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Energy-resolved intramultiplet mixing in the electron-volt range
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We present time-of-flight measurements on fine-structure-changing Ne" ((2p) (3p)}+He collisions
in the energy range 200 & E & 1200 meV. Absolute values of polarized-atom cross sections are
given for six collision energies in this range for various transitions from the (as} and (ar} initial
fine-structure states with electronic angular momentum Jg=l, with (o~}= ((2p) (3p)~} and index l
corresponding to the usual Paschen numbering within the multiplet with / = 1 through 10 with de-
creasing electronic energy. A wide range of energy dependencies of both cross-section magnitude and
polarization efFect is observed. Experimental results are compared with fully-quantum-mechanical
coupled-channels calculations. De6nite evidence is found for a serious shortcoming in both the input
model potentials [D. Hennecart, Ph. D. thesis, Universite de Caen, Caen, France, 1982 (unpublished);
De Hennecart and F. Masnou-Seeuws, J. Phys. B 18, 657 (1985)] and the semiclassical model as
used by Manders et aL [Phys. Rev. A 89, 4467 (1989)] for explaining the observed features in the
thermal energy range.

PACS number(s): 34.20.—b, 34.50.Pi, 34.50.Fa, 35.80.+s

I. INTRODUCTION

In recent years the interest for inelastic collisions of
short-lived electronically excited states is steadily grow-
ing [4—17]. In our crossed beam apparatus [18,19] we de-
terxnine absolute values of polarized-atom cross sections

Q& s& for the collision-induced intramultiplet mixing pro-
cess

Ne'*{(2p) (3p);ng, Jg, MI, }

+He ~ Ne" ((2p) (3p); n~, Jt}+ He, (1)

in which the different fine-structure levels (n} are short
lived (r 20 ns) and denoted by their Paschen numbers
k and l, respectively. Furthermore, ]M&[ is the magnetic
quantum number of the electronic angular momentum JI,
of the initial state (o.y} with respect to the asymptotic
relative velocity g.

Recently, a hollow-cathode arc (HCA) source [20] for
the neon species has been installed, supplementing the
thermal metastable atom source [21] (TMS) and open-
ing up the eV range of collisional energies. Initially,
the aim was to look for possible differences between
2 Ne" —( ~Ne and Ne**—( ~Ne cross sections due to
symmetry effects [22], with smaller internuclear distances
probed at superthermal energies. The notation( ~Ne

is used for the natural mixture Ne: Ne = 9:
of Ne isotopes with a majority of Ne. A first mea-
surement run for the Ne"-He system, however, revealed
large discrepancies between experimental and quantum-
mechanical cross-section magnitudes [23]. Furthermore,
the most prominent superthermal cross sections are un-
explained by the current semiclassical model of Manders
et aL [3]. These conclusions are all drawn from the com-
parison between TMS and HCA data. Measurements
on the energy dependence of the cross-section magnitude
and the polarization efFect might provide more direct and

definite evidence for a short coming in the semiclassical
model.

With the TMS source, measurements on the energy
dependence were performed earlier by varying the po-
sition of the scattering center [19]. As explained else-
where [23], this method cannot be applied with the HCA
source. However, due to its broad velocity distribution
the HCA source is ideally suited for time-of-Hight (TOF)
measurements. This paper describes the operation and
calibration of a TOF experiment with the newly installed
HCA source and presents the experimental TOF results.
The experimental setup is presented in Sec. II. In Sec.
III the choice of TOF method and its parameters are dis-
cussed. Checks on the pseudorandom correlation method
and the Hight time calibration are described in Secs. IV
and V, respectively. Aspects of the measuring routine
and data analysis specific to TOF measurements are dis-
cussed in Sec. VI. The TOF results and comparison with
quantum calculations are presented in Sec. VII. Definite
evidence for a failing semiclassical model is given in Sec.
VIII. Finally, the observed polarization asymmetry for
the reverse (as} ++ (o.7} transition pair is discussed in
Sec. IX. A semiclassical model is being developed and
includes an additional "radial matching" mechanism at
large internuclear distances, involving a change in the
rotational quantum number of the relative nuclear mo-
tion. This implies a large sensitivity of the superthermal
cross-section magnitudes to the details in the lung-range
part of the model potentials of Hennecart and Masnou-
Seeuws [1,2]. A small deficiency in these potentials can
easily explain the observed discrepancies with the quan-
tum results.

II. EXPERIMENTAL

A schematic view of the experimental setup is given
in Figs. 1 and 2. Additional information on the ex-
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FIG. 1. Schematic view of the time-of-Bight setup and
method for the crossed beam experiment "minibeam I." The
electronical and optical burst times are indicated by tq, , and

tq, , respectively. A chopper burst of metastable atoms corre-
sponds to a laser-oK period. The origin of the xyz-coordinate
frame is chosen at the nozzle exit of the secondary beam.
EOM denotes an electro-optical modulator and HCA is a
hollow-cathode arc source.

periment is given by Manders et aL [19] and specific
aspects on the use of the HCA source by Booxn et at.
[23]. The scattering center is defined by the intersection
at right angles of the primary, secondary and pump laser
beams. The metastable neon atoms Ne'( Po) of the pri-
mary beam are produced by the HCA source [20] and
excited to one of the Ne" ((2p)s(3p)} fine structure lev-

els (rxg }by the linearly polarized pump laser. The short-
lived atoms may collide with the helium atoms of the sec.-

ondary beam, originating &om a skimmerless supersonic
expansion [24]. The optical detection system detects ei-
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FIG. 2. Schematic view of the time-of-Bight method. A
chopper burst of metastable atoms corresponds to a laser-off
period (Fig. 1). The Ne' intensity at the position z = 0 of the
chopper laser is given for both the SB and the pseudo-random
correlation (RC) method. The response in the scattering cen-
ter at x = L is also shown for the SB method, integrated over
the time channels i of the multiscaler. Both the metastable
atom burst time tz, and the delay time t& are indicated, to-
gether with the mean Sight time tI„5 of the atoms detected
in channel i = 5.

ther "direct" fluorescence from the originally excited level
or "indirect" fiuorescence from a level (nt} populated by
collision-induced intraxnultiplet mixing. Narrow-band in-
terference filters are used for wavelength selection. Both
the (rxs }or (rx7 j state have an electronic angular momen-
tum Jg ——1 and are used as an initial state. Pure-state
polarized-atom cross sections Q& &

can then dnectly beIMf, I

measured in a parallel or perpendicular arrangement of
the laser polarization and the asymptotic relative veloc-
ity g.

The optimum operating pressure for the secondary
beam is given by the condition of an 1/e attenuation
of the primary beam of metastable Ne'(sPo) atoms be-
fore it reaches the laser beam at the scattering center,
as discussed by Manders et al. [19]. The attenuation of
the beam of short-lived Ne" (at, j atoms is only 3% for
an assumed {large) cross section Q = 100 A2, as follows
&om a typical value of the product n2 I of the secondary
beam density nq ——3 x 10z m and the path length
l = vi v = 100 iLim at vi ——5000 m/s. The infiu-

ence of depolarizing collisions before the inelastic transi-
tion and additional fine-structure changing collisions af-
ter the inelastic transition considered is thus negligible.
This has also been checked experimentally by varying the
secondary beam operating pressure [19]. The Ne*'(n& j
are thus investigated at near ideal single collision con-
ditions, in spite of the large attenuation of the beam of
metastable atoms upstream of the scattering center.

Inevitable to the compact minibeam setup is the use
of a laser chopper to perform TOF measurements. The
short flight path L = 90 mm in combination with the
high velocity vi 5000 m/s of the primary beam atoms
requires correspondingly short chopper pulses and a cor-
respondingly accurate synchronization between chopper
and counting device. Furtherxnore, a laser chopper is
favored for its compactness and for an easy implexnenta-
tion of either the single burst {SB)or the pseudorandom
correlation (RC) method.

