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The linear polarization of resonance vacuum-ultraviolet radiation emitted by electron-impact excited Ne
atoms has been measured in the energy range from threshold to 21 eV. An electron resolution of 80 meV has
enabled the effects of negative-ion resonances on the polarization function to be examined in some detail.
Predictions of the effects of negative-ion resonances on the observed polarizations have been made using a
generalized Baranger-Gerjuoy theory. Excitation via electron exchange is shown to be the dominant process
very close to threshold.

PACS number~s!: 34.80.Dp, 42.25.Ja

I. INTRODUCTION

The importance of the polarization of optical radiation is
being increasingly recognized in a variety of fields@1,2#.
These include absolute calibration of spectroscopic equip-
ment, plasma diagnostics, astrophysics, and electron-impact
excitation studies. Clearly, when considering electron-impact
excitation of atoms or molecules, the polarization of the re-
sultant radiation carries important information about the pro-
cess itself. This is likely to be particularly important near
threshold where conservation of angular momentum and its
components in the quantization~electron-beam! direction al-
lows accurate predictions about the magnitude of the polar-
ization in this energy region. Previous reports of near-
threshold polarization of electron-impact radiation have all
been confined to the visible or near-uv spectral regions~see
the review by Heddle and Gallagher@3#, which gives refer-
ences to earlier work!.

Polarizations are difficult to measure in the near-threshold
region not only because of low radiation intensities and the
influence of cascade but also because of the perturbing effect
of negative-ion resonances in this energy region@4#. Com-
parison with the theoretically predicted threshold values in
the past has often been limited to extrapolated experimental
data.

In an earlier publication@5# from this laboratory we pre-
sented data on the polarization of the vacuum ultraviolet
~vuv! resonance radiation from He and Ne targets over an
energy range from threshold to 500 eV obtained with an
electron beam energy resolution of;1 eV. Very recently, in
the first paper@6# of this series~hereafter referred to as I!, we
presented higher-resolution near-threshold data for He. The
present paper presents our higher-resolution near-threshold
data for Ne.

II. BASIC THEORY

In paper I an outline has been given of the development of
the basic theory of atomic line polarizations forLS-coupled
systems based on the work of Percival and Seaton@7#, Blum

@8#, and others. General expressions for the threshold polar-
ization and the relevant perturbation coefficients were given.

For the heavy rare gasesLS coupling is not valid and
instead a coupling scheme referred to asjLS coupling has
been successfully used. Here the orbital angular momentum
L of the excited electron is coupled to the total angular mo-
mentum j of the ion core to form an intermediate stateK,
which in turn is coupled to the excited electron’s spinS to
form the total angular momentumJ of the atom. The nota-
tion for describing these states is (2s11l j )

2S11L@K#J , where
l ands are the orbital and spin angular momentum of the ion
core, respectively. However, the lowest vuv emitting states
(J51) can be considered as an admixture of1P and 3P
LS-coupled states and are represented as

u~2P1/2!
1S@ 1

2 #1&50.964u1P&10.266u3P&,
~1!

u~2P3/2!
1S@ 3

2 #1&520.226u1P&10.964u3P&.

It can be seen that the state with thej51/2 core is predomi-
nantly 1P in nature while the state with thej53/2 core is
predominantly3P.

Since LS coupling is not valid, only the total angular
momentum is considered. ForJ50↔J51 excitation decay
~as is the case with the resonance lines of Ne, Ar, Kr, and
Xe! the conservation of thez component of angular momen-
tum requires that

MJ1ml1ms5MJ81ml81ms8 ~2!

be satisfied whereMJ (MJ8) is the total angular-momentum
magnetic quantum number before~after! electron impact,
ml (ml8) is the projection of the orbital angular momentum of
the incident~scattered! electron onto the quantization axis,
andms (ms8) is the projection of the spin of the incident
~scattered! electron onto the quantization axis. If the incident
electron defines the quantization axis, it has no angular mo-
mentum about this axis and thusml50. Also, since the atom
is initially in a J50 state,MJ50. At threshold the scattered
electron carries off no energy and therefore no angular mo-
mentum~i.e.,ml850), which results inMJ8 being determined
by the electron spin. For direct excitationms5ms8 and there-
foreMJ850 and thusDMJ50, which results in only parallel
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polarized light (I i) being produced@6#. Since the polariza-
tion is defined as (I i2I')/(I i1I') ~see Sec. IV!, this leads
to a threshold polarizationPth of unity. For exchange exci-
tation there are two possible outcomes:~i! ms5ms8 and ~ii !
ms52ms8 ~see@9#!. For case~i! MJ850 ~singlet excitation!,
the situation is indistinguishable from direct excitation and
the resultant radiation is parallel polarized (Pth511). For
case~ii ! MJ8561 ~triplet excitation! and therefore the result-
ant radiation is perpendicularly polarized, which gives a
threshold polarization of21. Note thatMJ8561 is excited
only through exchange excitation. Thus a measurement of
the polarization at threshold for the heavy rare gases will
determine which mechanism is dominating. For mercury,
which also has a1S0 ground state, exchange was observed to
be dominant at energies close to threshold@10#.

