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A systematic investigation of the interference of energetically neighboring quasimolecular terms giving

rise to oscillatory structure in the total cross sections for diabatic processes has been performed by
optical studies of selected spectral lines produced in ion-atom collisions. All ions ranging from Li+ to
Al+ have been used as projectiles with energies varying from 0.1 to 15 keV using Ne as the target.
Interference between direct-excitation and charge-exchange collision channels leading to regularly spaced
oscillations which are 180' out of phase have been seen in the N+-Ne, O+-Ne, Na+-Ne, and Mg+-Ne
systems. The behavior of the oscillations present in the total emission cross sections for the 3p levels

in Ne cannot be accounted for by the theoretical predictions of Ankundinov et al. Strong polarization
effects have been seen in the optical radiation from the 3p' [Q level in Ne in all systems and for
the 3p 'P, level in Mg in the Mg+-Ne system. The oscillations in the Ne excitation function are
mainly due to the polarization component of the radiation perpendicular to the beam direction for the
N+-Ne, 0+-Ne, and Na+-Ne systems, whereas the parallel component also plays a dominant role in

the Mg+-Ne system. The molecular-orbital (MO) model is used to account for the polarization data.

X'+Ne--(

Ne*(2p'3p) +X' + &E(18.38-18.96 eV)

(excitation)

X*+Ne' + &E(18.0s aE (19.2 eV)

(charge exchange),

with the purpose of gaining information about the
criteria for obtaining a regular oscillatory struc-

During recent years, low-energy ion-atom and
ion-molecule collisions have attracted consider-
able interest since it was established' that these
collision processes can be highly effective for the
production of optical excitation, in contradiction
to the well-known "adiabatic criterion. '"

Some of these low-energy ion-atom systems ex-
hibit a common feature of interest. The excita-
tion functions depend in a regular oscillatory way
on the inverse velocity v ' of the incident ion. '
The cross section for the charge exchange of the
incident ion, leading either to the ground state or
to an excited state in the corresponding atom, has
also been observed to show regular oscillations.
These oscillations are alike in spacing, but are
in antiphase with the oscillations present in the
direct-excitation cross section for the target
gas.

The present paper reports on a systematic in-
vestigation, of low-energy collisions between singly
ionized ions, ranging from Li' to Al', and Ne
atoms according to the following reaction scheme:

ture in the total excitation cross sections. So far,
the oscillatory structure in the total excitation or
charge-exchange cross sections due to interference
between near-degenerate energy levels in the pseu-
domolecules' has been reported mainly for alkali-
ion,"alkali-atom, ' or inert-gas-ion' ' interac-
tions with the inert gases.

The systems chosen make it possible to per-
form investigations of the polarization of the light
emitted from the in'eracting particles. Polariza-
tion measurements may give detailed information
on the pseudomolecular-level systems responsible
for the observed oscillatory behavior of the total
excitation and charge-exchange cross sections.

Preliminary results. from this study have already
been reported, ' indicating that interference be-
tween direct excitation and charge-exchange colli-
sion channels occurs for some of the investigated
systems. Strong polarization effects were ob-
served for the optical radiation emitted from ex-
cited states in Ne, in particular for the Na'-Ne
and O'-Ne systems. Tolk et pl. ' have reported
similar polarization effects for the Na'-Ne system
and explained the observed oscillations in the total
cross section and the polarization data as being
due exclusively to a selective electron population
of the 5fo 4do interfering molecul-ar orbitais in
the (NaNe)' pseudomolecule.

In the present paper, detailed data on the inves-
tigated systems are presented together with an
analysis of the polarization data. For the Na'-Ne
system, the interpretation does not support the
conclusions reached by Tolk et al.
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I. EXPERIMENTAL

A. Apparatus

For the production of a beam of Li', Be', B',
C', N', O', F', Ne', Na', Mg+, or Al' ions in
the energy range from 50 to 15 keV, the low-ener-
gy electromagnetic ion accelerator at Aarhus Uni-
versity was used. It is equipped with a universal
ion source, ' an extraction electrode, an electro-
static lens system, and an analyzing magnet.
Gases were used as source material for C, N, O,
and Ne. Source materials and operation parame-
ters for the other beams are described in Ref. 10.
The accelerator is equipped with three accelera-
tion-power supplies (0-15 kV, 0-2 kV, and 0-300
V) to obtain a good determination of the beam en-
ergy, the uncertainty of which is 1.5 parts per
1000 of the maximum voltage of the power supply
used. Ion currents ranging from -100 p.A at 15 kV
to -100 nA at 100 V were obtained. Experiments
with "Mg, "Mg, and "Mg isotopes showed that
the mass separation met the demands for the pres-
ent experiments, and no contamination of the
beams was observed.

The beam traversed a pumping chamber and en-
tered the target chamber through a set of collima-
tors, 1.5 mm in diameter and placed 10 cm apart.
The position of the entrance slit can be changed so
that it is possible to vary the path length through
the gas before the observation region; this is use-
ful for investigating the influence of the finite life-
time of the level of the excited beam particles on
the radiation process. The beam current was mea-
sured in a Faraday cup.

The target gas Ne was brought into the collision
chamber via a needle valve. It flowed via a colli-
mator into the pumping chamber, where it was
pumped away by means of an oil-diffusion pump.
The pressure in the target chamber was about 500
times greater than that in the pumping chamber.
The gas pressure in the collision chamber ranged
from 2 & 10 ' to 2.6 & 10 ' Torr. Below -10 ' Torr,
the demands for a single-collision region were
fulfilled. When it was necessary to carry out mea-
surements at pressures higher than -10 ' Torr
because of low light intensity, corrections were
made, so the intensity data were comparable with
the results obtained in the single-collision region.
The gas pressure in the collision chamber was
measured with a Pirani gauge placed very close
to the observation region.