The dye laser beaxn arriving at the minibeam experi-
ment is split into a chopper beam and a pump beam for
the production of the short-lived Ne" atoms in the scat-
tering center. The chopper beam can be switched on and
off by an electro-optical modulator (ROM) followed by a
polarizer. A short multimode 6ber is used to transport
the chopper beam to the desired position along the pri-
mary beam axis. The chopper beam depletes the primary
beam of metastable Ne'(sPo) atoms by optical pumping.
A pulse of Ne'( Po) atoms transmitted by the chopper
thus corresponds to a laser-oK period. For the chopper
laser we use a power of 1 mW. %ith an eH'ective diame-
ter of 1.5 mm this corresponds to a saturation parameter
8o ——13 and 16 for the wavelengths A = 626.6 nm and
653.3 nm of the Ne'( Po) m Ne'*(rxs} and Ne'(sPo) m
Ne" (a7} optical transitions, respectively. The interac-
tion time with the chopper laser beam for atoms with a
velocity vi ——10000 m/s is equal to 150 ns, correspond-
ing to 8 ~ and 7.3 v, respectively. The branching ratio
for the decay of the (as} and (az} states to the reso-
nant states of the Ne'((2p) (3p)} multiplet is equal to
0.50 and 0.58, repectively. Combining these data with
the saturation parameter we can conclude that the typ-
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TABLE I. Parameters for the velocity distribution of primary beam Bux obtained by a
least-squares analysis of the SB TOF spectrum in Fig. 3 using the model function of Eq.(2).

4825 1.95 -3.58 x 10 5.10x 10 —1.P3x 1P 0.231x 10

ical value of the experimentally observed attenuation of
93—96%% is in good agreement with the laser parameters.

The central part of the time-of-Bight experiment is the
multiscaler with a minimum channel time ty ——500 ns.
The multiscaler both accumulates the fluorescence sig-
nal counts in its time channels (bit 1—15) and supplies
the corresponding series of chopper pulses (bit 16). At
initialization, a preprogrammed pseudo-random or single
burst series can be downloaded. After initialization, up
to a maximum of 65000 TOF cycles can be accumulated
by the multiscaler itself, after which the M68000 com-
puter [25], that controls the experiment, is notified to
sample the data and eventually to restart the cycle.

The transistor-transistor logic (TTL) chopper output
pulses pass an extra digital delay line before going to a
250 V switching amplifier to drive the EOM. The time
constant of 60 ns is mainly determined by the pulse
transformers used to galvanicly decouple the high voltage
stage of the amplifier from the TTL input part.

A high resolution SB TOF spectrum of the direct flu-
orescence is shown in Fig. 3, taken with tI, ——1 p,s. A
suitable model function for the velocity distribution of
the primary beam flux is given by [26]

P(vq) dvq ——Cvqe 1 + ) p„H„(() dvq I

n=3

(2)

in which vq is the primary beam velocity, S the speed
ratio between the flow velocity u and the local thermal
velocity a in the moving frame and C a normalizing con-
stant. The Hermite polynomials 0 correct for the skew-
ness and kurtosis of the distribution. The results of a
least-squares analysis are given in Table I.

III. TOF METHOD AND PARAMETERS

First, we must decide which TOF method is to be pre-
ferred. With the SB TOF method, single chopper bursts
are used to measure the time-delay spectrum directly.
With the RC TOF method a pseudo-random maximum
length sequence with N, = 2 —1 (m =0,1,2, ...) elements
is used to define the chopper function of N, time chan-
nels. The time-delay spectrum is obtained after cross cor-
relation of the experimental RC TOF spectrum with this
pseudo-random sequence. The RC TOF method has the
advantage of a much higher duty cycle than the SB TOF
method. However, (the square of) the statistical error is
the same for all channels and is proportional to the total
number of accumulated signal counts in all channels. For
the SB TOF method only the number of signal counts in
each separate channel determines the statistical error for
that channel. A fair choice between both TOF methods
can be made by comparing the relative errors g for both
time-delay spectra [derived from work of Beijerinck [27],
using the approximation (N, + 1)/N, 1]:
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FIG. 3. High resolution SB TOF spectrum of the direct
Buorescence with channel time tI, ——1 p,s . The solid line rep-
resents the curve fit with the model function P(vz) of Eq. (2)
and the parameters of Table I. The average flight time (tr, ),
total spread in Bight times Atl. and channel time tI, are indi-
cated.
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with b; the fraction of the time-delay distribution in
the time-delay channel with index i. The quantities s
and b are the signal and background count rates with a
nonchopped primary beam, which follow from the usual

type of polarization effect measurement [19,23]. In most
cases the signal to background ratio ~ ( 1 and the ratio
(g,. /g; ) is mainly determined by the factor 4/N . Al-

ready for N = 7 the RC TOF method is to be preferred.
Second, a choice for tI, is to be made. The velocity dis-

tribution and flight path L determine the average flight
time (tl, ) = 18 ps and the total spread in flight times
Atl, = 25 ps (see Fig. 3). The channel time tI, now de-

termines the TOF resolution (tI, /(tl. )) and the number
of signal channels (b,tl. /t~) in the time-delay spectrum.
In a crude approximation each of these signal channels
contains a fraction h; = (tI, /Atl, ) of the time delay dis-

tribution. A choice for b;, thus implicitly for tp, is made

by considering the relative error g;-, given by
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(4)

with T the total measuring time. Note the quadratic
relationship between T and the quantities g, , b;, and K

(ip ( 1). This forces us to make a careful choice for these
quantities in order to maintain an acceptable value for
the total measuring time. Choosing 6ve signal channels
(b; = 0.2 and ti, = 5 ps) and taking g; =2.5'%%up, we find
T = 1 h for a typical case with K = 0.5 and 6 = 200 cps.

Since N, itself is absent in Eq.(4), its value is arbi-
trary for the RC TOF method, as long as the full time-
delay distribution is contained in N, channels. We choose
N, = 2 —1 = 15, the first available value larger then
the minimal value N, =12 that is required to contain the
full time-delay distribution with tI, ——5 ps. Because the
choice for b;—and thus for the channel time tp —is fully
determined by the trade-oE between the required rela-
tive error g; and the total acceptable measuring time
T, it is not useful to increase the number of channels N,
to a larger value. For N = 15 already sufficient time
channels are available for an accurate calculation of the
background.

IV. PSEUDO-RANDOM CORRELATION

The pseudo-random correlation method is prone to
systematic errors, as has been shown by other authors
[28—32]. In view of the preference for the RC TOF
method to measure the "indirect" fluorescence, it is
of paramount importance that we carefully check our
method. Zero fight path measurements with L = 0 are
essential as a calibration tool to reveal systematic errors.
The chopper beam then crosses the primary beam in the
scattering center with the pump beam blocked. Either
the laser light scattered &om the elevated nozzle or the
"direct" fluorescence can be used.

Chopper pulse shape identity is crucial for reliable ran-
dom correlation measurements. Each pulse should have
an identical effect, irrelevant whether it is preceeded by
an "on" or "off" cycle. Deviations &om the chopper
function defined with the pseudo-random sequence are
enlarged by the cross correlation with the exact, down-
loaded pseudo-random sequence. The final result is an
additional contribution in the time-delay spectrum. By
assuming a constant variation A,h added to the either 0
or 1 valued chopper function, we can estimate the mag-
nitude of this extra term. For the time-delay channel i
we find

D;/S; = 26,h/N, b;

for the ratio between the additional contribution D; and
the signal contribution S; to the total content C; of the
time-delay channel after cross correlation. Note that
both terms are cross correlation sums of TOF spectra
and that the background contribution B; does not play
any role.