Note that the above considerations have not taken into
account the hyperfine structure due to the presence of nuclear
spin (I ) from naturally occurring isotopes, which tends to
depolarize the radiation. However, neon only has 0.257% of
isotopes with nonzeroI and therefore this will not be a sig-
nificant factor.

If a temporary negative-ion resonance occurs close to
threshold then we note that coupling will occur between the
two electrons involved, thus causing angular momenta to be
transferred between the different components on the right-
hand side of Eq.~2!. This causes the near-threshold argu-
ments given above to be invalid and hence we expect reso-
nance features to show up as perturbations in the polarization
curves. Cascade@6# and electron correlation@11# effects can
also have a significant effect on observed polarizations.

III. NEGATIVE-ION RESONANCES

Negative-ion formation has been thoroughly reviewed by
Buckman and Clark@12# and the reader is referred to this
article for a comprehensive review of the field. In this work
the incoming electron interacts with the atomic target to form
a relatively long-lived negative-ion state~i.e., significantly
longer than the transit time of the electron across the atom!,
which then decays via electron emission to a free electron
and an excited atom. This process competes with the direct
process and this interference leads to distinct spectral fea-
tures at the location of the resonance.

The scheme used to describe the negative-ion resonances
for the heavy rare gases is referred to as the ‘‘grandparent’’
model and was developed by Read, Brunt, and King@13#. In
this scheme the resonances are associated with the ground or
an excited state of the neutral target atom~referred to as the
‘‘parent’’ state!. If the parent state is an excited state~core-
excited resonance! then the ion core is referred to as the
grandparent state. For example, in the heavy rare gases some
resonances are of the type . . .np5 2P3/2n8ln9l , where
. . .np5 2P3/2n8l is the parent state and . . .np5 2P3/2 is the
grandparent state. Their proposal treats the two outermost
electrons (l1 ,s1 ; l2 ,s2) as a correlated pair and therefore
more strongly coupled to each other than either one is to the
ion core. Since the interaction between the excited electrons
is mostly electrostatic, the orbital and spin angular momen-
tum couple separately~i.e., LS coupling!: l11 l25L and
s11s25S. By analogy with thejLS coupling scheme for the
neutral excited states of the rare gases, the ion core angular

momentumj is coupled withL to form the intermediate state
K ( j1L5K ), which in turn is coupled withS to form the
total angular momentumJ(K1S5J). The resonance is clas-
sified using a nomenclature that is also similar to that of the
neutral excited states: (j ) 2S11L@K#J . Calculations by Noro,
Sasaki, and Tatewaki@14#, Ohja, Burke, and Taylor@15#, and
Clark and Taylor@16# have shown that thejLS coupling is
appropriate for neon and argon.

The different classes of resonances observed were as-
signed to a particular configuration and each configuration
was designated with a latin letter@13#. For example, the let-
ter b corresponds to the following configuration:b1,2
[np5 2P3/2,1/2

o (n11)s(n11)p 3Po. Note that the final term
only refers to the coupling of the outer electrons. It can be
seen fromb1,2 that the negative-ion resonances consist of a
multiplet of states~except when the outer electrons couple to
form a 1S state!. In the discussion that follows only reso-
nances relevant to the present study are discussed. The reader
is referred to@13# and@12# for a more complete discussion of
all resonances.

Theb resonances lie just above the inelastic threshold of
their parent states, which would classify them as shape reso-
nances. However, there is evidence that the resonances could
also be classified as Feshbach@12#. In either case, the reso-
nance feature is expected to be sharp.

The coupling of the (n11)s(n11)p 3P electrons with
j of the ion core produces considerable fine structure. The
total number of states that can be produced is 13~8 when
j53/2 and 5 whenj51/2); however, several of these states
will likely be undetectable. Since these states are of even
parity they can be formed by the ground-state atom interact-
ing with s1/2 or d3/2,5/2electrons~assuming no electrons with
partial wavesl>4). This restricts the total angular momen-
tum of the resonance to be<5/2 since the initial angular
momentum of the target atom is 0 and therefore eliminates
one of the eight states associated withj53/2 ion core. Also
four of the resonances are associated with the process

e2~ks!1Ne~np!→Ne2@~n11!s~n11!p#→e2~ks!

