uncertainty in the absolute value of
the cross section results &om this process of convolution.

C. Systexnatic errors

III. POI AB.IZED-ATOM CB.OSS SECTIONS

The experiinental cross section Q~& & as a function af
the angle P between g and the optical quantization axis
is given by

Q~i „=) "C2„cos(2nP). (4)

In more detail [20],

mg ———Jg

The optimum operating pressure for the secondary
beam is given by the condition of a 1/e attenuation of the
primary beam of metastable neon atoms before it reaches
the laser beam at the scattering center, as discussed by
Manders et al. [18]. The attenuation of the beam of
short-lived Ne**(ni, } atoms is only 4% for an assumed

2
(large) cross section Q = 100 A. , as follows from a typ-
ical value n2l ~ = v~ & of the secondary beam density
n2 ——4 x 10 m and the life path / = 100 pm in the
laboratory system at vi ——5000 m/s. The inHuence of
depolarizing collisions before the inelastic transition and
additional fine-structure-changing collisions after the in-
elastic transition considered is thus negligible. This has
also been checked by varying the secondary beam op-
erating pressure [18]. The Ne**(ai,}collisians are thus
investigated at near ideal single collision conditions, in
spite of the large attenuation of the beam of metastable
atoms upstream of the scattering center.

There are three major systematic errors in the exper-
imental results for the magnitude of the cross section.
First, the alignment of the primary beam with respect to
the nozzle orifice (accuracy O. l mm) results in a system-
atic error of 5%%up. Second, the calibration of the detection
efficiency gt at the wavelength of the collision-induced
Hourescence of the 6.nal state relative to its value at the
wavelength of the direct Huorescence gk of the initial state
results in an estimated sytematic error of 5%. Third,
there is the eKect of the velocity dependence of the cross
section on the convolution factor (, resulting in a sys-
tematic error of 12% as discussed above. The total sys-
tematic error, obtained. by adding these three error bars,
is 22% in the superthermal energy range as presented in
this paper. In comparison, the error in the Einstein A
coefEcients is negligible.

For the experimental results in the thermal energy
range, as presented by Manders et al. [20, 21], the system-
atic error is estimated at only 14% due to the much better
determined value of the collision energy of the TMS.
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In this expression, MI, and mI, are the magnetic quan-
tum numbers of JI, along I and the optical quantization
axis, respectively. The 6rst summation adds the contri-
butions for the various magnetic substates mA, that have
been excited with a relative population m

„

in the op-
tical pumping process. The second summation is due to
the transformation from the optical quantization axis to
g as the relevant quantization axis for the collision pro-
cess, using reduced Wigner functions d "

M (P).
Though the coefBcients "C2 most closely relate to the

net polarization eff'ect observed in Q& &, both the effects

of differing QI & values and the (uninteresting) m „dis-
tribution are present. The values for QI &~ in their turn
can be compared directly to the coupled-channel quan-
tum calculations, but are not a direct representation of
the net polarization eÃect. An alternative data represen-
tation for the cross section is the anisotropy parameters
'P, Q, R, given by

p = (Qi A:
—Qi ~)/« ~

IoI I~l

Q=(3Q, „—4Q, „+Q, „)/4Q,lol I~I l2l

R = ( 1OQ& & + 15Q& & 6Qi a + Qi r )/16Q~Iol I il 12I l3I

in which Q~+ g is the unpolarized cross section

and P, Q, 'R are each normalized in the sense that the
sum over the absolute values of their coeKcients in Eq.
(6) equals uruty. The choice for P, Q, 'R in Eq. (6) is
inspired by the expansion of the initial diagonal density
matrix p „=m „b~

„

in the m&mA, representation
in irreducible spherical tensor parts [29].

Without any assumption on the excitation process we
And the following relations between the "C2 coe%cients

(relating directly to the observed polarization efFect) and
the anisotropy parameters P, Q, and 'R:

——[~2,o+ w (c~p+ cgQ+ c~R)] Q,~„, (8)

with w = (~ „~„,. . . , m „—g„).The coefficients c~,
c~, and c~ are given in Table I. Equation (8) is the
result of geoxnetric symmetry only. The details of the
excitation and collision process are split oK in separate
factors. Though independent of the actual n „distribu-
tion, the parameters P, Q, 7Z are directly related to the
observed. polarization eKect. For JI, ——2, for example, no
cos(4P) efFect is present when Q = 0, a dominant cos(2P)
eKect is only present for a specific m „-dependent ratio
of Q/P, and no polarization efFect at all is observed when
'P=Q=O.

The coefficients of the P, Q, 'R terms in Eq. (8) obey
the proper limiting cases. For an isotropic n, distribu-
tion, i.e., the case of no net polarization of the atom, each
coefficient of P, Q, and 'R vanishes. The only nonzero co-
eKcient then is "Co ——Q~+ g.

For the case of the low power limit of the laser exci-
tation process the m „distribution is determined by the
relative excitation rate, i.e. , the squared Clebsch-Gordan
coeKcient, for the various m, -+ mI, transitions. In this
low power limit, one finds "C2 ——0 for n & 2, for both
a linear and a circular laser polarization. Only the con-
stant term "Co and the lowest order "C2 coeKcient of
the cos(2P) polarization effect are nonvanishing. This
directly reBects the dipole character of the optical tran-
sition.