The radiation produced by the excited beam and
the target particles was measured by means of a
0.3-m McPherson model-218 spectrometer (f
= 5.3) with a 1200-lines/mm reflecting grating
and a blaze angle of 5000 A. The dispersion was
-26 A/mm. The photons were detected with EMI

photomultipliers cooled to -78'C. For wavelengths
between 5600 and 8500 A, the 9658 8 modified
S-20 type was used; below 5500 A, the 6256 S-type
was used. EMI magnetic-focusing assemblies,
type C122/12, were used to reduce the effective
cathode area and obtain a reduced dark current
(2 to 3 counts/sec) and an improved signal-to-noise
ratio (a factor of 6) in the case of the 9658 B. The
monochromator was mounted on the collision cham-
ber at 90 with respect to the beam.

For some measurements below 300 V, the mono-
chromator was replaced by a series of selected
narrow-band filters. The sensitivity of the mono-
chromator with photomultipliers was determined
by means of a standard-for-spectral-radiation
lamp (GE 30A/T24/1V, Eppley Lab). A Barocel
electric manometer, type 1083, was used for the
pressure calibration.

Polarization measurements were performed by
means of a Pola-Coat UV-105 polarizer placed in
the light path between the collision chamber and
the monochromator. The polarizer could be ro-
tated 0-90' around the optical axis. The polarizing
effect of the reflecting grating of the monochroma-
tor has been measured previously. " Only a small
deviation between the previously determined and
the present eigenpolarizations of the grating was
observed. The polarization fraction P = (I~~ —I~)/
(I ~~~+I~), where l„and I, are the intensities with
electric vectors parallel and perpendicular to the
beam axis, respectively. The total intensity is
obtained from the relation I„,= ~(I~, +2I,). If the
polarization fraction is larger than 10/g, the total
intensities are derived from the I~~ and I, compo-
nents.

B. Total-emission cross sections

The accuracy of the total-emission cross sec-
tions stated for some of the systems depends main-
ly on the calibration of the optical system for which
the accuracy of the quantitative efficiency is es-
timated to be +30%%uo or larger, depending on the ap-
propriate wavelength. When corrections caused
by (i) cascading from higher-lying levels, (ii) the
finite lifetime of the excited levels in the projectile
atoms, (iii) Doppler effects, and (iv) the applica-
tion of pressures above the single-collision region
are taken into consideration the accuracy of the
total cross sections may be determined to be +50%%uo

at energies above 1 keV, but they increase to-+100% at lower energies.
The calibration procedure was tested by measur-

ing a number of total-emission cross sections for
He levels such as 3 'S, 3 'D, and 3 'D after He'-Ne
collisions —previously reported by Wolterbeek
Muller and de Heer. " In general, the agreement
was fair, with deviations of less than 25%.
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FIG. 1. Partial spectral scans of the wavelength re-
gion containing the Bs-3p transitions in Ne( for the
0+-Ne and Na+-Ne systems. Same beam current was
used for Na' and 0+. Spectral lines marked are (1)
5852 A (3p'[2j()), (2) 5881 A (3P'fg]i), (3) 5944 A (3p'fgl2),
(4) 6074 A (3pt 2]()) & (5) 6096 A (3p' t —,l,), (6) 6143 A

(3pfg]2), (7) 6382 A (3p(2]g), (8) 6402 A (2p(2]3), (9) 6506
A (Bpf~j2), with the upper level given in the bracket.

II. RESULTS

The 11 systems investigated may be divided into
two groups according to the excitation functions ob-
tained for the ten SP levels in Ne. The N'-Ne,
O'-Ne, Na'-Ne, and Mg'-Ne systems all exhibit
excitation functions with a strong oscillatory de-
pendence on the energy of the projectile. The oth-
er collision systems display excitation functions
which are either smooth curves or contain oscilla-
tions of a nonregular character only.

The spectral distribution investigated for all the

systems within the region 2500-8500 A showed
that the first and second spectra of neon and of the
applied projectile could account for the observed
spectral lines. In the region of special interest of
the SP levels in Ne, the 5600-7600 A region, ap-
proximately 45 spectra1 lines could be attributed
to Ne. Twenty-seven spectral lines with strong in-
tensities could be classified as Ss-SP transitions.
Cascading population of the Sp levels from higher-
lying 5s, 6s, 3d, or 4d levels could be seen, but
in general, . the cascading components were 10-100
times weaker than the Ss-Sp transitions. The

SP[2],-3d spectral lines, which are the strongest
cascading transitions observed, have an intensity
amounting to -3 the intensity observed for the
Ss-Sp[-,'], transitions. Hence population through
cascading plays a role for the 3p[-, ], level, whereas
the other nine levels are predominantly populated
by direct excitation.

A. Strong oscillatory systems

Partial scans of the wavelength region from 5800-
6600 A are shown in Fig. 1 for the O'-Ne and tQe
Na'-Ne systems for projectile energies of 15 keV.
A marked difference can be seen in the relative
spectral intensities for some of the Ss-SP transi-
tions.

In Table I is given a comparison of the sums of
the spectral intensities depopulating the ten Sp
levels in Ne for the four systems, N'-Ne, O'-Ne,
Na'-Ne, and Mg'-Ne, all at a projectile energy of
15 keV. The data are normalized to the Ss[-,'],-
3p[-,'], transition at 6402 A, the only one depopu-
lating the SP[-,'], level. Since the Na data differ con-
.siderably from the three other systems, a relative
comparison is obtained by reducing the original

TABLE I. Sum of the 3s-3p spectral-line intensities in Ne(.

LS

Upper level

Racah Paschen
Excitation

energy (eV)

N'-Ne 0+ -Ne Na+ -Ne

(15-keV beam energy)

Mg+ -Ne

3P 'S,

3P P1

3p I'p

3p P2

3p ip

3p 'D,

3p Di

3p D2

3p D3

3p 3Sg

3p' [g)p

3P' tyjg

3P t:-,
'

]p

3P'fyl2

3P'l-', l&

3pt-', b

3P t-', l&

3PI-,'12

3P f-,
'

Jg

3P l-,'I&

2pg

2P2

2p3

2p4

2p 5

2P6

2P?