1Ne* @~n11!p#, ~3!

which involves only a change in the principle quantum num-
ber. These resonances are expected to be short lived and
therefore produce broad features that are difficult to detect
experimentally. This leaves eight resonances that can be
formed byd-wave excitation, three based on the2P1/2 core
and five on the2P3/2 core @13#. All these states can decay
throughp-wave emission.

The 3s3p electrons can also couple to form a1P term
~i.e., the c resonances!, which is split into five states by
analogy with alkaline-earth elements. These resonances are
expected to lie higher in energy than the3P (b) resonances.
All these states can decay throughp-wave emission to the
np5(n11)s manifold without rearrangement of the
(n11)s electron and therefore the resonances are broad.

To determine the effect of the resonances on the polariza-
tion function the scattering amplitude needs to be calculated
for the above processes. This can be done using the method
outlined by Wolckeet al. @17#, which is a generalization of
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the Baranger-Gerjuoy theory@18#, for mercury where the
scattering amplitude is expressed in terms of only 3-j sym-
bols.

As in mercury, the ground state for all rare gases is1S0
and is represented by the state vectoru0&. The quantization
axis lies parallel to the electron momentum vector. The ex-
cited state is described by the grandparent scheme~i.e.,
jLS coupling! discussed above and the incident~scattered!
electron is described by momentump0 (p1), spin s0 (s1),
and spinz componentms0

(ms1
). The scattering amplitude is

given by

f ~MJ ,ms1
,ms0

!5^@~ j ,L !K,S#JMJ ;p1s1ms1
uTu0;p0s0ms0

&.
~4!

The electron momentum vectors (p0 ,p1) are now ex-
panded in terms of partial waves with orbital angular mo-
mentum (l 0 ,l 1). Unlike the mercury atom wherel ands for
each electron were coupled, the heavy rare gases couplel1
andL to form L 8, ands1 andS to form S8. To do this we
must first uncoupleL andS from J and thenl1 ,L ands1 ,S
can be coupled to formL 8 and S8, respectively. Finally,
L 8 is coupled toj to formK 8, which is then coupled toS8 to
obtain the total angular momentum (J8) of the negative-ion
resonance. The initial state of the electron-atom system be-
fore the collision can be described by couplingl0 ands0 to
form j0 (5J8). The scattering amplitude for the negative-ion
state (j ) 2S811L8@K8#J8 then becomes

f ~MJ ,ms1
,ms0

!5^@~ j ,L !K,S#JMJ ; l 1ml1
,s1ms1

uTu0;l 0ml0
,s0ms0

&

5(
x

~ l 0ml0
,s0ms0

u j 0mj 0
!~KMK ,SMSuJMJ!~ jM j ,LMLuKMK!~LML ,l 1ml1

uL8ML8!~SMS ,s1ms1
uS8MS8!

3~ jmj ,L8ML8uK8MK8!~K8MK8,S8MS8uJ8MJ8!^@~ j ,L8!K8,S8#J8MJ8uTu~ l 0s0! j 0mj 0
&C~p1l 1ml1

,p0l 0!, ~5!

where x represents l 0 ,l 1 , j 0 ,mj 0
,MK ,MS ,ML ,mj ,

L8,ML8,S8,MS8,K8,MK8,J8,MJ8 and the terms from the
partial-wave expansion are contained inC(p1l 1ml1

,p0l 0).
Note that~i! J85 j 0 because the total angular momentum is
conserved,~ii ! MJ85mj 0

because theT-matrix element is

independent ofMJ8, and ~iii ! mj 0
5ms0

becausep0 defines
the quantization axis and thereforeml0

50.
Since the negative-ion states are specified by

( j ) 2S811L8@K8#J8 this reduces the number of terms to be
summed in~5!. Also, conservation of angular momentum
and parity restrictl 0 to only one possible value and since the
excitation is close to threshold only the lowest values ofl 1
will be considered. The properties of the Clebsch-Gordan
coefficients restrict the values that the angular-momentumz
components can have since~i! ms0

, ms1
, andMJ are fixed

for each scattering amplitude~denoteda, b, andg, respec-
tively!, ~ii ! MJ85mj 0

, and~iii ! ml0
50,

ml1
5a2b2g, MK5g2MS , mj5g2MS2ML ,

~6!

ML85ML1a2b2g, MS85MS1b,

MK85a2b2MS .