Higher order polarization e6'ects can only be observed
by deviating from the low power m „distribution. Satu-
ration eKects, a large branching ratio back to the original
level, or the presence of a magnetic field are required for
this.

Prom now on, we restrict ourselves to the case of a
linear laser polarization. The following m „relations

TABLE I. The coefffcient vectors c~, cg, and c~ of Eq. (8) for the relation between the Fourier coefBcients "Cz of the
polarized atom cross sections and the anisotropy parameters 'P, Q, and 'R.

2Q

3Q

—,', (—1, 2, —1)

—,'(—1, 2, —1)

—,'(—2, 1, 2, 1, —2)

—,'(—2, 1, 2, 1, —2)

—(—5, 0, 3, 4, 3, 0, —5)

—(—15,0, 9, 12, 9, 0, —15)

so (47, —28, —38, —28, 47)

-(7, —4, —6, —4, 7)

—(1, —4, 6, —4, 1)

—s(61, —9, —33, —38, —33, —9, 61)

-(9, —1, —5, —6, —5, —1,9)

—;,(3, —7, 1, 6, 1, —7, 3)

—(593, —142, —289, —324, —289, —142) 593)
—(495, —90, —255, —300, —255, —90, 495)

—(11, —26, 5, 20, 5, —26, 11)

s4(1, —6, 15, —20, 15, —6, 1)
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then apply:

Po2~ Jk: ~—my, =~m,
g, &

/o-+ JI, ——1:mo ——1, mq ——0,

The actual m, distribution for the JA, ——2, 3 initial
states is determined in a Monte Carlo simulation [28] of

the laser excitation, taking into account the coherence of
the excitation process and the stochastic nature of spon-
taneous emission. Time integrated results are presented
in Table II.

For a specific excitation scheme, the expansions of
"C2„in 'P, Q, R terms provide a natural way to deter-

mine if higher order polarization effects are likely to be
revealed experimentally. As an example, we now discuss
the JA. ——3 case in more detail. Substituting the values
of Table II in Eq. (8) we find

Ji, = 3:Q) g/Qi~g ——1+0 74(.'P —2.66Q —1.70R) + 2.22(P —2.72Q —1.75R) cos(2P)
+0.56(Q + 1.07R) cos(4P) —0.02R cos(6P). (10)

If R is nonzero, not only is a cos(6P) term present, but a
cos(4P) and cos(2P) term are also present, 30 to 200 times
larger in amplitude, respectively. Therefore a cos(6P)
contribution is unlikely to be "recognized" in the experi-
mental data. A similar argument applies to Q, now with
"only" a factor 12 between the contributing cos(4P) and
cos(2P) terms.

As to the comparison between experimental and cal-
culated results, a serious problem now arises. If a higher
order cos(2nP) term is not evidently present in the exper-
imental data, this does not imply that the corresponding
anisotropy parameter equals zero. It may still be present
in'the lower order terms. In our data analysis, how-
ever, we have to set this parameter to zero. Clearly,
this is to prevent a serious error buildup. As a con-
sequence, the experimentally determined anisotropy pa-
rameters P'"gt, Q'"Pt, R'"gt cannot directly be compared

to their coupled-channel counterparts 'Pcc, Qcc, Rc+.
In most cases though, the expansions of 'C2 in 'P, Q, 'R

terms provide a natural way out. For example, for the
two extremal m „distributions of the JI, ——2 cases in
Table II, as determined by the Monte Carlo simulation
of the laser excitation at the laser power used, we find

Ji, = 2; qi~4/qi~4 ——1 —0.10(P —0.88Q)
—0.31(P —0.95Q) cos (2P)
—0.10Q cos(4P),

Ji, = 2: Qi s/Qi~s ——1 —0.16('P —1.02Q)
—0.49('P —1.05Q) cos(2P)
—0.08Q cos(4P). (11)

If no cos(4P) term shows up, we take Q'"go=0. Only two
experimental parameters can be determined, i.e., the un-

TABLE II. Time integrated population distribution m ~
= m „overthe magnetic sublevels

of the initial (o.i„Ji,j state obtained by a Monte Carlo simulation [28] of the excitation process with
a linear polarized laser. The experimental parameters used are laser power P = 500 pW, primary
beam velocity ui ——5000 m/s, and no magnetic field present (Helmholtz coils to compensate earth
magnetic field). For comparison the low and high power limits are also given. Both are determined

by squared ratios of Clebsch-Gordan coefFicients; the 6rst by the ones giving the relative pumping
speed for the various mi, = mi transitions, the second by the ones corresponding to mi, g mi
population exchanges by spontaneous emission.