2ps

2pe

2pio

18.96

18.72

18.71

18.70

18.69

18.63

18.61

18.57

18.55

18.38

43

10

66

46

66

45

74

100

42

46

68

46

74

40

71

100

38

50 (13)

185(46)

14 (4)

212 (53)

164(41)

310(77)

108 (27)

176(44)

100(25)

56 (14)

41

82

97

100
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data by a factor of 4. These data are given in
brackets in Table 1. The Sp'[-', ], level is more pop-
ulated in the Na'-Ne collision system than in
N'-Ne, O'-Ne, or Mg'-Ne collisions, whereas
the Sp[ —', ]o, Sp[-,']„and Sp[ —,'], levels are less pop-
ulated in the Na'-Ne system than in the three other
collision systems.

Measurements of the total photon yield from the
3s-Sp transitions in Ne for the projectiles N', 0',
Na', and Mg' at 15-keV beam energy showed the
ratio

O'.N'. Na'. Mg' = 1.0:0.7:0.4:0.2 .
Andersen et al."have previously reported a

similar dependence on these projectiles for outer-
shell excitation of the 4p[-,'] level in Ne L

The ratio for the total photon yield indicates that
the excitation of Ne may begin at a lower energy
for an 0' projectile than for a N', Na', or Mg'
projectile. Measurements of the threshold values
have confirmed this prediction. The threshold
values were determined to be -80 eV for 0', -120
eV for N', -220 eV for Na', and -280 eV for Mg'
projectiles with energies given in the laboratory
system. The cross sections for excitation of the
Sp levels in Ne rise sharply from the threshold
values to reach maxima in the 1-2-keV region.

B. O'-Ne system

For the O'-Ne system, the excitation of the Sp
levels in Ne was investigated together with the fol-
lowing charge-exchange reaction

O'('S, &,) + Ne('S, ) —O(2p' Sp'P) + Ne'('P, ~, )

+ 18.68 eV.
6-

ELab( k+V )

15 10 5 2.5 1.5 1.0 0.75 0.5 0.4 0.3

Ne. Strong oscillations, which are 180' out of
phase, are observed. The oscillation maxima are
equidistant on a v ' scale within an accuracy of
-(5-10)%. The mean distance between the maxima
is equal to b(v ') = (3.2 s 0.2) && 10 ' sec/c m.

Within the energy region investigated, the emis-
sion cross sections for the eight Sp levels in Ne
ranging from the SP[ —,'] level at 18.53 eV to the
Sp'[-,'], level at 18.72 eV exhibit the same number
of maxima, which occur at the same velocities and
with identical spacing between the maxima. In
Fig. 3 the emission-cross-section curves are
shown for the SP '[-,'], level (18.t2 eV), the SP'[-,'],
level (18.69 eV), and the SP[-', ], level (18.55 eV).

The emission cross sections for the Sp[-,'], level
(18.38 eV) and for the Sp'[-', ], level (18.96 eV) de-
viate from those of the other eight 3P levels. Fig-
ure 4 shows a comparison of the emission-cross-
section curves for the SP[-,']„Sp[-',]„and Sp'[ &],
levels. The number of oscillation maxima for the
Sp[-,'], level corresponds to the number seen for
the Sp[ —', ], level, but the maxima are shifted to-
wards lower velocities, whereas the mean distance
between the maxima is the same within the experi-
mental accuracy. For the 3P'[-,'], level, the maxi-
ma indicated by the arrows above the curve exhibit
the same mean distance as observed for the other
Sp levels, but the peaks are shifted towards higher
velocities. Four additional peaks (indicated by
arrows below the curve) are present in the emis-

The charge-exchange reaction leading to
O(2p'Sp 'P) with a bE value of 18.93 eV was also
observed, but the 'P levels were much more pop-
ulated than the 'P levels. No other excited oxygen
levels occur within the energy region of interest,
but higher-lying levels such as the 5s 'S and the
4d 'D levels were also observed to be populated,
but only to a small extent compared with the popu-
lation of the sP levels

The three Sp 'P levels decay at 7771-7774 A to
the Ss 'S levels in OI with a lifetime for the SP'P
level of 29 nsec. " With the present experimental
apparatus, the correction for the lifetime of the
'P levels in the emission cross section accounts
for less than 1%;. The three 'P levels are so close
lying that it has not been attempted to investigate
them separately. The same is the case for the
three 'P levels decaying at 8446 A to the Ss 'S level
with a 35-nsec lifetime. "

Figure 2 shows the emission cross sections for
the SP 'P levels in Of and for the SP[—,'], level in

E 3-
lJ

c

O
I

LU 1-
tA

Vl
tAo 24
O
Z0 2.2—
Vl
Lh

2.0—
hl

1.8—
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1.2
0 5 10

v '(10 es/cm)
15

FIG. 2. Absolute emission cross sections for the pro-
duction of 7771-A Oi (Sp P) and 6402-A Nei (3p(~]3)
radiation in 0+-Ne collisions.
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LAB. ENERGY(keV)
1510 5 2.5 1.5 1.0 0.75 0.5 0.4 0.3II I I I I I I I

Ne I 3p'L2 1I 6599

sion-cross-section curve, but these cannot be ac-
counted for by interference with the charge-ex-
change process leading to the 3p'P levels in OI.