The net result is that the summation in Eq.~5! has been
reduced to two terms (ML andMS). Note that the above
calculation does not allow for a change in the core angular
momentumj . If j is uncoupled and then recoupled to form
the new core statej 8, this leads to the scattering amplitude
being zero forjÞ j 8 because of the following property for
Clebsch-Gordan coefficients@19#:

(
ms ,ml

~sms ,lml u jmj !~sms ,lml u j 8mj 8!5d j j 8dmj ,mj 8
. ~7!

If a change in core angular momentum occurs, configuration
interaction may be used to more accurately describe the
negative resonance and neutral excited state@20#.

The vuv polarization fraction may be calculated using~5!
above with Eqs. 4, 5b, 13a, and 13b from Bartschatet al.
@21#. Note that Eqs. 4 and 5b from Ref.@21# must be inte-
grated over all scattering angles. As in the case of mercury,
the T matrix andC(p1l 1ml1

,p0l 0) can be neglected since

they are common to all scattering amplitudes being consid-
ered and thus will divide out in the polarization calculation.
The results for various negative ion resonances~where no
change in the ion core angular momentum occurs! are shown
in Tables I (j51/2) and II (j53/2).

The preceding derivation of the polarization fractions due
to negative-ion resonances was based on the assumption that
resonance formation was the dominating channel. This as-
sumption would only be valid near threshold where the non-
resonant excitation cross section is small. However, when
the nonresonant excitation channel becomes comparable to
the resonance channel both scattering amplitudes must be
considered, which leads to interference effects between the
two channels. Thus, away from the threshold region the pre-
dicted polarization values~Tables I and II! should be consid-
ered only as a first correction to the polarization function. If
the resonance produces positively polarized radiation theI i
channel is expected to be enhanced relative to theI' channel
and vice versa for resonances that produce negatively polar-
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ized radiation. The shape of the resonance cannot be deter-
mined since the polarization fraction only gives a measure of
the relative difference between theI i and I' channels.

It should also be noted that above threshold there are of-
ten several resonances and neutral states that lie in the same
energy region and thus the polarization analysis becomes
very complicated. Earlier measurements of total electron-
impact excitation functions can be used to determine which
channels are the dominant ones and thus simplify the analy-
sis.

IV. EXPERIMENT

A full discussion of the apparatus is presented in I and
therefore only details relevant to the present measurement
are discussed here. Electrons were energy selected using a
hemispherical analyzer and focused through a target gas
beam into a Faraday cup. Currents were typically 4 nA with
an energy spread of approximately 80 meV.

The polarizationP of the radiation is defined in the usual
way as (I i2I')/(I i1I'), whereI i andI' are the true inten-

sities measured in a direction orthogonal to the electron
beam. The measured intensities (I-,I'-) are related to the
true values (I i ,I') by Eq.~6! from I. The efficiencyh of the
polarizer was obtained by normalizing our polarization data
using the earlier measurements of Hammondet al. @5# and
Karras @22#, where they used multiple mirror polarizers to
make the measurements insensitive to the mirror efficiency.
The normalization was carried out at an energy of 40 eV,
where the data were unperturbed by resonance effects and
where the polarization was a relatively slowly varying func-
tion with impact energy. A value of 0.526 was obtained for
h.

Studies of the variation ofP with gas pressure were car-
ried out to ensure freedom from depolarizing effects such as
imprisonment of resonance radiation. This meant that the
background pressure in the system did not exceed 631027

Torr when the gas beam was operational. Background effects
due, for example, to small contributions to the measured sig-
nals from the background gas in the system were accounted
for as discussed by Hammondet al. @5#. The base pressure
without the target gas being introduced was 231027 Torr.
Errors were estimated as discussed in I.

V. RESULTS

I i and I' data, corrected as discussed earlier, are dis-
played in Fig. 1 and the resultant polarization curve is shown
in Fig. 2. The sublevel cross section data were normalized
using the data of Phelpset al. @26#. The observed polariza-
tion function agrees well in the region of overlap with pre-
vious measurements by Hammondet al. @5# and Uhriget al.
@23#. The only discrepancy is at threshold where Hammond
et al. observe a value of 0.065, Uhriget al. observe the po-
larization rise towards11 as the electron-impact energy de-
creases~suggesting that direct excitation is predominant!,
and the present results show the polarization drop toward
21 as the impact energy decreases very close to threshold.
The value obtained by Hammondet al. is consistent with the
present results since their energy resolution~500 meV!
would not permit the observation of the rapid decrease in
polarization~a drop from 0 to21 in 80 meV!. The sharp
increase in polarization observed by Uhriget al. starts 300
meV above threshold and therefore Hammondet al. should

TABLE I. vuv polarization fractions for the heavy rare gases
resulting from the formation of the negative-ion resonance
( j51/2) 2S11L@K#J , which decays to (j51/2) 2S@

1
2] 1 .