In the multiscaler the channel time tI, is derived &om
an external clock t,ig = ti, /10. Within a channel, the

electronical burst time ts, can be defined in units of ti, /5
up to 80'%%up of the total channel time tk .This allows a
recovery time between adjacent chopper pulses, so that
chopper pulse shape identity can be achieved. Rigorous
experimental tests are required to verify this.

Pulse shape effects are clearly demonstrated in a RC
measurement with L = 0, in which the response is a
direct image of the chopper function. After cross corre-
lation, we expect a SB chopper burst, i.e., a signal dip
in the first channel and a constant laser-on (=chopper
closed) level in the other channels. An observed varia-
tion of 25 ns on both edges of electronical pulses with
a width of tb, ——1600 ns now directly gives a variation
of 2.5'%%up in the "constant" level (N, =15, scattered light).
This closely agrees to the estimate of 2.9% according to
Eq. (5) with b; = 1/(N, —1).

Choosing burst periods of 60% for channel times of
tp ——5 ps results in electronically indistinguishable RC
high voltage pulses. Variation in either the laser on or
off channels separately of the L = 0 RC TOF spectrum
is only 0.1'%%up. After cross correlation a variation of 0.5'%%up

results for the "constant" level. The shape identity of the
high voltage pulses is mainly limited by the &equency
response of the pulse transformers that are used in the
switching ampli6er.

As a final check on the implementation of the RC TOF
method, an RC and SB TOF spectrum are measured of
the direct fluorescence in a short time period of about
15 min. After cross correlation, the two experimental
spectra represent the same time-delay distribution. More
speci6cally, time channels of both spectra with the same
channel number exactly correspond with each other. The
ratio of their countrates should therefore be constant and
equal to the ratio of the duty cycles 2/(N, + 1), after
a careful subtraction of the background in both cases.
We find an acceptable ratio of 0.1269+0.0005 for chan-
nels 3—8 with N, = 15. Previous to this final check,
many experiments have been performed involving differ-
ent pseudo-random sequences, different values of N„and
different channel times tI, . All these experiments support
the conclusions of the final check presented here.

V. FLIGHT TIME CALIBRATION

A correct measurement of the delay time td, and the
effective burst time tg of the nsetastable atom burst is
important for an accurate value of the flight time, and
thus the primary beam velocity ei. Furthermore, accu-
rate values for tp and t& are required for a correct treat-
ment of convolution effects due to the finite burst and
channel times. Convolution effects are important due to
the small number of channels used. Finally, we want to
compensate td to capture the zero flight path response
in a single channel. This allows a simple interpretation
of the time-delay spectrum after cross correlation and al-
lows a rigorous test on (unwanted) "ghost" eKects. The
hardware has two features for delay time compensation.
First, a coarse adjustment is possible by backshifting the
pseudo-random sequence by a number of channels. Sec-
ond, a fine adjustment is provided by a digital delay line.
This is a fast 10-bit TTL shift register, using the same
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clock as the multiscaler. The extra time delay t, due to
this device can be varied manually between 0 and tI, in
units of ty/10 = &,~k.

A. Delay time

The value of td is determined in an L = 0 SB TOF mea-
surement, detecting scattered laser light from the nozzle
and using an interference filter. The timing diagram is
shown in Fig. 4. The chopper output pulse is chosen
to start simultaneously with the gating of the first time
channel i = 1. The delay time tg is defined as the differ-
ence between the gating of the first time channel and the
actual response in the detection, i.e. , the moment when
the count rate at the multiscaler drops due to the sin-

gle burst interruption of the laser beam. Note that td
also includes the extra time delay t, of the delay line,
but that the difference (td —t, ) is determined by the
apparatus only and should be independent of either t„
tl„or the relative electronical burst time ts, /tq Duri.ng
the determination of tg only, the shift register is used to
spread the response of the chopper burst over the first
two channels (see Fig. 4). The ratio rq2 = Sq/S2 be-
tween the countrate decreases for both channels is the
ratio between the two parts of the chopper burst. The
sum of both decreases is divided by the countrate differ-
ence between the laser permanently on and off, to give
the effective optical burst time tb /tI, The del.ay time tq
is now given by

~12
~b, o ~

(1+ ra2)

chopper
control

counts

0',

b.ot

s, ', s, Py~iiiuipA

3tk

laser off

ViDJ'PAr'JA
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FIG. 4. Timing diagram for the I = 0 SB TOF measure-
ment of the delay time t&. An interference filter is used to de-

tect the scattered chopper laser light from the elevated nozzle.
The single burst interruption of the chopper laser results in a
countrate decrease for the first two channels, indicated by S&

and S2, respective1y. The ratio rq2 ——Sq/S2 directly gives the
ratio between the two chopper burst parts. The sum Si + S2
is used to determine the optical burst time tg

It has been verified that (t~ —t, ) does not depend on

t„ tg, or ts, /tg. The obtained value (t~ —t, ),»t ——490
ns is in reasonable agreement with the estimated value

(td —t, ), ~,
——440 ns, based on the delay times of the sep-

arate components listed in Table II. Finally, we find

tb /tI, =0.59, compared to ts, /tg=0. 6 .

B. Pulse width

When using "direct" fluorescence instead of scattered
laser light, the above method can also be applied to mea-
sure the effective burst time tb of the metastable atom
burst. However, we first checked for both cases if the zero
flight path response can correctly be captured in the first
channel. The result of both I = 0 SB TOF measure-
ments is given in Table III. Since a chopper burst cor-
responds to a laser-ofF period, a dip in the photon signal
results. For the measurement with scattered laser light,
the effect of the single burst is indeed purely restricted
to the first channel. This means that the delay time td is
correctly compensated. For the direct fluorescence case,
however, an "overshoot" in the second channel is evident.

This "overshoot" can easily be understood. In the
stationary situation optical pumping only occurs in the
upstream part of the laser intersection with the pri-
mary beam. The downstream part is fully depleted of
metastable neon atoms. However, when the laser is
switched off during a chopper burst, the latter region
is also filled with metastable neon atoms. In a mini-
mum burst time of 300 ns, a metastable atom moving
at 4800 m/s, travels a distance of 1.4 mm, comparable
to the chopper laser waist of about 1.5 mm. Switching
the laser on again, results in a temporary increase of the
direct fluorescence countrate, because optical pumping
now occurs over the full laserwidth. In a similar way,
the finite laserwidth also causes the burst time tb of
the metastable atom pulse to be shorter than the op-
tical burst time tb, by optical pumping of the "tail"
of the metastable neon atom pulse. We conclude that
an explicit determination of tb is necessary and that a
method similar to the t~, tb determination cannot be ap-
plied. In that case, particularly, tp is strongly dependent
on t„ tl„and ts, /tl,

For the determination of tb we therefore use the ref-
erence measurements on the direct fluorescence, alternat-
ing the actual TOF measurements. The chopper laser is
then situated at its intended position 90 mm upstream of
the scattering center. A reference measurement consists
among others of a countrate measurement with the chop-
per laser permanently switched on or off using an ordi-
nary sealer and a countrate measurement with the TOF
multiscaler using either an on or off series of chopper
bursts. The pulse width tb /tA, is now equal to the ratio
of the countrate differences for the multiscaler and the
sealer measurements. A shortening tb —tb ——270+60
ns of the burst time is observed independent of tk

1,2,5,10 ps. As shown above, this shortening is fully ex-

plained by the pumping of the metastable atom burst
over the width of the chopper laser beam, at the moment
the chopper laser is switched on again. If a cylindri-
cal lens is temporarily placed in the chopper beam, the
shortened laser width indeed results in a smaller value for

—tb, ——130+40 ns, also independent of t~. Finally,
we note that the average velocity for the TMS source is
about five times as small as for the HCA source. In that
case a shortening of at least 1 ps is expected and both
the experiment and the analysis should very carefully
take account of this shortening.
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TABLE II. Delay times of the separate components in the TOF setup.

