EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Polarization effects in the ionization cross section for collisions
of excited Ne**{(2p)5(3p); J = 3}) with Ar : a sensitive probe for
"locking" phenomena

Citation for published version (APA):

Driessen, J. P. J., van de Weijer, F. J. M., Zonneveld, M. J., Somers, L. M. T., Janssens, M. F. M., Beijerinck, H.
C. W., & Verhaar, B. J. (1989). Polarization effects in the ionization cross section for collisions of excited
Ne**{(2p)5(3p); J = 3}) with Ar : a sensitive probe for "locking" phenomena. Physical Review Letters, 62(20),
2369-2372. https://doi.org/10.1103/PhysRevLett.62.2369

DOI:
10.1103/PhysRevLett.62.2369

Document status and date:
Published: 01/01/1989

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://doi.org/10.1103/PhysRevLett.62.2369
https://doi.org/10.1103/PhysRevLett.62.2369
https://research.tue.nl/en/publications/269a8371-2ec8-48a0-b450-1947aef9a98b

VOLUME 62, NUMBER 20

PHYSICAL REVIEW LETTERS

15 MAY 1989

Polarization Effects in the Ionization Cross Section for Collisions of Ne**{(2p) *>(3p);J = 3} with Ar:
A Sensitive Probe for “Locking’”’ Phenomena

J. P. J. Driessen, F. J. M. van de Weijer, M. J. Zonneveld, L. M. T. Somers, M. F. M. Janssens, H. C. W.
Beijerinck, and B. J. Verhaar

Physics Department, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
(Received 7 March 1989)

At a collision energy £ =0.1 eV we see a large polarization effect Qion

(M| = M, =

0'I/Qion

? =2.5, decreas-

ing to 1.4 for E=1 eV. A two-state basis is used for the autoionization width of the = and o orienta-
tions of the (2p) ™! core hole, resulting in a preference for the @ =0,1 molecular states as seen at 0.1 eV.
The energy dependence is due to the decrease of “locking” of J to the internuclear axis with increasing
angular velocity ¢, leading to the semiclassical criterion wprec =44 for the transition from a space-fixed to

a body-fixed description of J.

PACS numbers: 34.50.Fa, 31.50.+w, 31.70.—f, 34.50.Rk

Polarization effects in inelastic collisions of electroni-
cally excited, open shell atoms are an important means
to obtain detailed insight into the mechanisms governing
the collision process.'™® In a collision experiment, the
excited atom can be prepared in an initial state |J M ])g
in a space-fixed frame, with the relative velocity g as a
quantization axis. The inelastic process, however, is de-
scribed in a body-fixed frame with quantum numbers
| J, @), for the total electronic angular momentum J and
its orientation Q@ with respect to the internuclear axis z'.
The polarized-atom cross section Q 4] depends on two
features. First, we need to know the spatial evolution of
the asymptotic initial state | J,M;) to the local molecu-
lar states |J,Q) along the particle trajectory, known as
rotational coupling. Second, the inelastic processes have
an Q-dependent probability, which in general is the main
objective of our research.

In a semiclassical analysis both features must be in-
corporated. Accurate semiclassical models for the Q-
dependent inelastic processes are widely available, e.g.,
the extended Landau-Zener models of Nikitin” and the
optical potentials of Connor and Thylwe.® For rotational
coupling, the situation is quite different. The concept of
“locking,” i.e., the coupling of J to the internuclear axis,
has been used quite often.”'” A suitable recipe, howev-
er, is not readily available. Because of its large influence
on the observed polarization effects, it is essential to in-
vestigate locking in detail.

To unravel these problems we have studied the energy
dependence of the polarization effects in the total ioniza-
tion cross section in a wide energy range 0.1<E
(eV) =5 for the Ne**{(2p)3(3p);J =3}-Ar system. Be-
cause, in general, the locking phenomena and the Q-
dependent dynamics have a different dependence on col-
lision energy E, this is the only approach that allows a
separation of these two effects.

The experimental setup, described previously by
Verheijen and Beijerinck!' and van den Berg, Schonen-
berg, and Beijerinck,'? consists of a crossed-beam ap-