Resonant state Polarization
( j51/2) K J l0 l 1 (Ḡ251)

3P (b ande) 1/2 1/2 0 1 0
3/2 1/2 0 1 0
1/2 3/2 2 1 20.428
3/2 3/2 2 1 0.558
3/2 5/2 2 1 0.500

1P (c) 1/2 1/2 0 1 0
3/2 3/2 2 1 0

1S (d and f ) 1/2 1/2 1 0 0

1D (e) 3/2 3/2 1 2 0
5/2 5/2 3 2 0

FIG. 1. Sublevel excitation functions for neon
as a function of electron impact energy. Data
were normalized using the results of Phelpset al.
@26#. The data have been corrected for the polar-
ization sensitivity of the analyzer.MJ50 and
uMJu51 curves refer toI i and I' , respectively
~see the text!. Positions of relevant negative-ion
states are identified by lowercase letters@24,25#
and are indicated above the curves. Positions of
relevant neutral states are indicated below the
curves.
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have observed a larger polarization value than they measured
at threshold if this effect was real. The data points below the
threshold have been set to zero for the sake of clarity.

A. Effect of resonances from threshold to 18 eV

Both Figs. 1 and 2 clearly show that resonances and cas-
cading from higher-lying states are perturbing the excitation
of neon. Near threshold, where cascade from higher excited
states is not a factor, it can be seen that theb resonances,
observed in both the vuv@24# and metastable@25# spectra,
are having a perturbing effect. This is in contrast to helium
where the polarization was smoothly varying and no reso-
nances were observed in the near-threshold region~see paper
I!.

The determination of the threshold polarization is compli-
cated by the presence of theb resonances. Theb resonance
located at 16.95 eV has an estimated full width at half maxi-
mum of 180 meV@24# and with an electron beam resolution
of 80 meV, it is clear that the effects of theb resonance can
extend near the threshold ofnp53s@3/2#1 state. As noted
above, the polarization is heading toward large negative val-
ues on the lower-energy side of theb resonance. This indi-
cates that the exchange process is dominating at threshold
@see Eq.~1! and the discussion thereafter#, which is not un-
expected since the lower statenp53s@3/2#1 is predominantly
3P in character and therefore requires exchange~i.e., spin
flip! for excitation.

Above threshold, within the first 0.5 eV, it can be seen in
Fig. 1 that theI i channel is being enhanced relative to the
I' channel. This is reflected in the polarization curve~Fig. 2!
as a rapid increase to a peak value of;0.13. The assertion
that the dominating presence of theb resonance is causing
this rapid change in polarization is supported by the polar-
ization calculations presented earlier~see Tables I and II!
where five of the possibleb states have predicted polariza-
tions close to 0.5. The fact that the observed peak polariza-
tion is;0.13 rather than;0.5 as predicted can be explained
by ~i! the energy resolution of the beam and/or~ii ! the pres-
ence of several resonance states. If the energy resolution was
poor enough to significantly convolute the resonance signal
with the signal due to nonresonant excitation, then a decrease
in polarization would be observed since the polarization aris-

ing from nonresonant excitation is negative in this region.
Preliminary measurements with a poorer energy resolution
have resulted in significantly reduced peak polarizations.
Better electron energy resolution would presumably increase
the observed peak polarization. Note that an accurate calcu-
lation of the combined polarization due to several resonances
would require determining the interference effects between
the different scattering amplitudes~cf. Sec. III!. The fact that
significant overall positive polarizations were observed sug-
gests that the dominating resonances haveJ values of 3/2
and 5/2~see Tables I and II!.

Thenp53s@1/2#1 neutral state, which lies 177 meV above
threshold, is predominantly1P in nature and thus excited by
direct excitation with a threshold polarization value of11
~cf. helium!. Since the present experiment cannot discrimi-
nate against vuv radiation emitted from this state, any con-

FIG. 2. Polarization function for the vuv ra-
diation as a function of electron impact energy.
Data from the lower resolution work of Ham-
mondet al. @5# and Uhriget al. @23# are indicated
on the graph. Positions of relevant negative-ion
states are identified by lowercase letters@24,25#
and are indicated above the curves. Positions of
relevant neutral states are indicated below the
curves. Typical error limits are shown at thresh-
old 17.5 and 20 eV and are discussed in the text.