Component

Cable from multiscaler to amplifier
Switching amplifier
Photomultiplier (electron transit time)
Pulse amplifier and discriminator (PARC 1182)
Cable from amplifier to multiscaler
Multiscaler

Estimated total delay time

Delay time (ns)

125
160
45
50
30
30

440

C. Ghost Phosphorescence

We have also performed an L = 0 SB TOF measure-
Inent with a cutoK filter as an analyzer for the scattered
laser light from the nozzle (Table III). The "undershoot"
in the second channel for this case is presumably due to a
phosphorescence process in the experimental apparatus,
unrevealed when using interference filters due to their
small spectral acceptance. This is confirmed in a sep-
arate measurement, where the EOM is temporarily ad-
justed so that a chopper burst corresponds to a laser-on
period. Furthermore, a maximum time delay t, is ap-
plied with no signal pulses detected in the next channel
for the corresponding measurement with an interference
filter. A phosphorescence "echo" of about 8% in the next
channel now shows up, nearly independent of tp, indicat-
ing a linear dependence on the exposure time. For this
reason the cut oK filters have not been used for the TOF
measurements.

VI. MEASURINC ROUTINE
AND DATA ANALYSIS

In a non-energy-resolved measurement [19]a set of four
diferent measurements is performed in order to correct
for background light from the metastable atom source
and the laser and direct fluorescence "leakage" through
the filters used for collision induced fluorescence. For this
the laser is put on and oK resonance and the secondary
beam is switched on and ofF. Since the direct fluorescence
"leakage" is negligible for the HCA source [23] and the
background light contribution is obtained from the back-

ground channels, only one type of TOF measurements is
necessary, namely, that with the laser on resonance and
the secondary beam switched on.

In order to supress drift eKects, the TOF measure-
ments are divided into independent blocks of 1/2 h mea-
suring time, in which spectra for both the direct and
indirect fluorescence are measured in an alternating se-
quence. Typical signals and measuring times for the
(&7 [M'7~ = 0) -+ (ns) transition are presented in Table
IV.

Since both direct and indirect fluorescence are mea-
sured at the same spot, using the same optical detection
sytem, the direct and indirect fluorescence time channels
with the same index exactly correspond with each other.
The data analysis for each separate time-delay channel is
therefore similar to that for a non-energy-resolved mea-
surement [19,23]. We therefore restrict ourselves to only
those features of the data analysis specific for TOF mea-
surements.

An important issue is the determination of the rela-
tive velocity g by which the ratio of indirect and direct
fluorescence is to be divided to obtain the absolute cross
section. Due to the small number of signal channels in the
time-delay spectrum (b, tL, /ti, 5), the time-delay distri-
bution function may vary significantly within a channel
and an elaborate procedure is required to obtain an aver-
age g, and a standard deviation og for the relative veloc-
ity in channel i=1,2, ...,N, . The (unnormalized) primary
beam Hux distribution F;(vi) corresponding to the accu-
mulated signal in channel i is given by ( Hux count rate
for both direct and collision-induced Huorescence)

TABLE III. Zero fiight path (L = 0) single burst TOF spectra for various conditions. Only
the normalized channel content of the first five channels are given. A laser wavelength A~ ——627
nm is used. Either the scattered laser light by the elevated nozzle or the "direct" fluorescence is
detected, either by a 2 nm bandpass interference filter at 671 nm or by a red glass 665 nm cutofF
filter. Timing parameters are tg ——1 ps, tg ——1.31 ps, and tg, ——0.55 ps for the first two and
tI, ——5 ps, tg = 0.93 ps, and tq ——2.88 ps for the latter two TOF measurements.

Light source

Scattered laser light
Direct fluorescence

Scattered laser light
Scattered laser light

Filter type

interference
interference

interference
cutofF

Chan 1

0.38
0.65

0.43
0.47

Chan 2

1.00
1.05

1.00
0.98

Chan 3

1.00
1.00

1.00
1.00

Chan 4

1.00
1.0

1.00
1.00

Chan 5

1.00
1.00

1.00
1.00

The background increase by the HCA source for all channels causes the relative difFerence between
the first and the following channels to decrease.
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TABLE IU. Typical signals and measuring times for the (o7, ~Mr~ = 0) ~ (ns) transition
using the HCA source and the RC TOF method.

Quantity

Number of recorded TOF spectra
Measuring time (minutes)'
Total number of counts in top channel
Total number of counts in background channel

Direct
Buorescence

5x10

8.10x 10
4.52 x 10

Indirect
Buorescence

21x10
27

2.9 x 10
]..48 x 10

s = 180 counts/s, b=100 counts/s, K=1.8, tq, /tq=0. 6, 6io~ ——0.35.
X,=15, tI, =5, ps, 2 measuring blocks.

'Total elapsed time 50 minutes; each of the 12 reference measurements takes —2 min.

Actual cross section Qs 7 E=350+50 meV)=3. 85+0.05.

Fi(vl) dvl P(vi) A(ztL —td —tLi tL& ts,m) dvl,

tl, ——L v~. (?)

A(ttk td tL I tk ~ tb rn)

min [(itg —td, —tL, ), ts ]

&b,m

max [(itl, —td —tL, ) —tg, 0]

in which A is positive or zero otherwise. After proper
normalization of F;(vi) for each separate channel i, the
function E;(vi) is used to determine

flight time t,

o
Co
Co

E
a
6$

CD
CL
CLo

0
tbm tk+tb m

time (i t„- t, —t,)

FIG. 5. Transmission function A(iti, ts —tr„' ts, tg ) a—s a
function of (its —tq —tr, ), taking into account the finite channel

time tq and burst time tq . For this case tg ( tI, . The
upper horizontal scale gives the Bight time tL„vrith the central
Bight time tl. ; of channel i corresponding to the symmetry
axis of the transmission function A.

Here P(vi) is the normalized flux distribution for a con-
tinuous primary beam, tl, the fIight time corresponding
to vq and A a transmission function taking into account
both the finite channel time tI, and burst time tb . This
transmission function has a trapezium shape in the time
domain (see Fig. 5) and is given analytically by

for channel i by averaging g = ~vi —vq(x„)~, in which
v& ——v~e and v2 is the secondary beam velocity at the
position x„of the scattering center. In order to have
a consistent relation between the relative velocity and
the collision energy, the latter is defined as E; + cr,.
1 2 g
289~ + Wi'&,

In Fig. 6 the values of g, are compared with the relative
velocity calculated from the flight times

tl, , = (i —I/2)ti, —(tg+ tb /2),

obtained by using the center position of both time chan-
nel and chopper burst. Evident is the shift in 9 to-
wards the value corresponding to the top of the distri-
bution. This shift is most prominent for the high veloc-
ity channels where the primary beam velocity vz changes
most rapidly as a function of the flight time. The bar
graph in Fig. 6 represents the time-delay spectrum. The

CD

6$

0)

CD

o
O

i=8 76 5

g shift
II I l

in. l~N~X, ~X iX iW
2000 4000 6000 8000 10000

g (m/s)

FIG. 6. Comparison between averaged values g, (solid ver-

tical lines) of the relative velocity for channel i and values ob-

tained by taking central tlight times rr, , according to Eq. (11)
(dotted vertical lines). A shift of the g values towards the
value corresponding to the top of the distribution in channel
4 is observed. Experimental values used for the calculation
are x„=(0,0,2) mm, v2 ——1?00 m/s, tq = 5 ps, tq = 0.8 ps,
and tb /tq = 0.54. The bar graph represents the time de-

lay spectrum, mith the height of the bars corresponding to
the integral of the unnormalized functions F, (vi) [Eq.(?)) for
each channel i. The bar borders correspond to the Bight time

tr„, + tq/2 at the border of the time channel.
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(q'AM), [' q'il —Mg, [')
+

2 cos(2n;)
(12)

For reasons of consistency, the orientation of I, used to
determine the angle a;, is derived &om v2, g;, and x„. In
Fig. 7 measured and pure state polarized atom cross sec-
tions are compared for the (n7) ~ (o;s) transition. For
this transition the largest polarization effect is observed,
so that the largest corrections are made. Especially for
the low velocity channels, where vq becomes comparable
to v2, the correction takes on importance.