paratus. The primary beam flux and ion yield are mea-
sured with time-of-flight analysis. The two-level system
Ne*{(35);J =2} > Ne**{(3p);J =3} is excited by a
single-mode cw dye laser at A =640 nm with the wave
vector k perpendicular to the collision plane. Both a
linear polarization with different orientations of the elec-
tric field E in the collision plane and a circular polariza-
tion are used. The modulation of the ion yield (laser on
and off, respectively) is a direct measure for the
difference cross section AQ%, =308, —20%,, with B the
angle between g and E (k for circular polarization). The
superscripts J=3 and 2 correspond to the upper and
lower state, respectively. The effective cross section
’Qf%n is a sum over the polarized-atom cross sections
J Qioﬁ” ! for asymptotic pure magnetic substates, with the
weight factors determined by the process of optical
pumping. Combining cross sections “Qf, for several
laser polarizations enables us to determine the JQ;OI,:”
values. The population ratio Ne*(3s):Ne**(3p)
=0.52:0.48 has been calibrated by measuring the satura-
tion curve of the total ion yield for Ne**-H, collisions.
In Fig. 1 we show the energy dependence of the M-
averaged ionization cross section YQj., for both states.
At thermal energies we observe a larger cross section for
the Ne**(3p) state, which correlates with the smaller
distance of closest approach in comparison to the
Ne*(3s) state. At energies in the eV range the role of
the 3s or 3p valence electron is less important and the
cross sections are nearly equal, implying the same shape
of the repulsive branch of the potential in this range.
Varying the laser polarization has a rather small effect
on the total ion yield, due to the isotopic (90% 2°Ne,
10% %2Ne) and fine-structure-state composition 3p,:3p,
=35:1 of the metastable-atom beam. At thermal energies
we find a 10% modulation of the total ion yield, when
varying the angle S between E and g from =0 to n/2;
at E=1 eV this modulation is only 1%. Deconvolution
of these data result in an effective polarization effect
3087030872 =1.3740.02 and 1.04%0.03 in the

© 1989 The American Physical Society 2369



VOLUME 62, NUMBER 20 PHYSICAL REVIEW LETTERS 15 MAY 1989
T T T TTTTT T T IIIIII] T T T T 1771717 T T T TTTTT] T T T TTTITT T T T TTTIIT
Verheijen et al 1.5 -
- (3p) Van den Berg et alq - |
= 5
= =3 - PRt _
= 20 - ~ L IMj] = 0,1 [ ***"I N .
5= =c I+ l IR
(] =9Q o I
- (3s) i) r o l S~ -
o 2| oo . o
s - . 2 1op — —= F\. — 't
] [ o —e +
& c b ”{ (] 4
2 $
g. 10+ — ] | { / B
S° ] e T
S thermal plasma s r 3 L. -
~ _ source source | L .. |
[ =
° \/
0.5— ]
[N E R Ll
0 100 1000 [ ||m1|00 L1 LIJ_LL%(J)OO BN RN
collision energy (meV) collision energy (meV)
FIG. 1. Experimental results for the average ionization cross FIG. 2. Experimental results for the polarization effect in

section “Qion for the metastable Ne*{(3s);J =2} and the
short-lived Ne**{(3p);J =3} states both for Ar as a target.

thermal and the eV energy range, respectively. The
thermal data are in good agreement with the value
1.33£0.07 of Bussert et al.’

The final results for the polarization ratio
3QiLﬁ4Jl/ 30ion depend on the ”})olarization effect for the
lower-state cross section 2Q-| /| and are given in Fig. 2.
on
First we have performed a 3Qioﬁ4’ analysis while
neglecting the lower-state polarization effect (data
points). In a second analysis we used preliminary results
of Driessen, Janssens, and Beijerinck'3 indicating an
energy-independent value 2Q%!/2Q2,=4/3, which
confirms similar data reported by Bregel'* (curves). We
see a large upper-state polarization effect with a local
maximum at thermal energies. In the superthermal en-
ergy range both states have equal polarization effects.

To understand the different energy dependence of the
polarization effects for both states we investigate the spa-
tial dynamics of the total angular momentum J. For
Ne*(3s) the @ splitting of the adiabatic potentials is re-
stricted to the repulsive branch. For Ne**(3p), howev-
er, the Q splitting of the intermolecular potentials is
much larger and is perceptible in the well area and even
beyond (Fig. 3). In classical terms the Q-dependent po-
tentials translate into a torque on J resulting in a preces-
sion with respect to the internuclear axis with frequency

wprec=AVn'n’/h . (1)

Counteracting this precession, which would result in a
well-defined quantum number Q in the body-fixed sys-
tem, is the rotation of the internuclear axis with an an-
gular velocity ¢,

6=(N+3)h/uR?. )

When wprec K @, the coupling to the internuclear axis is

2370

the ionization cross section for the Ne**{(3p);J =3)}-Ar sys-
tem, deconvoluted while fully neglecting (data points) or using
(line) the preliminary data of Ref. 13 for the lower-state polar-
ization effect.

weak and a space-fixed description of J is favored. On
the other hand, when @prec>> ¢, a body-fixed description
of J is correct. Our task is to determine a locking factor
f1, defined as

Wprec =fL¢ s (3)

and a corresponding distance R; that can serve as an
effective boundary between the two limiting cases. This
is equal to a transition from Hund’s case e to case c,
rather uncommon in molecular spectroscopy. In the ap-
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FIG. 3. Model potentials for the Ne**{(3p);J =3} state,
calculated with the method of Masnou-Seeuws (Ref. 16) in
combination with the 3p input potentials of Bussert ez al. (Ref.
5), in comparison with the best available Ne* (3s) potential of
Gregor and Siska (Ref. 15).
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proach of Nikitin the accumulated phase difference be-
tween the @ and Q' states is used as the criterion for
locking. For a rather flat difference potential AV *® this
is only a measure for depolarization, but does not ensure
that the dynamical process of locking is effective. For
example, this is the case for a rather flat difference po-
tential AV ®®. Because AV ®? usually decreases ex-
ponentially, in comparison to the inverse square falloff of
é, both criteria will result in approximately the same
value of the R;.