The shift in the maximum positions for the
SP[2], level towards lower velocities cannot be ac-
counted for exclusively by the cascade contribution
from the 3d levels. The emission-cross-section
curve for the Sd[-,'], level, which is responsible
for the main cascading into the 3P[2], level at
7488 A, is shown in Fig. 5. The cascade effect is
not negligible, but the emission-cross-section
curve for the Sd[ —,'g level cannot explain why all
four maxima on the emission-cross-section curve
for the 3p[ —,'], are shifted towards lower energies
but keep constant the mean distance between the
maxima. It should be born in mind that direct ex-
citation o( the 3p[-,'], level accounts for two thirds
of the total population, whereas cascading accounts
for only one third of the population of the 3p[2],
level.

The four additional peaks observed on the emis-
sion-cross-section curve for the 3p'[-,'], level may
be accounted for by interference between the
charge-exchange channel leading to the 3p'P levels
in 01(~E=18.93 eV) and the direct-excitation
channel leading to the 3p'[-,'], level in Ne I (AE
= 18.96 eV). The emission-cross-section curve
for the 3p'P levels in OI is shown in Fig. 6 to-
gether with arrows indicating the positions of the
additional peaks on the emission-cross-section
curve for the Sp'[-,'], level.

15 10 5II
LAB. ENERGY (keV)

0.75 0.5 04 0.3
I I I I I

Ne I 3p' (2)p 5852A

1.2—

0.8-

25-

X
O 20-
Io
UJ
Vl

15-
5
O
IXo 10-
z
O
V)
u) 20-
X
UJ

16-

I I & ~ » I I I j I

I I i i ( I I i t I I

Ne I 3p(Y)I 7032A

12-

4-

I I I I I & I I I I I I I I I I

5 10 15
v ' (10 s/cm)

The emission-cross-section curve for the 3p'P
levels in OI shows oscillations which are 180' out
of phase with the additional peaks observed in the
emission-cross-section curve for the 3p'[-', ], level
in Ne I . Thus the direct-excitation channel leading
to population of the 3P'[-,'], level in Ne interferes
with the two charge-exchange channels leading,
respectively, to the 3P 'P and 3P'P levels in 0 I.
Within the experimental accuracy, the mean dis-
tance between the maxima is the same for the

FIG. 4. Absolute emission cross sections for the pro-
duction of 5852-A NeI (3p'[2]0), 6402-A Ne& (3p[2]&), and
7032-A Ne & (3P[2]i) radiation in 0+-Ne collisions.
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—40-
CV

Eo 35-
I

30-
zo 2.5-
I

4J 2.0-o
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10-
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FIG. 3. Absolute emission cross sections for the pro-
duction of 6599-A Ne i (3p'[2]g), 6266-A Ne r (3p'[-;j,), and
6402-A Ne I (3p[-,']&) radiation in 0+-Ne collisions.

I I I I I I III I I I I I I III I

0.5 1 2 5 10
LAB. ENERGY (keV)

FIG. 5. Emission cross sections for the production
of 7488-A radiation from the 3d[2]2 level in Ne s in 0+-Ne
collisions. Emission cross section is given in arbitrary
units.
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Sp'P and Sp'P data, i.e. , -3.2X10 ' sec/cm.
The polarization of the light emitted from the

3s-3p transitions in Ne I with J~0 for the upper
levels, and from the 3s 'S -3p'P transition in OI
was investigated. Energy-dependent polarization
effects have been observed in the optical radiation
emitted from the excited levels in Ne, particularly
at 6266 A, depopulating the 3p'[-,'], level (J =1
—J= 0). Transitions depopulating 3P'[ —,']„3P[—,']„
3p[-,']„and 3p[-,'], levels all show polarization
fractions ranging from -~ 0 to 20%, whereas the
light emitted from the Sp'[-,']„Sp[—', j„and Sp[&],
levels in Ne I and from the 3P 'P levels in OI
showed a polarization fraction only ranging from
0 to 8%.

The oscillatory structure seen in the emission
cross sections is also observed in the polarization-
fraction data. This is illustrated in Fig. 7 for the
Nel, 6266-A, Sp'[ —,']„J=1to J=0 case, wherethe
contributions to the cross sections of the two po-
larization components (appropriately weighted for
intensity anisotropy) are shown along with the po-
larization-fraction data. The oscillatory structure
in the emission cross section for the 3p'[-,'j, level
is seen to be nearly exclusively due to the compo-
nent of the emitted radiation polarized perpendicu-
lar to the incident-beam direction.

C. N'-Ne system

For the N'-Ne system, six charge-exchange
processes have energy defects within the interval
18.0-19.2 eV. The energy defect ranges from
18.61 eV for the process

N'('P, }+ Ne('S, ) —N(2P' SP 'S) +Ne'('P, &,) + 18.61 eV

to 19.14 for the process leading to N(2P'3P . 'P).

Vl
L- 28
X

2 24

X
O 20
I
O
~ 16

ti}
O
~~12
Z
O
v)

X
W

1 I 1 I I I I 1 I I I 1 & I I

Ner 3p'(~l,
6266 A

-40 POLARIZATION

-20

0.5 1 2 5 10
LAB. ENERGY (keV)

FIG. 7. Contributions of the two polarization compo-
nents to the total emission cross section for the produc-
tion of 6266-A Ne r radiation from the 3p'[-', ], level to-
gether with the polarization fraction as a result of 0+-Ne
collisions.
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The wavelength region accessible for the determi-
nation of the emission cross sections limited the
reactions to be studied to

N(2p'Sp'S) + Ne'('P, &,) +19.00 eV,N'('P, ) + Ne('S, )—
N(2P'SP 'P}+Ne'('P, &,) + 18.85 eV .

Figure 8 shows the emission cross sections for
the N('S) and the 3p[-', j, levels in Ne. The oscilla-
tions are 180 out of phase. The oscillation maxi-
ma are equidistant on a v ' scale within an accura-
cy of 10%. The mean distance between the maxima
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FIG. 6. Emission cross section for the production of
8446-A, radiation from the 3p3P level in Or in 0 -Ne
collisions. Emission cross section is given in arbitrary
units.