A final issue is the convolution factor (, by which the
ratio of indirect and direct fiuorescence is divided [19,
23j. This factor is obtained in a numerical simulation of
the experiment and takes into account the finite size of
the scattering center, the details of the optical pumping
process, the spread in the velocity distributions, and the

bar heights are obtained by integrating the unnormalized
functions F;(vq) over vq for each separate channel. The
bar borders represent the relative velocities correspond-
ing with the borders of the time channels and the middle
of the chopper burst, i.e. , fiight times tl, = tl. ,; + tg/2.

A second issue concerns the polarization effect. The
change in magnitude of vq over the various channels
causes the orientation of g = vq —v2 to vary. Relevant
for the polarization effect is now the angle P between

I and the laser polarization. Time-of-Bight spectra are
only recorded for the two angles P, 90' apart, at which
the non-energy-resolved cross section is extremal. A de-
viation a; &om both of these angles results in a smaller
polarization effect to be measured for channel i. How-
ever, because for each channel the 90' difference in P
between both TOF measurements still holds, the pure
state polarized atom cross section q[M" [(E;) can be re-

trieved from the measured cross sections Q,
" in the

following way (Js=l):
'/Mg, /' '/1 —Mg, /'

q[Mg [(E )
(q' + q' )

2 VII. TOP RESULTS

The experimental TOF results for collision induced in-
tramultiplet mixing in the Ne'* —He system at superther-
mal energy are presented in Figs. 8—13. Both the (ns)
and {o.7) Js = 1 levels are used as an initial state. Only
the (os) -+ (o4, ns) transitions are measured using the
SB TOF method, the first only for the laser polarization
corresponding to ~Ms] = 0. The experimental results are
also listed in Tables V (random correlation time-of-flight

20

16—

—12—
e~

0 8—

G.O

.

[Ms]=0

dependence of the cross section Q on g. This dependence
strongly influences the value of (. A least-squares curve
fit with a second order polynomial on the data obtained
in the first order TOF analysis is used as an estimate for
the actual dependence of Q on g. A channel-dependent
convolution factor (; is obtained by using a primary beam
density distribution proportional to I';(vq)/vq instead of
P(vq)/vq. All (; are referred to the corresponding g; and
to the same x„= (0,0,2) mm and v2, which are used
in the first order data analysis. Note that the average
position x„; of the scattering center, weighed by the
collision induced fluorescence distribution function, also
varies with the channel index i. By choosing a fixed refer-
ence position x„, the convolution factor (; also contains
the effect of this positional change and the different (;
values can directly be compared. We find a typical range
0.85 & (; ( 0.95. For a specific transition the variation
in (; over the different channels is at most a few percent,
contrary to x„;, which varies typically &om —0.15 to
—0.4 mm.

0
0 400 800

5~4
1200 1600

2

0
0 500

E (mev)

1000

7~5
1500

FIG. 7. Measured (+/x) and corrected (O/CI) polarized-
atom cross sections for the {aq) ~ (nqj transition as a func-
tion of the collision energy.

E (meV)

FIG. 8. The polarized atom cross section q4 ~ as a func-
tion of the collision energy E Circles (o) ind. icate the mea-
sured SB TOF data, triangles (A) and diamonds (0) ther-
mal (Refs. [33 and 3]) and superthermal (Ref. [23]) data,
respectively, from previously reported, non-energy-resolved
measurements of the polarization efFect. The strong decrease
of the cross-section magnitude with increasing energy is un-
explained by the current semiclassical model. Note the rela-
tively large value of the cross-section magnitude. Vertically,
statistical errors only are indicated. The error bars represent-
ing the energy spread in each time channel for the single burst
time-of-flight (SB TOF) method are indicated directly above
the horizontal axis. The drawn curves are included only as a
guide to the eye.
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5~6
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FIG. 9. The polarized atom cross sections Qs~ 's~ as a
function of the collision energy E. Open and full symbols
correspond to ]Ms]=0 and ]Ms~=1, respectively. Circles (o)
indicate the measured SB TOF data, triangles (E) and di-
amonds (0) thermal (Refs. [33,3]) and superthermal (Ref.
[23]) data, respectively, from previously reported, non-energy-
resolved measurements of the polarization effect. Vertically,
statistical errors only are indicated. The drawn curves are
included only as a guide to the eye.

method) and VI (single burst time of flight method). In
this section we describe the main features of the experi-
mental data set and make a first comparison with fully-
quantum-mechanical coupled channels calculations.

The horizontal error bars of the TOF data points repre-
sent the (calculated) spread in collision energy cr, of the
data points is indicated by horizontal error bars directly
above the horizontal axis, both for the single burst (SB)
and the random correlation (RC) time-of-Hight method.
This spread in collision energy is only indicated in the
first figure relating to either the SB (Fig. 8) or the RC
method (Fig. 10). Due to the t —i v transformation this
spread increases for the lower channel numbers, i.e. , high
collision energies. The vertical error bars represent the
statistical error only. Larger statistical errors are found
in both wings of the time-delay distribution and for the
smaller cross sections in general.

A rich spectrum of energy dependencies of the
polarized-atom cross-sections is observed. Globally, the
cross-section magnitude varies between 0.5 and 14 Az.
The strongest increase in magnitude is observed for the
(A 7 ) ~ (ns ) transition with

~

Ms ]
= 0, and amounts to

a factor ll (Fig. 13). The strongest decrease in mag-
nitude amounts to a factor 2 and is observed for the

]Ms]=0

3
o+

2-

3Al
oQ

O
I

400
I

800
I

1200

400

]M, ]=1

800

5M7

1200 1600
(b)

E (meV)

[Mq(=0
E (meV)

FIG. 10. The polarized atom cross sections Q~~'s as a
function of the collision energy E, measured with the RC
TOF method. Open and full symbols correspond to ~Ms~=0
and ~Ms~=1, respectively. Circles (o) indicate the measured
RC TOF data, triangles (D) and diamonds (0) thermal (Refs.
[33 and 3]) and superthermal (Ref. [23)) data, respectively,
from previously reported, non-energy-resolved measurements
of the polarization effect. The interconnection between ther-
mal and superthermal data is far from smooth. No explana-
tion for this is available yet. The error bars representing the
energy spread in each time channel for the random correla-
tion time-of-Sight (RC TOF) method are indicated directly
above the horizontal axis. Vertically, statistical errors only
are indicated. The drawn curves are included only as a guide
to the eye.

= 2-
C3

400

I

800

5~9
I

1200 1600

E (meY)

FIG. 11. The polarized atom cross sections Qs s~s as a
function of the collision energy E, measured with the RC
TOP method. The conventions of Fig. 10 also apply here.
Note the similarity between the experimental results for both
transitions.
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FIG. 12. The polarized atom cross sections Q4 s~~ as a
function of the collision energy E, measured with the RC
TOF method. The conventions of Fig. 10 also apply here.
The threshold behavior of the (aq) -+ (a4, as) transitions is
due to the endothermicity of the transition. Note the consid-
erable polarization effect at high energy for the (aq j -+ (as j
transition, in contrast with the almost vanishing polarization
effect for the reversed {as)m (aq} transition.