Initial state

Low power limit

High power limit

0.265

0.225

0.235

0.1 (=—,'0)

0.25 (=-,')

0.235

0.275

0.265

0.4 (=2)
0.25 (=,-')

Low power limit

High power limit

0.38

0.257 (=—,', )

0.476 (=~~)

0.24

0.229 (=—;,)

0.236 (=—,', )

0.07

0.143 (=-„)
0.024 (=—2)
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polarized cross section Ql+ i, and an effective experimen-
anjsotropy parameter y &t Our coupled-channel

code, however, provides all three parameters Qic &, Pcc,
and Qcc

For the first example given in Eq. (11), the effec-
tive experimental parameter 7 I', determined by taking
Q'"Pt=0, in fact represents (P —0.95Q) = (P —0.88Q).
In general for Ji,=2, when no cos(4P) term shows up, we
choose to compare

pexpt

expt
:-(p+x) '
:- (Q+'R)

If only a cos(2P) term is present for Ji, = 3, we choose
to compare

Qexpt 0 . pexpt, (p Q)
CC

Similarly, after rewriting Eq. (10) for the Ji, = 3 case, if
no cos(6P) term shows up, we choose to compare

J = 3 VZ
" ' = Q ""= 0 . P'" ' -. .- (P —2 7Q —1 8Z)" {14)

The latter expression can also be written as
(P + R,) —2.8(Q +R), which directly relates to

the terms in Eq. (14).
Finally we like to stress that a careful numerical (or

experimental) determination of the ul „distribution is
important for a correct data analysis. Although the ex-
tremal m, distributions for- JI, ——2 only differ slightly,
the corresponding coefficients of (P —Q) in Eq. (11) dif-
fer by a factor 1.6. For JA,

——3 the seemingly small devi-
ation of the m „distribution from the high power limit
corresponds to a reduction of the cos(6P) and cos(4P)
terms to half their values.

Concluding, the anistropy parameters are highly suit-
able for representing our experimental and quantum me-
chanical data. They are directly related to the observed

polarization eSects and mostly offer convenient ways
to circumvent dependency problems when comparing
quantum-mechanical and experimental d.ata with small
or negligible higher order polarization effects.

IV. EXPERIMENTAL RESULTS

In a least squares analysis of the experimental data
first the coeKcients "C2 are determined, after which
Eq. (8) is used to obtain P, Q, 'R'.

In Tables III—V experimental cross sections are pre-
sented for a set of 29 collision-induced transitions in
the Ne**-He system, classified by the value of Jk. For
the Jy ——1 case, formerly measured. TMS cross sec-

TABLE III. Experimental and quantum-mechanical anisotropy parameters 'P and unpolarized
cross sections Ql+ l, for various (ctl, ) ~ (crl) transitions with Jl, = 1. For comparison the thermal
data labelled TMS [20, 21] are also given. Only statistical errors are indicated. The coupled-channel
calculations are referred to as "CC" and are labeled (1), (2), and (3) for collision energies Zoo=350
meV, Ecc——525 meV, and Egg ——100 meV, respectively.

&expt

(mev)

500
450
460
450
450

470
500
500

Ql m k

(A')

11.8(1)
4.08(6)
2.12(3)
1.42{2)
1.52(2)

3.40(3)
2.02(5)
11.9(2)

1.4
1.0
2.3
1.4
1.1

1.4
1.6
2.0
1.6
1.5

1.2
1.8
1.6

1.3
1.8
1.8

Ql~k jQl~leCC

(1) (2)

pexpt

—0.10(2)
—0.60(3)

0.81(4)
0.67(5)
0.86(5)

—0.56(l)
1.20(7)

—0.19(5)

0.04
—0.63

1.06
0.90
0.73

—0.62
1.50

—0.54

pCC

(2)
—0.05
—0.71

0.76
0.91
0.84

—0.41
1.15

—0.21

100
100
100

140
140
140

12.7
0.8
3.7
1.0
1.1
5.5

(3)
1.1
1.0
1.0
1.0
0.9
1.3

0.05
—0.58

1.36
—0.85

2.0
—0.95

0.05
—0.32

1.43

2.1
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TABLE IV. Experimental and quantum-mechanical anisotropy parameters 'P, Q, and unpolar-
ized cross sections Q~+ k for various (nk) —+ (ni} transitions with Jk = 2. Statistical errors only
are indicated. The coupled-channel calculations are referred to as "CC" and are labeled (1) and
(2) for collision energies Eco=350 meV and Eoo=525 meV, respectively. In the data analysis we
assumed Q'"~' = 0, and the efFective parameter 'P'"~' is to be compared with (P —Q)

4
5
6
7
9
10

@expt

(meV)

430
430
430
430

450
450
450
450
450

490
490
490
500
500
500

Q~~k

2.S8(3)
i.s3(2)
1.02(1)
1.12(2)

3.28(3)
i.86(2)
6.95(6)
3.41(3)
2.51(2)

0.867(6)
0.564(8)
2.26(2)
4.63(4)
i9.i(1)
2.00(2)

0.8
0.8
1.7
1.1
1.2
1.0
1.0
1.3
1.6
1.6
0.5

1.4
1.7
1.9
1.5
1.1
1.3
1.8
1.9
1.7
1.7
0.5

Qlmk jQlmkCC

(1) (2)

1.6 2.3
2.2 2.1
1.4 1.6
1.3 1.5

pexpt

—0.31(4)
—o.io(s)