I j I i I j s t I

0.5 1 2 5 10
LAS. ENERGY ( keV )

FIG. 8. Emission cross section for production of
7448-A Nr (3p S) and 6383-A Ner (3p[~]&) radiation in
N+-Ne collisions. Cross sections are given in arbitrary
units.
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is equal to n (v ') = (3.2 x 10 ') s (0.3 x 10 ') sec/c m.
Table II lists the maxima positions for the emis-

sion-cross-section curves for the 3p'[-,'], level
(18.96 eV), the 3p[-,'], level (18.63 eV), and the
3P[-,'], level (18.38 eV). The same trend as that
observed for the O'-Ne system with respect to
shifts in maxima positions is present for the N'-Ne
system. The 3p[-,'], data are representative for
the eight SP levels ranging from 18.53 to 18.72 eV.

The emission-cross-section curve for the SP'P
levels in NI exhibits maxima at 0.72, 1.50, and
4.65 keV, in good agreement with the peak posi-
tions for-the 3p'S levels (Fig. 8). A minor extra
peak was observed at 2.70 keV.

Figure 9 shows that the oscillatory structure
seen in the emission cross sections for the 3p'[-,'],
level in Ne is due mainly to the component of the
emitted radiation polarized perpendicular to the
incident-beam direction. The polarization behav-
ior for the other J0 levels in Ne was similar in
magnitude and energy dependence as that seen for
the O'-Ne system. The maxima positions of the
two polarization components in Fig. 9 do not coin-
cide with respect to beam energy. The dominant

perpendicular component has its maxima at 0.57,
1.00, 2.50, and -9.5 keV, whereas the parallel
component has maxima at 0.62, 1.10, and 3.25 keV
and no definite peak in the 9-11-keV region. It
should be noted that both component curves show

a tendency towards a shoulder in the region around
2.70 keV.

36-

5 32-
X

lL
28-

O
+ 24-
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g 20-UJ
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g 16-
o
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higher energies (3.2 and 11.0 keV) for the 3P'[-,'],
level (Fig. 10) and towards lower energies (2.4
and 7.5 keV) for the 3p[-;), level (not shown) in
agreement with the observations for the O'-Ne
and N'-Ne systems. The figure also shows that the
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FIG. 9. Contributions of the two polarization compo-
nents to the total emission cross section for the produc-
tion of 6266-A Ne r radiation from the 3p'[2]& level, to-
gether with the polarization fraction as a result of N'-Ne
collisions.

D. Na'-Ne system

For the Na'-Ne system, only one charge-ex-
change process, viz. ,

Na'('S, ) +Ne('S, ) —Na(3p'P) + Ne'('P3&, ) + 18.53 eV,

should be taken into consideration. Figure 10
shows the emission cross sections for some Sp
levels in Ne together with the data for the Sp'P
levels in Na. The positions of the maxima peaks
near 2.8 and 9.0 keV are shifted slightly towards

TABLE II. Position of the oscillation maxima in
N+-Ne collisions.
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FIG. 10. Emission cross section for production of
5890-A Na r (3p E'), 5852-A Ne r (3p'[2]0), 6096-A Ne r

(3p'[g],), and 6383-A Ner (3p[~]&) radiation in Na+-Ne
collisions. Cross sections pre given in arbitrary units.
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intensity of the various pe&s can shift from one
level to the other. In a v ' plot, the maxima for
the 3p'P levels in Na and for the Sp levels in Ne
are equidistant and within an accuracy of 10'%; the
mean separation is a(v ') =3.2X 10 8 sec/cm.
While the spacing is nearly the same for all 3P
levels in Ne, the present data show that the initial
phase y for 1/v-0 will be different for the Sp'[ —,']o
and Sp[-,'], levels and the other Sp levels in Ne.

Strong polarization was observed for the light
emitted from some of the 3p levels in Ne, whereas
the 5892-.A ligh~ from the 3p levels in Na was near-
ly nonpolarized. Figure 11 shows the contribution
of the two polarized components to the emission
cross section for the transition at 6266 A depopu-
lating the 3P'[ -', ], Ne level. The strong oscillatory
structure present in the emission cross section for
the 3p'[-,'], level is due, nearly exclusively, to the
polarization component perpendicular to the ion-
beam direction. Tolk et al. ' have previously re-
ported a similar effect, but with no oscillations
present in the polarization component parallel to
the beam direction.

E. Mg'-Ne system
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FIG. 11. Contribution of the two polarization compo-
nents to the total emission cross section for the produc-
tion of 6266-A Ne I radiation from the 3P'I. &]& level to-
gether with the polarization fraction as a result of Na'-Ne
collisions.

Two charge-exchange reactions leading to excited
states in neutral Mg have energy defects in the
18.0-19.2-eV energy interval:

Mg'('S, &,,) + Ne('S, )

emission-cross-section curve was nearly in anti-
phase with the emission cross section for, i.e. ,
the Sp[-,'], curve Figu. re 13 shows the emission-
cross-section curve for the Sp'[-,'], level (&E = 18.96
eV) in Ne together with the emission-cross-section

Mg(Sp'P, ) +Ne'('P, &,) +18.27 eV,

Mg(4s 'S,) +Ne'('P, ~, ) +19.03 eV.

The Mg energy levels are located either below
(18.27 eV) or above (19.03 eV) the 3p levels in Ne.

The emission cross sections measured for the
population of the 3p'[-,']„3p'[—,']„3p[—,']„and 3p[-,'],
levels all show oscillatory structures of the same
spacing and phase with the oscillations 180' out of
phase with the emission-cross-section oscillations
observed for the 3p Py level in Mg. Figure 12 il-
lustrates this observation. The mean separation
of the maxima has been determined in a v ' plot to
be h(v ')=3.8&&10 ' cm 'sec. The emission curve
for the SP[-,'], level wa.s similar to the ones just
mentioned, but with peak positions shifted towards
lower energies. For the 3p[-,'], and the Sp[-'.-],
levels, the oscillatory structure was more compli-
cated. The dominant peak at -1.75 keV (Fig. 11) in
the 3p[~]~-level emission-cross-section curve was
split into two or three narrow-lying peaks.