(as) m (a7) transition with ]Ms] = 0 (Fig. 10). For
the (a7} ~ (as} transition with ~Ms~ = 0 a clear local
maximum is present (Fig. 12).

For comparison, the results [23] of the usual type of
non-energy-resolved, polarization efFect measurement are
also given, yielding averages over the relative velocity dis-
tribution. The average collision energy for these mea-
surements varies between 450 and 500 meV. Further-
more, no ( correction is made for these measurements.
A fair agreement is found with the TOF data. The
(a7} ~ (as} transition is an exception in this respect,
see Fig. 13. Possibly, this might be attributed to the ob-
served strong energy dependence of the polarized-atom
cross sections.

Previously reported [33,3] thermal data are also given.
These data are obtained by the usual type of polariza-
tion effect measurement, using the TMS source. Ther-
mal collision energies range &om 60 to 140 meV. In
most cases, thermal and superthermal data points can
smoothly be interconnected. In this respect we note that
at thermal energy a correct value of the collision energy
is of paramount importance when comparing experimen-
tal and quantum results. Due to the sharp increase in
cross-section magnitude, a possible 10% experimental un-
certainty in g, i.e. , a 20% difFerence in collision energy,
can result in a variation by a factor 2 in the quantum
cross-section magnitude.

Only for the (as) -+ (ay} transition no smooth in-
terconnection between thermal and superthermal data
points is possible. As a check, an explicit comparison
between the SB and RC TOF method is made for this
transition and presented in Figs. 14. The agreement be-
tween the results of both methods is reasonable, certainly
in view of the measuring time for the SB method, which
amounted to several hours. This leaves the nonsmooth
interconnection unexplained sofar. The small difI'erences
in collision energy between the data points of both meth-
ods are due to the difFerent choice ts, /ts = 0.8 for the SB
method as compared to ts, /ts = 0.59 for the RC TOF
method (Sec. V A). In spite of the longer measuring time

12-

10— M7(=1

8—

6-
k (7}

()

JM7(=0

-6

= 3-
)M

400 800 1200 1600 ) M5/=1

E (meV)
FIG. 13. The polarized atom cross sections Q6~~ as a

function of the collision energy E, measured with the RC TOF
method. The conventions of Fig. 10 also apply here. Both
the energy dependence of the cross-section magnitude and
the polarization efFect are fully unexplained by the current
semiclassical model. Note the relatively large value of the
cross section magnitude.

400 800

I

1200 1600

E (meV)

FIG. 14. Comparison between the polarized atom cross
sections Q~ 's measured either with the RC method (c) or
the SB method (0). Agreement is reasonable, certainly in
view of the long measuring time for the SB data.
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oI
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1000 1500
-0.25
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E (meV)

1000 1500

FIG. 15. Energy dependence of the polarization effect, ex-
pressed by the anisotropy parameter 7, for all transitions
studied with the TOF method: 0 5—+6 (SB), + 5~7, s 5~8,
o 5~9, x 7m4, A 7m5, & 7—+6. A broad range of polariza-
tion eKects and energy dependencies is observed.

FIG. 16. Comparison between the experimental and the
quantum-mechanical polarization eQ'ect as a function of the
collision energy for all transitions studied with the TOF
method: 0 5m6 (SB), + 5m7, * 5m8, o 5~9, x 7+4, E
7~5, & 7—+6. Generally, agreement is excellent and mostly
within ~'P'"~' —'P' "~=0.25.

and the larger ts, /tg ratio, the statistical errors are still
definitely larger for the SB method.

The polarization eKect is expressed by the anisotropy
parameter 'P [23j, defined as

'P= [(QI'I. —Qi'I, )l)IQ~ ~

Q~ ~=(Qt I. +2Qi ~)&3
lol I

with Q~~I, the unpolarized-atom cross section. An

TABLE V. Experimental results for the polarized-atom cross sections Q& z for (k = 5, l = 7, 8, 9) and (k = 7, / = 4, 5, 6),
both for ~M~ = 0 and 1, for the six energies of the hollow-cathode arc. The data have been obtained using the pseudo-random
correlation (RC) time of Sight method. The numbers between parentheses indicate the rms spread in the collision energy
and the statistical error in the cross section, respectively. For comparison, results for previously reported, non-energy-resolved
measurements in the superthermal (Ref. [23]) energy range are also given.

5

5
5
5
5
5

5

5
5
5
5
5
7
7
7
7
7
7
7
7
7
7
7
7

Initial
iMi

Final
t 170 (12)

1.02 (1.01)

0.25 (0.88)

2.65 (0.94)

0.10 (0.68)

1.30 (1.39)

7.00 (1.69)

RC method, collisio
210 (17) 280 (30)

4.53 (0.47) 4.65 (0.17)

0.87 (0.68)

1.74 (0.33)

o.8o (o.3o)

1.78 (0.25)

0.13 (0.22)

1.86 (0.46)

2.56 (0.35)

3.65 (0.30)

0.69 ( 0.23)

2.48 (0.35)

8.75 (0.43)

1.52 (0.24)

1.94 (0.12)

0.93 (D.ll)

1.95 (O.O9)

0.61 (0.09)

1.24 (0.17)

2.68 (0.14)

4.12 (0.11)

0.66 (0.08)

4.15 (0.12)

9.48 (0.15)

n energy E (meV)
405 (57)

3.85 (0.10)
3.26

1.69 (0.12)
1.55

2.26 (0.06)
2.05

1.06 (0.06)
1.10

2.15 (0.04)
2.35

1.17 (0.04)
1.08

1.59 (0.09)
2.13

2.78 (0.08)
4.03

3.85 (O.O5)
3.64

1.05 (0.04)
1.21

6.36 (0.07)
10.39

10.04 (0.08)
12.65

640 (120)

3.03 (0.12)

1.78 (0.15)

2.36 (0.10)

1.40 (0.09)

2.69 (0.06)

1.50 (0.06)

1.82 (0.12)

2.89 (0.09)

3.27 (0.05)

1.16 (0.04)

8.02 (0.09)

9.23 (0.11)

1190 (330)

3.57 (0.67)

1.99 (0.81)

3.39 (0.63)

2.45 (0.55)

3.04 (0.42)

1.62 (0.40)

2.79 (0.89)

3.49 (0.65)

4.32 (O.35)

1.46 (0.21)

9.08 (0.67)

8.31 (0.79)

Non-energy-resolved measurements at an energy E=(470+300) meV (Ref. [23]).
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TABLE VI. Experimental results for the polarized-atom cross sections Q& z for (k = 5, l = 4, 6, 7), both for [M[ = 0 and 1,
for the six energies of the hollow-cathode arc. The data have been obtained using the SB time-of-Qight method. The numbers
between parentheses indicate the rms spread in the collision energy and the statistical error in the cross section, respectively.
For comparison, results for previously reported, non-energy-resolved measurements in the superthermal (Ref. [23]) energy range
are also given.