O.37(4)
0.07(7)

O.13(2)
—O.17(3)
—0.04(2)

0.23(2)
0.19(2)

0.34(1)
—o.o6(4)

0.14(3)
0.05(2)

—0.13(2)
—o.is(4)

—0.09
0.01
0.28
0.02

0.12
—0.09

0.00
0.18
0.12

0.29
—0.07

0.16
0.16

—0.13
—0.14

—0.07
—0.02

0.27
—0.04

0.13
—0.18
—0.08

0.16
0.04

0.41
—0.09

0.31
0.07

—0.08
—0.12

(&- Q)'
(1) (

QCC

(1)
0.20

—0.21
0.90

—0.37

0.52
—0.53
—0.23

0.34
—0.26

0.23
—1.39

0.17
0.27

—0.12
—0.32

0.51
—0.14

0.70
—0.33

0.36
—0.23
—0.14

0.29
—0.21

0.91
—1.08

—0.02
—0.24
—0.30

tions are also given [20, 21]. Furthermore, quantum-
mechanical coupled-channel results are presented for 100
meV (Jk = 1 only), 350 meV, and 525 meV. The first
energy corresponds to the TMS source, the latter two
roughly span the energy range accessed by the HCA
source. Full polarization measurements are only given
for a representative subset in Figs. 2—6. In this section
we describe the main features of this data set and com-
pare experimental and quantum results.

A wide spectrum of cross section magnitudes and po-
larization efFects is observed. Magnitudes range from 0.2

2
to 20 A. for the (as) -+ (as) and (ns) -+ (cps) transi-
tion (Figs. 5 and 6), respectively, anisotropy parameters
for the polarization efFect from 7 = —0.60 to 7 = 1.2 for
the {o.s) -+ (crs) and (n7) ~ (ns) transition (Figs. 2
and 3), respectively.

Due to the large primary beam velocity vi with respect
to the secondary beam velocity e2, the relative velocity g
is mainly determined by vq and the spread in the angle
P between laser polarization and g is limited, allowing
well resolved measurements of polarization efFects in the
cross section. On the other hand. , these cross sections are
averaged over the relative velocity distribution.

A. Initial state Jq ——1

The most pronounced polarization efFects are observed
for the (ns) and (n7) initial states with Jk=l, as de-
picted in Figs. (2) and (3). These pronounced effects
are essentially due to the fact that only the mA,

——0
level is populated in the excitation process. The extrema

TABLE V. Experimental and quantum-mechanical data for various (n@) —+ (n&) transitions
with J& ——3. Statistical errors only are indicated. The coupled-channel calculations are referred
to as "CC" and are labeled (1) and (2) for collision energies Eco=350 meV and Eoo=525 meV,
respectively. In the data analysis we assumed X. " ' = Q xP' = 0, and the effective parameter P'" '
is to be compared with P' —2.7Q —1.8R)

4
5
6
7
8
10

&expt

(meV)

450
450
450
450
450
450

Q I+-k

0.268(5)
o.2ss(2)
0.76(1)
1.82(2)
8.5(1)
1.39(2)

1.7
1.3
1.8
1.8
2.4
0.9

2.8
2.3
2.1
2.7
2.6
0.6

Ql&-k/Ql+ k

(1) (2)

pexpt

0.15(1)
0.153(7)
0.10(1)

O.116(6)
0.009(9)
0.065(7)

(P —2.7Q
(1)

0.22
0.23
0.13
0.15
0.01
0.049

1.8R)
(2)

0.16
0.24
0.12
0.13

—0.01
0.067
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in Q& & directly correspond to the pure M~ state cross

sections QI &. For each of the intial states the whole
range of polarization effects is observed and (almost) a
decade in cross section magnitude is spanned. The angle

P for the different data points is calculated from the ex-
perimentally known orientations of the laser polarization
and g, assuming a point-size scattering center and using
averages for vq and e~. In the data Bt a constant offset
in P is allowed. In the most recently obtained cross sec-
tions this offset is at most a few degrees. The very erst

measurements show larger deviations up to about 10 for
the fo.q) m (ns) transition (Fig. 3).

As to the polarization effect, we observe both a qualita-
tively and. quantitatively good agreement between exper-
imental values and quantum results as listed in Table III,
certainly in view of the broad energy range accessed by
the HCA source. The calculated magnitude of the cross
section, however, is mostly larger than the experimen-
tally obtained result (Table III). In view of the estimated
systematic error of 22% in the absolute values of the ex-
perimental cross sections, these discrepancies are signif-
icant. Only for the (ns) -+ (ns, nsj and (nq) —+ (a4j
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FIG. 2. Experimental results for the observed cross sec-
tion Q~& s for the final states l=6, 7, and 8 as a func-
tion of the (calculated) angle P between the laser polar-
ization and the relative velocity I measured at a colli-
sion energy E = 450 meV. Statistical errors only are in-
dicated. Solid line: least squares fit to data. Second
solid line: experimental data [20, 2 1j for TMS at E
100 meV. Dot ted lines: coupled-channel calculations for
E = 100 meV (........), 350 meV ( ), and 525 meV

(- - -).