The emission-cross-section curve for the 3P'[-', ],
level was markedly different from the data obtained
for the majority of Sp levels. The Sp'[-,'],-level
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FIG. 12. Emission cross section for production of
2852-A Mg 1 (3P ~P&) and 6143-A Ne i (3P4l&) radiation
in Mg'-Ne collisions. Cross sections are given in arbi-
trary units.



2182 ANDERSEN, NIELSEN, AND OLSEN 10

curve for the 4s 'S, level in Mg. The 4s 'S, curve
seems to consist of two oscillating systems. The
dominant peak at 1.65 keV is assumed to belong to
an oscillating system (indicated by arrows 1),
which is in antiphase with the oscillations present
in the emission-cross-section curve for the 3P'[-, ],
level in Ne. A second oscillating system (indicated
by arrows 2), which is in phase with the oscilla-
tions present in the 3p'[-, ], curve, is assumed to
be due to the interference between the charge-ex-
change channel leading to the 4s 'S, level in Mg and
to the excitation channel leading to the population
of the other nine 3P levels in Ne. The mean sepa-
ration of the maxima in the 3p'[ —,'], curve was de-
termined in a v ' plot to be 3.8x10 ' sec/cm.

The light emitted from the 3p'P, level in Mg and
from the 3P'[-,'), level in Ne is strongly polarized,
as shown in Figs. 14 and 15, respectively. The
main contribution to the emission cross sections
for both the 3P 'P, level in Mg and for the 3P'[-,'],
level in Ne comes from the emitted light polarized
perpendicular to the beam direction, but the con-
tribution from the parallel component is not negli-
gible. The data show that the maxima on the curves
for the two polarization components do not coincide
for all peaks. It is noticed that the oscillations
present in the polarization fraction for the 3P'Py
level in Mg exhibit positive polarization below -2
keV, but negative polarization above this energy.

For the Ne-polarization data, the three peaks all
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FIG. 14. Contributions of the two polarization compo-
nents to the total emission cross section for the 2852-A
Mg & radiation from the 3P P& level together with the
polarization fraction as a result of Mg'-Ne collisions.

10-

9-
Z

8-

0 7-
I

LU
Vl

0
Vl
i0 5-
Z0 g,
L/l

X
3

I I I I I I 1 I I I I I I I I
I

Mg t 4g S), 5183 A

Ne I 3p (12)0 5852k

t2

thI-
Z

6—
IX

5-
I-
V)
Z g,
I-
Z

3-

il, POLARIZATION

-40—

-30—

Qt i & i i i&I i i I

05 1 2 5 10
LAB. ENERGY (keV)

-20-

10 I

0.5 1

iI
2 5 10

LA8. ENERGY (keV)
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in Mg'-Ne collisions. Cross sections are given in arbi-
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FIG. 15. Contributions of the two polarization compo-
nents to the total emission cross section for the 6266-L
Ne1 radiation from the 3p'fg]& level together with the
polarization fraction as a result of Mg+-Ne collisions.
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exhibit a negative polarization fraction. It should

be noticed that the polarization fraction for the Ne
data varies around the value -23Vo, and may be
assumed to consist of two parts: an oscillating
part showing a negative polarization fraction below
-3 keV, but positive above this energy; and a non-
oscillating part with a negative polarization frac-
tion of -23/z over the energy region studied

F. Weak or nonoscillatory systems

The Li'-Ne, Be'-Ne, and Al'-Ne systems all
show a weak tendency towards oscillation in the
emission cross sections for the Sp levels in Ne,
but no regular oscillations as seen with the pro-
jectiles N', O', Na', or Mg' were observed.
Figure 16 shows the best resolved emission-cross-
section curves obtained for the Sp levels in Ne,
together with the results for the charge-exchange
populated levels in Li (2P P, n.E=18.02 eV), and
Be (3s 'S„EE= 1870 eV).

For the B'-Ne, C'-Ne, F'-Ne, or Ne'-Ne sys-
tems, the emission-cross-section curves for the
Sp levels in Ne were smooth, and no tendency to-
wards an oscillatory structure in the cross-sec-
tion curves was observed.

III. DISCUSSION

A. Criteria for oscillatory structure

Phase-interference phenomena have so far been
observed in systems with a charge on one of the
collision partners in which the projectile and the
target atoms had identical or homologous electron
configurations [Na'-Ne, ' K'-Ar, ' Mg'-Rb, "or
Na'-He (Ref 4)], or they deviated from these con-
figurations by only one electron [He'-He, ' He'-Ne
(Ref. 16)]. The conditions necessary for obtaining
oscillatory structure in the total cross sections
have been assumed to be' (i) one of the collision
partners should be an ion, (ii) the electronic con-
figuration of the collision partners should be either
identical or homologous or it should deviate with

only one electron from these electronic configura-
tions, and (iii) the energy levels of the pseudomo-
lecular complex should be near degeneracy at
large internuclear distance.

The recent observation by Kempter et al. ' of
phase interference between two excitation chanriels
leading to excited states in the projectile atom in
collisions between 50- to 600-eV neutral potassium
atoms and argon shows that a charge on one of the
collision partners is not necessary for obtaining
the oscillatory behavior of the total cross sections.
The presence of strong regular oscillations in the
total cross sections for the excitation and charge
exchange in the systems N'-Ne and O'-Ne indicates
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FIG. 16. Emission cross section for production of
6707-A Li I (2p P), 5852-A Net (3p'[2]0), 3321-A Bet
(3s S&), and 6402-A Ne I (3p[~]3) radiation in Li+-Ne
and Be+-Ne collisions, respectively. Cross sections are
given in arbitrary units.

that the demand (ii) is not required and that quasi-
molecular interference may be expected in a rather
large number of ion-atom or atom-atom collisions,
i.e. , also in ion-atom systems not exhibiting
charge-exchange reactions.