TABLE II. vuv polarization fractions for the heavy rare gases
resulting from the formation of the negative-ion resonance
( j53/2) 2S11L@K#J , which decays to (j53/2) 2S@

3
2] 1 .

Resonant state Polarization
( j53/2) K J l0 l 1 (Ḡ251)

3P (b ande) 1/2 1/2 1 1 0
3/2 1/2 1 1 0
1/2 3/2 1 1 20.428
3/2 3/2 1 1 20.698
5/2 3/2 1 1 0.447
3/2 5/2 3 1 0.500
5/2 5/2 3 1 0.500

1P (c) 1/2 1/2 0 1 0
3/2 3/2 2 1 0.143
5/2 5/2 2 1 0.500

1S (d and f ) 3/2 3/2 1 0 0.600

1D (e) 1/2 1/2 1 2 0
3/2 3/2 1 2 20.529
5/2 5/2 3 2 20.088
7/2 7/2 3 2 0.455
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tribution to the polarization from its decay would be ex-
pected to bias its value toward11. Since the observed
polarization drops back to negative values (20.15 at 17.25
eV! as the impact energy increases past the region where the
b resonances influence the data, this is an indication that the
3P component of the admixture is still dominating the exci-
tation mechanism at energies between 17 and 18 eV. Above
theb resonance, the polarization remains relatively flat up to
17.5 eV. At this point the polarization starts to rise again.

B. Effect of resonances on sublevel cross sections above 18 eV

To emphasize the less pronounced features in theI' and
I i channels more clearly, a straight line was determined from
the data over the energy range of 17.5–17.86 eV for each
spectrum~see Fig. 1! and was subtracted from the respective
data sets. The results are presented in Fig. 3.

Measurements by Phelpset al. @26# on the excitation
cross sections for thenp53s@1/2#1 and the np53s@3/2#1
states at 18.2 eV show that thenp53s@1/2#1 level is respon-
sible for 81% of the total signal and therefore one could
expect that resonances based on this state (j51/2) should
dominate~Table I!. From Table I it can be seen that the
polarization of thec, d, ande resonances is predominantly

0, indicating that the resonance structure should enhance
both the I' and I i channels equally. In theI' channel a
broad dip is evident in the neighborhood of thec resonance
~18.3 eV!, which is not observed in theI i channel, suggest-
ing that this decays predominantly into theI i channel. This
behavior is not expected from resonances with aj51/2 ion
core but could be expected from the calculations for reso-
nances based on aj53/2 core~Table II!. Thus it appears that
either resonances based on thej53/2 ion core are significant
even though excitation to the corresponding neutral state is
diminished or else the interference effects that have been
considered negligible as a first approximation are in fact sig-
nificant. Clearly it would be beneficial to have more detailed
calculations performed. Note that the dip around 18.3 eV
was also observed in the metastable channel and was desig-
nated a Wigner downstep by Buckmanet al. @25#.

Following the broad minimum, a strong peak is observed
in the I' channel, most likely due to the effects of thee
and/ord resonances in this region. We note from Tables I
and II that certaine resonances should greatly enhance the
I' channel leading to a dip in the observed polarization as is
in fact observed. Because of the significance of the effect and
the dominance of thej51/2 ion core noted above, one might
infer that the predominant resonance is the2P1/2

o 3P@1/2#3/2
configuration with a predicted polarization of20.428. Here
the incoming and outgoing partial waves are ad wave and
p wave, respectively. However, there are resonances with
a j53/2 ion core that also could cause the above effect
~Table II!.

In the I i channel a broad feature is observed with an onset
occurring at 18.16 eV. This is probably due to the combined
effect of thec andd resonances both of which should pref-
erentially enhance theI i channel~Table II! if the j53/2 core
resonances are strong. This observation is supported by ar-
gon data@27#, which again shows thec resonance having a
strong effect.

Finally, between 19.45 and 20 eV another broad feature is
observed in theI i channel. In this region there are four reso-
nances (n1 n2 , f 1 , and f 2) that were observed in the meta-
stable spectrum@25# and four excited states@4s(J52,1) and
4s8(J50,1)]. We note that bothf and n ~also a 1S state!
resonances based on thej53/2 core are expected to enhance
the polarization and hence theI i channel~see Table II!.