P (rad)

FIG. 3. Experimental results for the observed cross sec-
tion Q~& 7 for the final states l=4, 5, and 6 as a function
of P at a collision energy E = 500 meV. Statistical errors
only are indicated. Solid line: least squares fit to data.
Second solid line: experimental data [20, 21] for TMS at
E = 100 meV. Dotted lines: coupled-channel calculations
for E = 100 meV (........), 350 meV ( ), and 525 meV
(- —-).
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transitions is a fair agreement found.
In the TMS case though, mostly an excellent agree-

ment is found for both the polarization efFect and cross
section magnitude [20,21]. A striking example of the con-
trast between the TMS and HCA results is the (ns) -+
(uq) transition. Whereas the thermal experimental and
quantum data closely agree, the corresponding superther-
mal cross sections are wide apart in magnitude by a fac-
tor 2. When switching &om TMS to HCA source, the
rise in magnitude and drop in polarization eKect for the
(nq) -+ (o.4, ns) transitions clearly reHect the endother-
micity of the processes (AE&4 ———91 meV, AEqs ———81
meV).

B. Initial state Jg, —2

For the (n4), (ns), and fns) initial states with Jq = 2,
the m „distribution is nearly isotropic, apart &om the
unpopulated mA, , = 0 level (Table II). The above is re-
Hected in the measurements, with mostly only small val-
ues for 'P'"i't (Table IV). The qualitative agreement with
the corresponding quantum values (P —Q)c+ is good,
certainly in view of its magnitude and the di8'erences be-
tween the two quantum calculations at diferent collision
energy. Clearly, the use of the anisotropy parameters in-
troduced in this paper shows its value in the comparison
between theory and experiment.

6m5 8~4

O
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E
O
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U
(D
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O

6~8

6~9

CUo+
CO

O

G3
C3I
Ef)
O

E
O
65
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(D
N p
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8~9
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n/2 0

P (rad)

I

7t/2

FIG. 4. Experimental results for the cross section QS&

for the final states l=5, 8, and 9 as a function of P at a collision
energy E = 450 meV. Statistical errors only are indicated.
Solid line: least squares 6t to data. Dotted lines: coupled-
channel calculations for R = 350 meV ( ) and 525 meV

FIG. 5. Experimental results for the cross section QS&

for the Bnal states l=4, 5, and 9 as a function of P at a collision
energy E' = 490 meV. Statistical errors only are indicated.
Solid line: least squares 6t to data. Dotted lines: coupled-
channel calculations for E = 350 meV ( ) and 525 meV
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magnitude correctly predicted by quantum calculations.
Note that it is only for the case of the (nsj ~ (nioj
transition (Table IV) and the (nsj ~ (niOj transition
(Table V) that the quantum calculations result in a lower
cross section magnitude than obtained experimentally.
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D. Higher order polarization e6ects

A higher order cos(4P) polarization efFect is most
clearly observed for the (0.9j -+ (niej transition, but
is also evidently present for the (nsj -+ (cps, o.4j and
(nsj ~ (as, nsj transitions. Table VI presents a sepa-
rate cos(4P) data analysis for these transitions. As can
be seen in this table and &om the corresponding 6gures,
the qualitative features are in good agreement with the
calculations and even the cross section magnitude is cor-
rectly predicted. It is only for the (cxsj -+ (asj and
jrxs} ~ (nsj transitions that the quantum polariza-
tion effects seem to be exchanged with respect to each
other (Fig. 4). Note that the values for 'P'"P~ of the
cos(4P) analysis are consistent with the results of the
simple cos(2P) analysis.

P (rad)

n/2

FIG. 6. Experimental results for the cross section Q&
for the final states l=5 and 10 as a function of P at s collision
energy E = 490 meV. Statistical errors only are indicated.
Solid line: least squares Gt to data. Dotted lines: coupled-
channel calculations for E = 350 meV ( ) and 525 meV

C. Initial state Jq ——3

For the (ns j initial state with Ji, = 3 similar results are
obtained, as given in Table V. The (ns j -+ (ns j transi-
tion in Fig. 4 is one of the few cases with a cross section

E. Detailed balance

Detailed balancing yields

Er (2', + I) Qi i(Ei) =@(2Ji+I) Qi. i(Ei) (15)

for the unpolarized cross sections of reverse transitions.
Here, Ey and Ei are collision energies relative to the k
and l level, respectively, corresponding to the same to-
tal (kinetic plus electronic) energy. For collision ener-
gies much larger than the atomic energy splitting, i.e. ,

Ei„Ei)) EEi,i so that Ei, Ei, Eq. (15) states that
the ratio of unpolarized cross sections equals the ratio of
statistical weights. In Table VII a comparison is made
between the unpolarized cross sections for all measured
pairs of reverse transitions, ordered by the atomic energy

TABLE VI. Experimental snd quantum-mechanical anisotropy parameters 'P, Q and unpolar-
ized cross sections Qi+ g for various {o.i, j ~ $o.ij transitions with Ji, = 2, 3. Statistical errors only
are indicated. . The coupled-channel calculations are referred to ss "CC" and are labeled (1) and (2)
for collision energies Eoc=350 meV and Eoo =525 meV, respectively. By the presence of s cos(4P)
contribution in the experimental data we are able to determine two experimental anisotropy pa-
rameters 'p'", Q'"~', directly comparable to 'p, Q for Ji, = 2 or effectively to ('p + R) and

(Q+ R) for Ji, = 3. In the latter case we take R'"~' = 0 in the data analysis. Coupled-channel
calculations yield Ri ———0.56 and Rz = —0.45, respectively, for (o.gj ~ (nioj transition.