Preliminary studies at this laboratory" have
shown strong regular oscillations 180' out of phase
in the excitation cross sections for the 4 'D and
4'D levels in He due to C'-He collisions. Since
no charge-exchange reaction was observed in this
system, the observed oscillations may represent
phase interference between two quasimolecular
excitation channels leading to the 4 'D and 4'D
levels in the target He, respectively.

The importance of the electronic configurations
of the projectile and the target is noticed in the
population of the various energy levels in the col-
lision partners (Table I). The increased popula-
tion of the 3P'[-,'], level and the reduced population
of the 3P[-,'], level in Ne in the Na -Ne system
compared with the level population in the N'-Ne,
0 -Ne, or Mg'-Ne systems show the important
role of the electronic symmetry of the collision
partners.

In the Li'-Ne system (homologous to the Na'-Ne
system), the population of the 3p Ne levels follows
the same trend as seen for the Na'-Ne system,
but with a more dominant population of the 3P'[~],
level, which is the strongest populated Ne Sp level
in the Li'-Ne system.

Four of the eleven systems studied (B', C', F',
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Ne') did not exhibit quasimolecular phase-inter-
ference effects. In the case of the B'-Ne and
C'-Ne systems, the excited levels in B I and C'I

of interest for this study were not populated to any
significant extent, and very few charge-exchange
channels could be detected.

More than one set of reaction channels interact
in the O'-Ne, N'-Ne, or Mg'-Ne systems, causing
a more complex structure of the excitation or
charge-exchange cross sections. Multiple inter-
actions between the large number of charge-ex-
change channels (populating the close-lying energy
levels in F I in the same energy region as that
covered by the 3p levels in Ne) and the excitation
channels leading to the excited 3P levels in Ne may
perhaps account for the lack of oscillatory struc-
ture in the cross sections for the F'-Ne system.

In the Ne'-Ne system, the total cross section
for excitation of Ner 3P levels did not show oscil-
latory structure but exhibited the same structure
as that seen for the Ne'-Ne collision system. ' A

threshold value near 150 eV was followed by a fast
rise to a maximum near 500 eV, from which ener-

gy the cross sections decreased monotonically to
15 keV. However, at energies below 1 keV it was
not possible to separate the spectral lines due to
the projectile from the spectral lines due to the
target.

It is not possible from recent published data or
from this investigation to establish the existence
of a set of "selection rules" for the collision part-
ners to be fulfilled to obtain phase-interference
phenomena in low-energy atomic collisions. The
formation of pseudomolecules seems at present to
be so general that the "selection rules" will have
to be very limited. More knowledge of the potential
curves of the pseudomolecules to large internucle-
ar distances seems essential for an understanding
of the mechanisms responsible for inelastic pro-
cesses in low-energy atomic collisions.

8. Comparison with theoretical predictions

The oscillatory structure present in the total
cross sections has been explained by Rosenthal
and Foley' by a qualitative model, according to
which coherent population of two energetically
neighboring vacant quasimolecular terms occurs
when the particles approach each other and a dia-
batic interaction between these terms follows,
either as a result of term crossing or because of
their close approach when the particles separate.
Ankundinov et al. ' have attempted a more quantita-
tive treatment on the basis of Rosenthal's original
model. It is predicted by Ankundinov et al. that it
should be possible to distinguish between term
crossing and term approach from either the energy
dependence of the modulation depth of the oscilla-

tions (the maximum depth of modulations is 50%)
or from the initial-phase value C. It is assumed
that the oscillatory part of the cross section in a
v ' plot can be described by a function of the type
(const)icos(ligv+ 4), where the period of oscil-
lations is equal to 2ii/li, .

In the case of term crossing, the modulation
depth may decrease in the region of great veloci-
ties, and 4 - -,'n for v -~, whereas the modulation
depth should be independent of velocity at large
velocities and C -0 for v-~ for term approach.
If the N'-Ne, O' -Ne, or Na'-Ne systems are con-
sidered, the modulation depth behaves identically
for all ten 3P levels in Ne, but the initial-phase
value 4 differs for the Sp'[-,']0, for the SP[ —,]„and
for the eight 3p levels ranging from 18.55 to 18.72

eV, since 4 has been determined to be —,'n', 0, and

z, respectively, for these three types of excitation
curves.

Since the modulation behavior is the same for all
the 3P levels in Ne at greater velocity although the
initial phases differ, any conclusions drawn con-
cerning the term behavior at large internuclear
distances will be ambiguous. The present data
suggest that new theoretical considerations are
needed.

The magnitude of the oscillation period taken
from experiments permits a determination of the
area between the interfering quasimolecular levels'
by the relation

area=2mri/a(v ')

where b (v ') is the distance between the oscillation
maxima. The oscillation period is nearly identical
for the N'-Ne, O'-Ne, Na'-Ne and Mg'-Ne sys-
tems, but previous studies' also indicate a rather
small change when passing from one system to
another. The observation of identical oscillation
periods for all 3P levels in Ne may perhaps indi-
cate that the potential curves for all the pseudomo-
lecular terms leading to excitation of Ne are near-
ly degenerate in the region reaching from the in-
ner to the outer term crossing, at which distance
the various atomic terms begin to split up accord-
ing to their excitation energy.