C. Effect of resonances on the polarization function
above 18 eV

The effects of the above resonances on the polarization
can plainly be seen in Fig. 2. After theb resonance, the
polarization curve falls to a minimum of20.15 and then
begins to rise toward zero over the energy range
17.5–18.15. The onset of the broad resonance at 18.16 eV in
the I i channel causes the polarization function to rise to a
maximum of 0.2. The strong enhancement of theI' channel
appears as a dip superimposed on this broad resonance~this
effect is also seen in argon@27#! and therefore it seems un-
likely that thed resonances are enhancing theI i channel.
The polarization resulting from thed resonances decaying
directly to the 2p53s state are given in Tables I and II, but
Sharptonet al. @28# observed a sharp peak at 18.6 eV in the
excitation function of the lowest-lying 2p53p (J51) state,
which was attributed to these negative-ion resonances and

FIG. 3. Integrated vuv excitation functions for neon as a func-
tion of electron-impact energy with a linear function subtracted~see
the text!. Positions of relevant negative-ion states are identified by
lowercase letters@24,25# and are indicated above the curves. Posi-
tions of relevant neutral states are indicated below the curves.
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therefore it appears that this is a competing channel for decay
of thed resonances. After thed2 resonance, the polarization
curve returns to its background value of 0.2 followed by a
drop to a value of 0.1 as the electron energy is further in-
creased. This could well be due to the depolarizing effect of
the cascade feeding the 3s levels from the 3p states, which
are known to be strongly excited in this region. As men-
tioned earlier in the discussion ofI i , there are indications of
resonance perturbations of the polarization near 19.5 eV
probably due mainly tof resonances. The polarization then
slowly rises to a value of 0.2 at 20.66 eV.

D. Influence of exchange excitation

As observed above, the exchange excitation mechanism is
dominant at threshold but at higher energies direct excitation
is expected to dominate. It is of interest to determine how the
exchange excitation varies with respect to the direct excita-
tion as a function of energy. To do this we start with the
following definitions for the cross section:

se5 2
3 ~ I i

e12I'
e !5 1

3 ~32Pe!~ I i
e1I'

e !,

~8!

sd5 1
3 ~32Pd!~ I i

d1I'
d !,

where the superscriptse andd refer to exchange and direct,
respectively. The measured polarization (Pm) can be written
as

Pm5
~ I i

d1I i
e!2~ I'

d1I'
e !

~ I i
d1I i

e!1~ I'
d1I'

e !

5
Pd~ I i

d1I'
d !1Pe~ I i

e1I'
e !

~ I i
d1I i

e!1~ I'
d1I'

e !
. ~9!

Using Eq.~8!, this results in

Pm5
Pd~3sd!~32Pd!211Pe~3se!~32Pe!21

~3sd!~32Pd!211~3se!~32Pe!21 . ~10!

Rearranging terms yields

se

sd 5S 32Pe

32PdD S Pd2Pm

Pm2PeD ~11!

and using the relations5se1sd results in

sd

s
5

1

S ~32Pe!

~32Pd!

~Pd2Pm!

~Pm2Pe! D11

. ~12!

To proceed further the following assumptions are made.

~i! Pe52Pd. This seems reasonable because, neglecting
resonances and other perturbing effects,Pd is known ~e.g.,
helium! to fall from 11 at threshold to smaller positive val-
ues as the energy is increased, whereasPe is known to be
21 at threshold~e.g., mercury! and presumably also falling
toward zero asE increases.

~ii ! The polarization of the ‘‘directly’’ excited compo-
nents was assumed to follow that of He(1P1) excitation mea-

sured in I. Note that because in He the first eV above thresh-
old is resonance and cascade free, it therefore provides a true
‘‘direct’’ polarization function. To determine the shape of
the direct polarization function after the first eV, we must
consider how it would look in the absence of cascade, which
always leads to a depolarizing effect and thus the data of
Steph and Golden@29#, whose coincidence measurements
are cascade free, are taken and a cubic spline technique was
used to fit the near threshold data~from I! to theirs at 30 eV.
The energy scale of the helium data was shifted so that the
onset coincided with that of neon and the resultant curve is
shown in Fig. 4~a!.

~iii ! The measured polarization (Pm) is determined from
the parts of the neon polarization data that are considered
free from resonances and assuming a threshold value of
21. Note that no attempt has been made to correct for cas-
cade, but considerable weight is put on the region between
17 and 18 eV, which is free of resonances and lies below the
threshold for cascade.

In order to apply Eqs.~11! and~12! to obtain the relative
contributions of the direct and exchange excitation, the mea-
sured polarization (Pm) must be determined. This was done
by picking data points in resonance-free regions and per-
forming a polynomial fit. Figure 4~b! shows the measured
data with the polynomial line running from threshold
(P521) through the 17–18 eV region and then to higher
energies. Note that the resonance effects just above threshold
have been neglected.