Initial
iM[

Final
l 172 (12)

14.97 (1.38)

0.72 (1.07)

0.86 (1.27)

215 (19)

12.87 (0.49)

1.04 (0.39)

1.57 (0.46)

4.45 (0.88)

1.80 (0.92)

3.99 (0.32)

SB method, collision energy E (meV)
290 (34) 425 (65)

12.20 (0.21) 10.93 (0.12)
11.00
12.19

1.02 (0.18) 1.84 (0.10)
2.45

2.61 (0.20) 4.06 (0.13)
4.90

3.33 (0.18)
3.26

2.10 (0.32) 1.65 (0.16)
1.55

670 (140)

9.27 (0.16)

2.52 (0.17)

6.31 (0.18)

2.55 (0.23)

1.81 (0.19)

1240 (365)

9.31 (0.91)

6.31 (1.43)

8.57 (1.43)

3.76 (1.01)

3.76 (1.10)

Non-energy-resolved measurements at an energy E=(470+300) meV (Ref. [23]).
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0.6—

0.5—

0.4
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FIG. 17. Comparison between experi-
mental and quantum-mechanical cross-section magnitude as
a function of the collision energy for all transitions studied
with the TOF method: 0 5~6 (SB), + 5-+7, s 5-+8, o 5+9,
x 7~4, A 7~5, & 7+6. Large discrepancies are present.

overview containing all measured TOF values of 'P is

given in Fig. 15. A broad range of polarization efFects
and energy dependencies is observed. In general, 'P tends
towards zero for increasing energy, though considerable
polarization effects can still be found. The strongest en-

ergy dependencies of 'P are found for the (o;7) -+ (ns)
transition (P ) 0) and the (as) ~ (err j transition
('P ( 0), respectively.

A comparison between experimental and quantum-
mechanical polarization effects and cross-section magni-
tudes is presented in Figs. 16 and 17, respectively. In
spite of the broad range of occuring P values, experimen-
tal and calculated polarization effects agree excellently,
mostly within ['P'"r —'P' '[=0.25. The cross-section
magnitude, however, discloses discrepancies ranging from

&t~~(@~a = 045-08
Compared to the much stronger energy dependencies

Q&
"~& and Pthat 'are observed, this means that the gen-

eral shape of the energy dependence, including threshold
effects and local maxima, is qualitatively reproduced. A
similar conclusion was drawn for the non-energy-resolved
polarization effect measurements earlier [23].

VIII. ENERGY DEPENDENCE
AND FAILING SEMICLASSICAL MODEL

In the analysis of the non-energy-resolved polarization
effect measurements the existence of an additional "ra-
dial matching" transition mechanism was suggested [23].
In the current semiclassical model transitions are only
possible at localized avoided crossings between adiabi-
atic potentials. These are all situated in the "inner" part
of the potential, i.e., at internuclear distances R ( gao.
The "radial matching" mechanism now involves a change
in the rotational quantum number of the relative motion
of the two nuclei at large internuclear distances. Ro-
tational energy is used to bridge the electronic energy
difference. The existence of such a transition mechanism
is supported by quantum calculations. In a number of
cases these show signi6cant cross-section contributions
for impact parameters up to 12ao, far beyond the relevant
crossing radius. This also implies that "radial match-
ing" is a very efBcient transition mechanism, i.e., results
in the largest cross-section magnitudes found. Further-
more, such a mechanism implies a large sensitivity of
the superthermal cross-section magnitudes on the details
of the longe-range part of the potential. The discrep-
ancy between experimental and quantum cross-section
magnitudes may, therefore, be ascribed to a de6ciency
in the long-range part of the model potentials used. A
semiclassical model incorperating the additional "radial
matching" transition mechanism is being developed. In
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this paper, we confine ourselves to demonstrating that
the TOF technique, disclosing the energy dependence of
the cross section, provides more definite evidence on the
existence of this additional transition mechanism.

In the current semiclassical model, the single pass tran-
sition probability pI, ~ to switch between the adiabatic k
and l states is given by the Landau Zener formula

pi i = exp( &i —i/'U. ~a), (14)

in which v, d is the local radial velocity and vt, ~ a ref-
erence velocity, characterizing the avoided crossing [34].
Furthermore, the semiclassical model uses a locking ra-
dius Rl, to switch between a space fixed and a body fixed
description of the electronic angular momentum J. For
R ) Rl. the J vector remains space fixed, resulting in
a purely geometrical redistribution over the different 0
states along the trajectory. For R & RI, the intermolec-
ular forces "lock" J to the internuclear axis and 0 is a
conserved quantum number.

(o.'7) ~ (ns ) transition. The (n7 ) m (ns ) transition
is due to an avoided crossing in the 0 = 1 manifold at
R = 7.4ao. With R = RI. —7ao, the crossing is bound
to be met twice along a full trajectory. Due to the low
reference velocity vs' = 165 m/s compared to the aver-

age relative velocity g = 5000 m/s, the probability ps7 to
switch between adiabatic states is close to unity. How-

ever, a net transition is achieved by switching only once
from It to t state, either on the in or out going tran-
sit. Clearly, for a net transition to occur, the probability
(1 —ps7) to follow the adiabatic potential is the limiting
factor. Since this probability decreases further with in-

creasing v, d, we expect a clear decrease in cross-section
magnitude with rising superthermal collision energy. The
opposite is observed in Fig. 13, with the (n7) ~ (ns)
transition showing the strongest increase in cross-section
magnitude of all measured transitions.

The energy dependence of the polarization effect can-
not be understood either on the basis of the current semi-
classical model. Due to the small reference velocity, we

expect a clear preference for impact parameters close to
the crossing radius ("grazing collision" ), with the lowest
attainable local radial velocity. When decomposing the
original space-fixed orientation ~Mg

~

of J into local body-
fixed 0 components at R = RL, for these impact param-
eters, a pure ~Mg~ state is decomposed into a scrambled
mix of 0 states. With the transition due to an avoided
crossing in the 0=1 manifold specifically, we expect a
small polarization effect ~V

~

in this case. Even "polariza-
tion inversion" is possible, with the space-fixed ~My~=0
state corresponding with a projection 0=1 upon the lo-
cal internuclear axis and otherwise for the ~MJ ~=1 state.
Clearly, we then expect the polarization efI'ect to be in-
versed. No significant inversion of the polarization eKect
is observed however. Furthermore, the polarization ef-

fect present is considerable and vanishes only at about 1
eV. Clearly, this cannot be accounted for by the current
semiclassical model. Finally, we note that since the po-
larization efI'ect is small where the cross section is large,
the non-energy-resolved polarization efFect measurement

only reveals a small polarization efI'ect. Here the TOF
technique shows its value.

In Fig. 18 the quantum-mechanical partial cross sec-
tion dQ&~7/db is given as a function of the impact pa-
rameter b for the possible (even) changes

(15)

of N at collision energies E=90, 150, and 1000 meV,
respectively. Already at 90 meV the onset of a contribu-
tion at large impact parameters is observed, which is un-

mistakebly present at 150 meV and forms the dominant
cross-section contribution at 1000 meV. A clear prefer-
ence for AN = —2 is displayed, even for the intermediate
6 range 4 ao-8 ao at the thermal collision energy E=150
meV.

(o.s) m (n4) transition. The (ns) ~ (n4j transition is
due to an avoided crossing in the 0 = 1 manifold with an
even lower reference velocity vs4 ——20 m/s. Practically,
p45 ——1. In order to make a net transition, the geomet-
ric redistribution over the 0 states between the crossing
radius R = 8.6 and the locking radius Rl. = 7ao is re-
quired to prevent a second transit of the crossing. This
redistribution is determined only by the orientation of J

I

b,N=-2 7~6
SOmeY

50meV

1000meV

3—

0
0 5 10

b (units of a,)

FIG. 18. Quantum-mechanical partial cross section

dQs~q/db as a function of the impact parameter b for the pos-
sible (even) changes EN = Ni —Nq of the rotational quantum
number N of the relative nuclear motion, for collision ener-

gies E=90, 150, and 1000 meV, respectively. An averaging
procedure over at maximum 6ve values of the total angular
momentum is applied to remove the fast Stuckelberg oscilla-
tions. The arrow points to the position R of the avoided
crossing. Note the clear preference for AN = —2, even at
lower energy, and the long-range contributions, dominant at
higher energy.
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and the trajectory followed and is in first approximation
independent of the magnitude of g. We, therefore, ex-
pect only minor variations in the energy dependence of
the cross-section magnitude. A strong decrease by almost
a factor 2 is observed however. The lack of experimental
data on the ~My~=1 orientation is a nuisance in this re-
spect.