&exp t

(meV)

450
450

490
490

Q i+-k

(A.')
3.4(2)
2.5(1)
0.86(3)
0.56(3)

Ql~h/Ql~kCC

(1) (2)
1.1 1.5
1.2 1.1
1.0 1.3
1.0 1.8

pexpt

o.o(2)
0.4(2)

0.6(l)
—0.8(2)

0.52
—0.15

0.52
—1.46

0.44
—0.17

1.33
—1.17

~CC

(1) (2)

QexPt

—0.2(1)
0.2(1)
o.2(1)

-o.7(2)

0.34
—0.26

0.23
—1.39

0.29
—0.21

0.91
—1.08

gCC

(1) (2)

9 10 450 1.38(7) 0.9 0.6 O.32(5) 0.40

(p + R)cc
0.47 0.09(2)

(Q+ R)
0.18 0.14
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(2Jl, + 1)Qi~i, /(2~i +1)Qi,~~+@kl
(meV)

TABLE VII. Evaluation of the detailed balancing requirement for all pairs of measured reversed
transitions. For AE&&——0 the latter column should yield unity. The large values obtained for the
pairs involving the (ng) state point to an underestimation of the cross section magiiitude for the
(n@) initial state by a factor 2.38. Corrected values are indicated in parentheses.

k

24
57
61
67
81
91
118
128

0.97
1.32
1.51
0.79
1.05
0.75
1.51
1 ~ 18

Average value 1.14 + 0.28

Transitions involving optical excitation in
the closed level system P2 ~ (nz J& = 3)

21
82
138
149

1.61 (0.68)
2.36 (0.99)
2.55 (1.07)
2.99 (1.26)

Average value 2.38 + 0.50 (1.00 + 0.21)

splitting. The average value of the weighted cross section
ratio (2 ', + 1)Qi+ i, /(2 Ji+ 1)Qy~i for all transitions not
involving the (ng} state is equal to 1.14 + 0.28. The
values are thus in fair agreement with the requirement
of detailed balancing, certainly in view of the estimated
systematic error of 22%%uo in the magnitude of the cross
section, as discussed in Sec. II B.

For the transitions involviiig the (ng} state the de-
viations &om detailed balance are rather large. Most
likely, this is related to the fact that the (ng} initial state
and the P2 level form a closed level sytem for optical
pumping, resulting in a spatially much broader excitation
profile. This is also evident from the ratio Q&~&/Qi~y,
which is significantly higher for the case of an (ng} initial
state (Table V) than for the case of an (ng} final state
(Tables III and IV). By increasing the magnitude of the
Qi~g cross sections by a factor 2.38, which is derived
IIrom the average value of the observed weighted cross
section ratio for all four transitions, we observe a fair
agreement for the detailed balance. The average value
and the spread of the weighted cross section ratio then
is equal to 1.00 + 0.21, in. agreement with the estimated
systematic errors. The spread is also of the same order
of magnitude as found for the other transitions.

P. Thermal energy test on absolute cross sections

To check if the general observation of a too large
magnitude of the calculated cross section in compari-
son with the experimental values is due to changes in
the setup when switching from TMS to HCA source, the
(n&} -+ (n4} transition is remeasured with the TMS

CUo~

1
C3
C:
D
U
U)I
(A
O
D

JM5]=0 .
]Ms]=1

0

5~4

100
E (meV)

FIG. 7. Comparison between experimentally determined
cross sections for the (ns) -+ (n4) transition. The values
obtained for the TM S in the H CA chamber agree well with
those previously reported [21j with the TMS only L=90 mm
from the scattering center. This excludes a systematic dif-
ference in the determination of the cross section magnitude.

positioned in the HCA chamber. Usually, the TMS is
exchanged with the defining aperture (Fig. 1). Because
of its cross section magnitude this transition is ideally
suited as a reference. A convolution factor (=0.90 is de-
termined for this transition with the TMS. In Fig. 7 our
experimental results are compared with previous mea-
surements [21]. Agreement is found to be within 10%.
Clearly the setup used and the beam alignment are of
no importance for the magnitude of the measured cross
section.
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V. FAILING SEMICLASSICAL MODEL

Due to the "black box" character of the coupled-
channel calculation it is difBcult to determine the nature
of the observed discrepancies between experimental and
quantum cross section magnitudes. In the semiclassical
model the link between model potentials and cross sec-
tions is a far more direct one. A qualitative semiclassical
interpretation of the data is therefore helpful in this con-
text. As we will see in this section, however, the current
semiclassical model fails in describing important features
of the data.