FIG. 4. ~a! Polarization curve~solid line! resulting from direct
excitation as determined from helium data in the manner outlined in
the text. Circles, data of Nore´n et al. @6#; diamond, data of Steph
and Golden@29#. Data points were shifted by 4.55 eV to coincide
with the Ne threshold.~b! Estimated Ne polarization curve~solid
line! in the absence of the negative-ion resonances. Circles, present
data; triangles, data of Hammondet al. @5#. ~c! Direct and exchange
excitation functions relative to the total excitation function@see Eq.
~12! and discussion following#.
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With the assumptions noted above the ratiossd/s and
se/s have been calculated and are plotted in Fig. 4~c!. As
noted above, the effect of cascade on the measured polariza-
tion has not been accounted for and would start becoming
significant around 18 eV where a ‘‘knee’’ shape is observed
in the relative cross sections@Fig. 4~c!#. It can be seen that
the exchange mechanism (3P excitation! dominates only in
the first 1 eV and then the direct mechanism (1P excitation!
quickly becomes the predominant mode of excitation. As far
as the excitation of the vuv emitting states is concerned, the
excitation of thenp53s@1/2#1 should quickly rise from zero
to dominate the excitation process since it is predominantly
1P in character~see Sec. III!, while the excitation of the
np53s@3/2#1 state should rapidly decrease above threshold.
This behavior is supported by the wavelength resolved exci-
tation measurements of Phelpset al. @26# and Phillips,
Anderson, and Lin@30#. Their measurements involved excit-
ing the neon atom by electron impact and then probing the
excited states using a laser. Phelpset al. @26# used 18.2-eV
electrons to excite neon so that they would not have to cor-
rect for cascade and from their data the ratio of the apparent
excitation cross section of thenp53s@1/2#1 ~i.e., 1P) state to
the total apparent excitation cross section
(np53s@1/2#11np53s@3/2#1) is 0.81. Phillipset al. @30# per-
formed measurements at 40 eV and above, which required
corrections for cascade from the higher-lying states. Using
the measurements of Sharptonet al. @28# to correct for cas-
cade they obtained a ratio of;0.92 for the energy range
40–300 eV. Our prediction, from Fig. 4~c!, is that at 18 eV
about 30% of the excitation of theJ51 states is direct and
about 70% is via exchange.

Given the uncertainties in our procedure, the agreement
with Phelpset al. and Phillips, Anderson, and Lin is accept-
able. It is not possible to make more detailed comparisons
because of a number of factors. In our case we have mea-
sured the integrated emission from the twoJ51 states,
whereas they considered the two states separately. The
Phelpset al. data were taken at 18.260.5 eV, where cross
sections are changing rapidly and thus the accuracy of the
energy calibration becomes an important factor. Their work
also involved the use of relatively high target pressures,
where radiation trapping was complete and where, presum-

ably, considerable collisional transfer effects must be occur-
ring. We worked at very low pressures to ensure that no
radiation trapping occurred.

Hanneet al. @10# have measured the polarization of the
6 3P1–6

1S0 resonance line in coincidence with forward
scattered electrons for mercury. The 63P1 state is not a pure
state, but contains a 61P1 admixture~17.1%!, which is simi-
lar to neon~7%! and argon~20%!. Because the forward scat-
tered electron is measured, the selection ruleDMJ50 is in
effect. Using Eq.~2!, one can immediately see that for
MJ561 to be excited, exchange (DMS561) must occur
and therefore a measurement of the polarization will deter-
mine whether exchange or direct excitation is occurring.
Their results show that at threshold exchange excitation is
dominating~i.e., the polarization is approaching the theoreti-
cal limit for pure exchange at threshold! and quickly rises
over 2–3 eV above threshold toward the polarization limit
for direct excitation. This result is in agreement with the
present measurement that exchange excitation is dominant in
the near-threshold region. Theoretical calculations by Mc-
Connell and Moiseiwitsch@31# ~electrons scattered in all di-
rections! and Bonham@32# ~electrons scattered in forward
direction! also show this trend.

VI. CONCLUSION

The polarization function for the integrated vuv radiation
resulting from electron impact on Ne atoms has been mea-
sured in the threshold region. At threshold, the polarization
function was observed to go toward large negative values,
indicating that exchange excitation is dominant at threshold
energies. Above threshold the perturbing effects of the
negative-ion resonances on the polarization function can be
seen, particularly from theb resonances. Predictions of the
effects of the resonances on the observed polarization have
been made using a generalized Baranger-Gerjuoy theory.
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