To determine the locking factor f; and to test
different assumptions for the @ dependence of the pro-
cess of ionization, we have performed a semiclassical
model calculation for the Ne**-Ar system. The trajec-
tory is calculated on an average adiabatic potential, us-
ing the Q-state populations as a weight factor. When
Oprec < f1§ the evolution of the initial | J,M))g state is
calculated along the trajectory at fixed steps A¢ of the
internuclear axis, by applying the corresponding rotation
matrix d4a’ (A¢) to the Q-state amplitude vector, typi-
cally using A¢==/20. For the R region where wprec
> f1 ¢ the Q-state amplitude vector is kept constant.

The ionization process is interpreted in terms of the
exchange mechanism, governed by the overlap of the Ne
(2p) ~! core hole with the 3p core orbital. For the au-
toionization width I'(R) this results in a two-state basis
I'.(R) and I',(R) corresponding to the two orientations
of the (2p) ~! core hole. This approach is a natural ex-
tension of the model potential method used successfully
to calculate the real part of the optical potential.' Both
I's and T, depicted in Fig. 4 with a schematic view of
the orbital orientations involved, can be described in
good approximation by a single exponential function that
saturates at small distances. The slope of I', is larger
than for I'y, because the only overlap that contributes to
I, is ((2p) '7eore| (np) ), where both the angular
dependence and the radial dependence contribute to the
decrease with increasing R values.

The elements of the Q-state amplitude vector are de-
creased by exp(—T"®A¢/2h) for a time step Az along the

M'(R) (arb. units)

internuclear distance Rl(a,)

FIG. 4. Calculated results for the basic functions I'; and Ty,
using Clementi orbitals of Ar(3p) and Ne(2p) as input (Ref.
17). Insets: Two configurations of projectile and target orbit-
als that contribute.

trajectory, with
r'=gor,(1—gMr, 4

and g the relative population of the r core states, e.g.,
g:= % for @ =0and g,=1 for @ =3.

Finally, we have also included the influence of in-
tramultiplet mixing to the neighboring {a}s and {a};
fine-structure states in the same {a} ={(2p)°(3p)} multi-
plet, with an asymptotic energy difference AE. =21 and
58 meV, respectively.

Numerical results for the polarization effect are given
in Table I. For f; =0, i.e., locking at all R values, the
polarization effect in the thermal energy range is too
large by a factor 2. Moreover, we observe no energy
dependence. For f; =oo, i.e., no locking at all, the polar-
ization effect nearly vanishes over the whole energy
range. For f; =4+ 1 we observe a good agreement be-
tween the experiment and model calculation.

The agreement of the calculated energy dependence of
3Q;on with the experiment is less accurate. This is due to

TABLE 1. Comparison of the experimental results for the polarization effect and the abso-
lute values of the ionization cross section from our semiclassical model calculation, using f; =o°
(no locking), fr =0 (locking over whole R range), and the best-fit value f; =4 for the locking

factor.

Energy Q% /*Qion 3Qion (A?)
(eV) Expt.? Expt.® fL=o0 fL=4 fL=0 Expt. Model
0.075 1.69 2.12 1.27 1.77 3.40 24.5 32.3
0.125 1.96 2.65 1.17 1.87 4.30 23.2 28.3
0.2 1.44 1.96 1.07 1.92 491 21.5 25.0
1.0 1.24 1.59 0.88 1.31 5.30 20.2 16.1
2.0 1.00 1.38 0.87 0.98 4.94 26.3 12.5

N ZQioo‘nl/zQion =L
b zQi%nl/zQion =4/3.
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insufficient information on the repulsive branch of
V ®(R), which is the basic limitation of this method. To-
tal ionization cross sections are always hampered by a
correlation between the absolute scaling of I and the ex-
act position of the repulsive branch of ¥ ¢(R).

The result for the locking factor f; agrees well with
the value determined by analyzing polarized-atom cross
sections for intramultiplet mixing in the Ne**(3p)-He
system.'® Because of the lack of energy-dependent infor-
mation for the intramultiplet mixing, the evidence is less
conclusive. This criterion is confirmed by Grosser® in his
analysis of the results of Na* scattering on laser-excited
Na*(3p) atoms of Hertel et al.,' which also results in
f1=4.5=%1 in our approach.

In this paper we have strong evidence for a semiclassi-
cal picture of rotational coupling, including a reliable
value for predicting an effective boundary between the
limiting cases of a body-fixed or a space-fixed picture of
J. With respect to the Q-dependent process of ionization
we have proven that a two-state basis for I' is in fair
agreement with the polarization effect. In comparison to
the analysis of Bussert et al.,> a considerable reduction
of free parameters has been achieved.

This work is supported by the Foundation for Funda-
mental Research on Matter (FOM).
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