In the current semiclassical model [21] transitions are
only possible at localized avoided crossings in the adi-
abatic potentials, referred to as radial coup/ing. The
single-pass transition probability pA, t involving the adia-
batic A: and l states is given by the Landau-Zener formula
[3o1

pal = exp( —vol/vrad)

(16)
ny) = 27r(HI, )) /h, b,F)

in which v, ~ is the local radial velocity. The reference

CG

CUo~

"3

C3

CU0+

C3
D

velocity vg~ characterizes the avoided crossing, with 2HA, ~

the energy splitting between the adiabatic curves at the
crossing radius B and LE the absolute difFerence in
the slopes of the corresponding local diabatic potential
curves. A net transition is most likely to occur when
e, g —my~ and a change in adiabatic potential is made
only once, either on the incoming or the outgoing transit.

The other major ingredient of the semiclassical model
is the locking concept. For internuclear distances R
smaller than the so-called locking radius BL, 7ao the
molecular interaction forces are large enough to "lock"
J to the internuclear axis. For B ) BL, the J vector
remains space 6xed. This implies a redistribution over
the difFerent 0 states along the trajectory, known as ro-
tational coupling. Note that this redistribution is purely
determined by geometry, i.e. , by the space-fixed orienta-
tion of J and the followed trajectory, and in a Brst ap-
proximation not by the magnitude of I for a fixed value
of RL, [31].

A. (na) m (n&) transition

The (ns) ~ (n4) transition is due to an avoided cross-
ing in the 0=1 manifold at B = 8.6ao, as is obvious Rom
an inspection of the potential curves involved [1, 2, 20,
21]. The very low reference velocity v4s ——20 m/s implies
p45 l. A net transition occurs only when the crossing
is met once along a full trajectory. Rotational coupling
between B and BL, is required to prevent a second tran-
sit of the crossing by converting 0 = 1 components into
0 g 1 components and vice versa. Since both p45 and
the rotational coupling only slightly depend on g, more
or less equal cross sections for the TMS and the HCA
source are expected. This is indeed seen for both the ex-
perimental and quantum results. However, a closer look
at the quantum results reveals an inconsistent feature.
In Fig. 8 the quantum-mechanical partial cross section
dQ4i 'si/db is given as a function of the impact parame-
ter b. An averaging procedure is applied to remove the
fast Stuckelberg oscillations. Going &om TMS to HCA
energy, two effects are apparent: a clear rise in dQ/db for
b ( R and a counteracting drop for b ) B . The rise
for b ( R contradicts the semiclassical view depicted
above. The long-range dQ/db contributions for b ) R
were mentioned before [21] and are also not explained in
the current semiclassical model, since the crossing simply
cannot be reached.

B. (ns) ~ (nr) transition

b (units of ao)

s' FIG. 8. Quantum-mechanical difFerential cross sections
dQ4i~si/db as a function of the impact parameter b for both
collision energies E = 97 meV and E = 525 meV, with an
averaging applied over three and five values, respectively, of
the quantum number for the total angular momentum. The
arrow points to the position R of the avoided crossing. Both
the contribution for impact parameters b ) R and the rise
in magnitude for 6 ( R going to HCA energy cannot be
explained by the current semiclassical model.

The (67) avoided crossing in the A=1 manifold resem-
bles the (54) crossing [1,2, 20, 21, also having a small ref-
erence velocity vs7=165 m/s [21]. An essential difference
is the smaller crossing radius R = 7.35ao [21]. With
B —BL„the crossing is bound to be passed twice. With
increasing energy, p6p approaches unity and we expect a
clear drop in cross section magnitude at HCA energy.
This is fully contradicted by both the experiment and
the quantum calculations, showing a clear increase for
both the (nyj —+ (ns) and the (ns) ~ (n~) transition.
At TMS energy the quantum difFerential cross section
dQs~'&/db (Fig. 9) displays a maximum at b 5ao (R,
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FIG. 9. Quantum-mechanical differential cross sections
dQs r/db for both E = 90 meV and E = 525 meV. See cap-
tion of Fig. (8) for further detail. At HCA energy, the major
part of the cross section stems from large impact parameter
contributions unexplained by the current semiclassical model.

meV, the small experimental polarization effect (ob-
served both experimentally as well as quantum mechan-
ically) and the fact that they all show pronounced long-
range dQ/db contributions in the calculations. Though
minorly contributing, long-range dQ/db contributions are
also evidently present for the (o.s) ++ (o.s), (crs) ++
(crs), and (ar) e+ (as) transitions.

We conclude that essentially a long-range transition
mechanism has to be added to the current semiclassi-
cal model. Possibly such a mechanism can be related
to the broad and low amplitude structures of the ra-
dial coupling matrix elements (a~~(8/BB) ~cry} at large
internuclear distances, instead of the peaked structures
in the inner region that correspond to localized avoided
crossings [21]. An important question is how kinetic en-
ergy can be transferred to electronic potential energy at
these large internuclear distances. Clearly this is not by
a change in the radial kinetic energy, since the potentials
are small in magnitude and vary only slowly for large
R, so that only small radial forces are involved. As for
the rotational energy, however, a change in the rotational
quantum number N can bridge the electronic energy dif-
ference. In Fig. 10 the quantum-mechanical differential
cross section dQs~&/db for the possible (even) changes

where the radial velocity at the crossing is minimal. At
HCA energy we see that the main part of the cross sec-
tion is due to impact parameters b ) R for which the
crossing cannot be reached. For the reverse transition a
similar result is obtained. Clearly, the yet unexplained
long-range dQ/db contributions are no longer uniquely
reserved for the (ns) m (n4) transition, as is the case
at TMS energy.