C. Polarization data

On the basis of the molecular dual-coupling mod-
el suggested by Rosenthal and Foley' and a molec-
ular orbital-energy-level diagram based upon the
promotion model, "Tolk et al. ' have interpreted
the oscillations present in the excitation curve for
the Sp'[-,'], level in the Na'-Ne system in the fol-
lowing way: Since the experimental polarization
observations demonstrate that the atomic levels
participating in the interference process are the
~=~1 sublevels and not the &&A=0 levels, this in
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turn implies that the molecular levels involved are
the 0=1 levels, where 0 =A+K is the azimuthal
quantum number of the diatomic quasimolecule.
The diabatic molecular orbital-energy-level dia-
gram for the (NaNe)' collision system, used by
Tolk et al. , is shown in Fig. 17. The primary ex-
citation mechanism may be due to a single pseudo-
crossing or a combination of pseudocrossings. of
the 3dm or the 4fv incoming channels with the 5fv,
4', 3pm, and 4do levels.

A lack of interference at large nuclear distances
between configurations of different values of the
molecular- orbital quantum number is assumed.
Thus, the problem is reduced to determining which
of the MO pairs will interfere, the 5fv 4dv pai-r or
the 3'-4da pair. Tolk et al. ' chose the 5fv 4dv-
pair on the basis that the area enclosed by that pair
was in better agreement with the experimentally
determined value than the smaller area between
the 7t molecular orbitals. This would indicate that
the 5fv 4dv int-erfering states are populated by an
electron from the Sdn orbital.

It may be ambiguous to use as a selection crite-
rion for the two sets of molecular orbitals the area
enclosed by these molecular orbitals on Fig. 17
The two areas differ by less than -50%. The the-
oretical molecular-orbital curves are not calcu-
lated with such a high degree of accuracy that dif-
ferences in the enclosed area of this order can be
used as the only selection criterion.

If the 5fv 4dv interfer-ing states were responsi-
ble for the oscillatory behavior the population of
these states should occur by an electron from the
Sdn molecular orbital. There is no simple way to
explain this population process, since the 3dw and
the 5fo 4dv curves do-not cross. In contrast pop-
ulation of the 4dm-3pn molecular orbitals from the
4f v could account for the polarization data and the
excitation process in a Simple manner, since the
4f v and the 4dw-3Pm terms do cross at an inter-
nuclear distance of -1.0 a.u. Since the 4fv term
also crosses the 4do 5fv pair the osc-illations seen
in the III component could also be accounted for by
assuming that the 4fv term is the electron-donat-
ing term.

Calculations of the distance of closest approach
have been performed for the Na'-Ne system as-
suming a Lenz-Jensen or a Thomas-Fermi poten-
tial. The closest approach is assumed to occur
in a head-on collision (scattering 180'). For the
lowest energies at which the oscillation phenome-
non is clearly detectable in the Na.'-Ne system,
-0.5 keV, the distance of closest approach was de-
termined to be 1.06 a.u. using the Lenz- Jensen po-
tential, which normally gives too low values, and
1.24 a.u. using the Thomas-Fermi potential.

This calculation supports the hypothesis that the
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I IG. 17. Energy-level diagram of the diabatic molecu-
lar orbitals of the NaNe system. Energies are estimates
based on the work on the Ne2 system by E. W. Thulstrup
and H. Johansen, Phys. Rev. A 6, 206 (1972).

population of the excited Ne levels occurs by the
4fv-4dm-3' process. If the excitation mechanism
was a transfer of an electron from the Sdm orbital
to the 4dv or 5fv orbitals the most likely mecha-
nism would involve either the Spn or the 4so term
crossing with the Sdm term, with subsequent trans-
fer of the electron to the 4dv 5fv -pair. Crossings
between the Sdm term and the Spm-4so terms only
occur at internuclear distances -0.35 a.u. , which
is considerably below the estimated value for clos-
est approach.

The MQ model may also be used to account qual-
itatively for the excitation mechanism in the N'-
Ne, O'-Ne, and Mg'-Ne systems. In the case of
the N'-Ne and O'-Ne systems the orbitals are ar-
ranged qualitatively as seen in Fig. 17, replacing
Na with Ne and Ne with N or 0, since the nl levels
in N or 0 have less binding energy than in Ne.
Thus the order of the energy levels will be 2s Ne
&2s N &2PNe &2PN. Excitation of a 2P electron in
Ne to a Sp electron will have to occur by promoting
the 2p electron from the 2' or the Sdo orbitals
to the 5fv 4dv or the-4ds-3Pm orbitals. It is sug-
gested that the promotion occurs from the Sdo to
the 4dn-Spm orbitals, since this orbital combina-
tion can account for the polarization data and the
excitation mechanism in a simple manner owing
to the crossing of the orbitals suggested, whereas
this is not the case for the 2pn 5fv 4dv sys-tem-

It is likely that the molecular orbitals for the
pseudomolecules (NNe)', (ONe)', and (NaNe)'
will be nearly identical with respect to the behav-
ior of the orbitals of the excited states. Since the
experimental data show that the area enclosed by
the orbitals responsible for the oscillations are
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the same for these three pseudomolecular sys-
tems, it is suggested that the same pair of molec-
ular orbitals is participating in all three systems.
The 4dn-3pn' pair seems to be the most likely one
in the present case.

The polarization data for the Mg-Ne system can
only be explained by-assuming that two sets of
molecular orbitals contribute to the oscillatory be-
havior. The marked change in the polarization be-
havior of the light emitted at 2852 A from the 3p'Py
state in Mg and at 6266 A from the SP'[-,'), level
in Ne can be explained by an energy dependence of
the population of the two molecular-orbital pairs,
the 5fo 4da an-d 4dv-Spr pairs, which are respon-

sible for the observed oscillatory phenomena. The
polarization measurements show that for the Mg'-
Ne systems the area enclosed by the 5fc 4d&r-or
the 4dn-Spn' pairs are nearly identical. Since the
molecular orbitals for the excited levels in the
(NaNe)' and (MgNe)' molecules may only differ
slightly, the Mg'-Ne data may support the hypoth-
esis proposed for the oscillation behavior in the
Na'-Ne system.
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