(ns j ~ (cps, n9} transitioIIs. For the (asj ~ (cIs} and
(o.s} m (n9} transitions, the cross-section magnitude,
polarization eRect, and their energy dependence are quite
similar (see Fig. 11). This points to a strong coupling
of the (asj and (o.9} state in the collision process, not
present in the current semiclassical model. In Fig. 19
the quantnm-mechanical partial cross sections dQs+~z jdb
and dQ&+~+&/db at a collision energy of 1000 meV are pre-
sented, respectively. The (as} ~ (n9} transition shows
a clear preference for AN=2 and even AN=4 in the re-
gion around b = 7ao. These preferences are far more clear

cut than any preference for the (usj ~ (nsj transition.
If we assume the (as j -+ (a9j transition takes place via
the (nsj state, this difference in the partial cross sec-
tions points to the involvement of the "radial matching"
mechanism in the transition &om the (as j state to the

(n9} state.

In conclusion, we find that the energy dependence of
both the cross-section magnitude and the polarization ef-

fect, as disclosed by the TOF technique, indeed point to
a serious short coming in the current semiclassical model.
In this respect, a semiclassical model incorporating the
"radial matching" transition mechanism is highly desir-
able.

IX. DETAILED BALANCING
AND POLARIZATION AS'YMMETRV
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FIG. 19. Quantum-mechanical partial cross sections
dQ ~~/sdb and dQ9~5/db as a function of the impact pa-
rameter b for the possible (even) changes b,N = N~ —NI,
of the rotational quantum number N at a collision energy of
1000 meV. The preference for AN=2 and even AN=4 for the
(ns} m {a9}transition is more clear cut than any preference
for the (ns j ~ (o's) transition. This points to a coupling by
"radial matching" between the {o;8)and {o,oj state.

In Table VII cross-section magnitudes and polariza-
tion effects are compared as a function of the collision
energy for the (nsj e+ (o,rj reverse transition pair.
The ratio Qy~s/Qs~q tends towards unity for increas-
ing energy. With equal statistical weights (2Jl, + 1) and
the collision energy much larger than the atomic energy
splitting AE57 ——80.6 meV, this reBects the detailed bal-
ancing requirement. The polarization effect, however,
clearly shows an asymmetry, even at the highest attain-
able collision energy. In essence, this reQects an experi-
mental asymmetry: although the polarization of the ini-
tial state is well defined, the polarization of the final
state is not observed. In more detail, detailed balanc-
ing is implied by the symmetry of the scattering S ma-
trix ("microreversibility") and the incoherent "addition"
of S-matrix elements, required to obtain the unpolar-
ized cross section QI~I, . Also, the partial cross sections
dQI I,/db and dQ& I /db are identical for the same total
(kinetic+electronic) energy.

A well defined initial polarization, however, implies a
coherent superposition of initial partial waves, labelled
by their rotational quantum number NI, . This coherence
gives rise to cross products of S-matrix elements, differ-

ing in NA, , and finally results in an observable polarization
effect. For the reverse t ~ k transition a different set of
cross products is involved, now with S-matrix elements
differing in N~. Clearly, the symmetry of the S matrix
has no implications on the ratio of polarization e6'ects for
a reverse transition pair.

The calculated partial cross section dQ& '7/db for
E=1000 meV is depicted in Fig. 20 and reveals that
the remaining polarization effect for the (cII j ~ (as}
transition, present in the calculations, but also observed
experimentally (see Fig. 12), is due exclusively to a local
peak in the ~My~=0 contribution at b=6.5ao. Possibly,
this contribution is related to a similar peak present in
the calculated partial cross section for the (ny j -+ (a4}
transition, but now with ~M1, ~=1 (also depicted in Fig.
20).

The experimental data on the (a7} m (n„o.'4} tran-
sitions clearly reveal a threshold behavior (see Fig. 12),
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TABLE VII. Comparison of cross-section magnitude Q and polarization effect 'P as a function
of the collision energy for the (c.s} ~ (o.7 j reverse transition pair.

E (meV)

210
280
405
640
1190

Qr ~ (~')
2.05
2.53
2.39
2.20
2.36

Qs 7 (A')

1.65
1.79
1.97
1.86
2.23

7+-5 5+—7

1.24
1.41
1.21
1.18
1.06

1.76
1.22
0.89
0.57
0.63

1.77
1.91
1.41
1.13
1.19

&r~s/&s~r

0.99
0.64
0.63
0.50
0.53

2.5

(a) 7—&4
1000meV

OJ
oQ

a

C3

as is to be expected from the endothermicities AE5 7
——87

meV and AE4 7=106 meV, respectively. The (nsj and
(cr4 j states are likely to be strongly coupled by the "ra-
dial matching" mechanism. Therefore, if the (o.7j
(n4} transition takes place via the (o.sj state, we ex-
pect the TOF results to be alike, as is the case for the
fcr, j m (n» crs j transitions. This is clearly not the case
(see Fig. 12). A difference in this respect is that the
(c17j + (cr4j transition can only be made via the (as j
state in the B=l manifold, whereas the (a7j -+ (nsj

transition can also be made directly in the 0=0 mani-
fold. A valid semiclassical model is needed to unravel
the precise details of the transition dynamics involved.

Only the TOF results for fcrsj -+ (crsj transition
can qualitatively be understood directly with the current
semiclassical model. This transition is due to a high ref-
erence velocity crossing ass ——2150 m/s at 8 =6.90ao in
the "inner" region of the 0=1 manifold. Partial cross sec-
tions dQs~~/db are given in Fig. 21 for collision energies
E=150, 350, and 650 meV, respectively. With increasing
energy, first the maximum attainable value of py~ rises.
Second, a shift of the main contribution towards larger
impact parameters is observed, where the local radial ve-
locity remains closer to the optimum value. Third, a
(small) long-range contribution arises at high energy. A
continuously increasing cross-section magnitude results,
in agreement with the experimental results (see Fig. 9).
Geometric 0 conservation at small impact parameters
is mainly responsible for the calculated polarization ef-
fect, with polarization scrambling occuring at the larger
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FIG. 20. Quantum-mechanical partial cross sections
dQs r /db and dQ4 7/db as a function of the impact pa-
rameter b for the possible initial orientations ~Mr

~

of Jr with
respect to g at E=1000 meV. For both transitions the re-
maining polarization eKect at higher energy is mainly due to
a localized peak at R = 6.5af).

5 10

b (units of a,)

15

FIG. 21. Quantum-mechanical partial cross section
dQs~'s /db for collision energies E=150, 350, and 650 meV, re-

spectively. The general features of the displayed calculations
can be understood qualitatively with the current semiclassical
model.
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impact parameters. This also shows in the experimen-
tal results, which display a decreasing polarization effect
with increasing energy.

X. CONCLUDING REMARKS

The TOF technique now is a mature tool to study the
energy dependence of intramultiplet mixing for the Ne**-

He system at superthermal energy. To allow a simple
interpretation of the polarization effect, the method is

only applied to Jg=l initial states, specifically the (us)
and (cr7) state. A wide spectrum of energy dependencies
of the cross-section magnitude and polarization effect is
observed. De6nite evidence is found for a serious short-
coming in the current semiclassical model. The suggested
"radial matching" mechanism is a prime candidate in ex-
plaining the observed discrepancies. In the development
of an alternative semiclassical model and the eventual
adaptation of the model potentials it uses as input, the
presented data set offers a rigorous test bed.
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