C. (as j -+ (ag j transition

To explain the transitions involving (ns) and (ng)
states new avoided crossings have to be identified. How-
ever, these are not as evidently present as the crossings
in the (4567) group. Consequently, relatively large val-
ues for Hg~ are to be found, implying large reference ve-
locities. An interesting case now are the (og) e+ (ns)
transitions. Though not depicted here, these also ex-
hibit a major contribution at large impact parameters.
We conclude that the value of the reference velocity is
not related to the presence of long-range dQ/db con-
tributions. The similarity between the results for the
(~4, o.s, us) -+ (ns) and the (n4, ns, ns) ~ (ng) transi-
tions and the relatively large cross section found for the
(ng) ++ (o.s) transitions imply a strong coupling of the
(ns) and (ag) states in the collision process.

VI. RADIAL MATCHING

C5
Cdo~

C3
C5

7~6
eV

10

b (units of a, )

(17)

of N are depicted for a collision energy E=1000 meV.
We observe a major cross section contribution at large
impact parameters b & R, with a clear preference for
LN = —2. This is exactly what we expect &om the
above argument. A decrease in N for the final (ns) state,
which lies above the initial (n7) state, is effective in sur-
mounting the endothermic energy barrier LE6 y

——24
meV. In quantum-mechanical terms the transition can
qualitatively be described in the distorted wave approxi-
mation by two radial wave functions for a different (n, N)
combination that "match" in wavelength, i.e., have the
same radial kinetic energy, over a certain R range, with

With the HCA source the largest cross sections are
measured for the (o.g) ~ (as), (aq) ++ (as), and
(crs) ~ (n4 j transitions. Common features of these
transitions are the relatively small atomic energy split-
tings LE45——10.7 meV, LE67——24.1 meV, and LE89——20.7

FIG. 10. Quantum-mechanical differential cross sections
dQs~r/db as a function of the impact parameter b for E =
1000 meV. A clear preference for AN = N6 —N7 ———2 is
observed, in favor of the discussed "radial matching" mecha-
nism.
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a small and slowly varying nondiagonal matrix element
coupling the two. Semiclassically we Gnd a scaling

bE,~t ——E,~t(N + b, N) —E,~t(N)
= b,N(N+ 2)h /pR = bNhgb/R,

with 6 the impact parameter and p the reduced mass.
Because LE, q g it is clear that larger energy differ-
ences can be bridged at HCA energy, resulting in more
cases with long-range dQ/db contributions than only the
(ns) —+ (cr4) case at TMS energy.

This also points to a possible explanation of the ob-
served differences in the magnitude of the cross section
for the experimental and the quantum results, i.e., a pos-
sible deficiency in the long-range part of the model po-
tentials. This has to be investigated in more detail. Note
the counterintuitive idea of a transition at higher col-
lision energy being more sensitive to the details of the
long-range potential instead of the repulsive branch.

VII. CONCLUDING REMARKS

In this paper the experimental cross sections are re-
ported for the process of intramultiplet mixing in the
Ne**-He system at superthermal energies. A broad range
of cross section magnitudes and polarization efFects is
observed. Although the polarization efFects are in good
agreement with quantum coupled-channel calculations,
the calculated values for the cross section magnitude are

mostly too large. Furthermore, the most prominent ex-
perimental cross sections cannot be explained by the cur-
rent semiclassical model. Although a scaling problem is
highly unlikely, time-of-Gight measurements on the en-
ergy dependence of the cross section [31] provide even
more de6nite experimental evidence for a shortcoming in
the current semiclassical model. A first attempt is made
to identify the additional transition mechanism involved.
The radial matching mechanism is a prime candidate. In
that case the long-range part of the potential strongly
infiuences the cross section magnitude, whereas polar-
ization effects are governed by the avoided crossings in
the inner region. A new semiclassical model incorporat-
ing this efFect is in development. A useful tool in this
is the comparison between semiclassical and quantum-
mechanical partial cross sections. Ultimately, a fast nu-
merical implementation of such a semiclassical model
should allow a reconstruction. of the model potentials,
given the extensive size of the set of available cross sec-
tions. Moreover, the time-of-fiight measurements on the
velocity dependency of the cross sections [31] will also be
included in this analysis.

A final prospect is to reveal possible difFerences in
oNe**-&2 ~Ne and 22Ne**-~2 ~Ne cross sections due to

symmetry effects [32], where the notation (2o)Ne is used
for the natural isotope mixture of neon with 90% of 2 Ne.
These are likely to appear at the shorter internuclear dis-
tances probed with the HCA source. As yet, these mea-
surements have not been carried out.
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