
Near-threshold study of the polarization of He resonance radiation
using an energy-selected electron beam

C. Norén and J. W. McConkey
Department of Physics, University of Windsor, Windsor, Ontario, Canada N9B 3P4

P. Hammond
Department of Physics, University of Manchester, Manchester M13 9PL, United Kingdom

K. Bartschat
Department of Physics, Drake University, Des Moines, Iowa 50311-4505

~Received 4 October 1995!

The linear polarization of resonance vacuum-ultraviolet vuv radiation emitted from collisionally excited
helium atoms has been measured in the threshold region below 25 eV. The apparatus consisted of a hemi-
spherically analyzed electron beam interacting with a gas jet; the normally emitted radiation was analyzed
using reflection optics. The threshold polarization was measured to be unity, in agreement with arguments
based on the conservation of angular momentum. The measured vuv excitation functions and corresponding
polarization curve were compared to 11-stateR-matrix calculations of the excitation of the 21P state and
excellent agreement was observed up to then53 threshold. Negative-ion resonances and cascade had pro-
nounced effects on the observed sublevel excitation functions and on the polarization.

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. Whenever a population imbalance among
magnetic sublevels of an excited state occurs, polarized fluo-
rescence results. The imbalance can occur whenever the ex-
citation processes are spatially anisotropic, such as occurs
when polarized light beams or charged particle beams are
used for the excitation process.

Clearly, when considering electron-impact excitation of
atoms or molecules, the polarization of the resultant radiation
carries important information about the process itself. This is
likely to be particularly important near threshold, where con-
servation of the angular momentum and its components in
the quantization~electron-beam! direction allows accurate
predictions about the magnitude of the polarization in this
energy region. Deviations from this expected value can be
interpreted as being due to processes other than direct exci-
tation. Although there have been numerous reports of near-
threshold polarization of electron-impact radiation from a va-
riety of targets, these have all been confined to the visible or
near uv spectral regions~see the review by Heddle and Gal-
lagher@3# which gives references to earlier work!.

In an earlier publication@4# 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. These data were
obtained with an unselected electron beam, so that the energy
resolution was on the order of 1 eV. In the present paper we
discuss data taken using an electron monochromator, so that
a greatly improved energy resolution was obtained. This has
allowed the near-threshold region to be studied in much
greater detail than before. Preliminary reports on various as-
pects of this work have been presented elsewhere@5–9#.

II. BASIC THEORY

The basic groundwork, relative to the polarization of
atomic line radiation excited by electron impact, was laid in
the classic paper of Percival and Seaton@10#. This paper
exposed the limitations of earlier treatments, and provided
formulas for the line polarization as a function of electron-
impact energy in terms of magnetic sublevel cross sections
and appropriate coefficients. The threshold selection rule
DML50, which is based on conservation of angular momen-
tum arguments, allows the threshold polarization to be ob-
tained directly. The depolarizing effects of fine and hyperfine
interactions were also dealt with by these authors. The situ-
ation is straightforward if the fine or hyperfine separations
are either small or large compared to the natural linewidth.

Blum @11# gives the following expression for the thresh-
old polarizationPT :
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whereL andL2 represent the orbital angular momentum of
the upper and lower states of the observed decay,g is the
lifetime of the state in question, andG(L)2 is a perturbation
coefficient which takes account of the fine and/or hyperfine
depolarizing effects. For the situation where both fine and
hyperfine splittings are larger than the linewidth, and where
the observation time is long compared to the lifetime, so that
the time-dependent part ofG(L)2 drops out, we have
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where the quantum numbersS, L, J, I , andF have the usual
meanings and relationships.

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 ef-
fect of negative-ion resonances in this energy region@12#.
Comparison with the theoretically predicted threshold values
in the past has often been limited to extrapolated experimen-
tal data.

If a 1S↔1P excitation decay is considered,~such as is the
case for the resonance lines of He!, then the polarization
predicted using Eq.~1! is unity. A similar result is obtained
by applying the threshold selection rule,DML50, as fol-
lows. If we assume thatL andS are conserved separately, as
is the case with helium, then the following relations for the
magnetic sublevels must hold:

MS1ms5MS81ms8 ~3a!

ML1ml5ML81ml8 , ~3b!

whereML (ML8) is the orbital angular momentum magnetic
quantum number before~after! electron impact,MS (MS8) is
the projection of the spin angular momentum before~after!
electron impact,ml (ml8) is the projection of the orbital an-
gular 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.
For the case being considered,MS5MS850, and therefore
Eq. ~3a! becomesms5ms8 always. If the incident electron
defines the quantization axis, it has no angular momentum
about this axis, and thusml50. Also since the atom is ini-
tially in an L50 state,ML50. At threshold the scattered
electron carries off no energy and therefore no angular mo-
mentum~i.e., ml850! which results inML850. Subsequent
decay back to the1S ground state~DML50! will only pro-
duce radiation polarized parallel to the electron-beam direc-
tion. Since the polarization is defined as (I i2I')/(I i1I')
~see below!, a threshold polarization of unity results.

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.~3b!. 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.

Two further factors may influence the observed polariza-
tion in the near-threshold region. Cascade from more highly
excited states is often less polarized, and thus can have a
depolarizing effect on the transition under study. For ex-
ample, in the case of Hen 1P excitation, the cascade from1S
states will be unpolarized. Second, as pointed out by Heide-
man, van de Water and Moergestel@13#, electron correlation
effects near the ionization threshold can have a significant
effect on observed polarizations particularly when an atomic
excitation involving a change in principal quantum number
occurs. We note that such a change in principal quantum
number is indeed the case for excitation of He(n 1P).

A suitable method to calculate the light polarizations in
the near threshold region is theR-matrix ~close-coupling!
approach of the Belfast group. For the present case of inter-
est, the 11-state model of Berringtonet al. @14# should be
sufficient, at least below the threshold of then53 states. For
higher impact energies, this approach is not appropriate due
to the importance of higher discrete and continuum target
states in the close- coupling expansion. A better method for
this energy region is the convergent close-coupling approach
of Fursa and Bray@15#. However, this method would be
computationally very expensive, since it does not take ad-
vantage of theR-matrix approach that allows for the fast
calculation of many collision energies, once the problem has
been solved for a single energy. On the other hand, the abil-
ity to calculate many energies efficiently is very important in
the resonance region. Another possibility would therefore be
the J-matrix method of Konovalov and McCarthy@16#. In
any case, all theoretical results would need to be corrected
for cascades at energies above then53 thresholds. This is a
nontrivial problem, and will not be discussed in this paper.

Figures 1 and 2 provide an impression about the detailed
resonance structure near the 21P threshold, both for the
sublevel-resolved total excitation cross sections~Fig. 1! and
for the corresponding polarization function~Fig. 2!. As
would be expected in the 11-state approach, the value of the
light polarization converges to11 at threshold, and becomes
a smooth function for energies above the highestn53 level.

III. EXPERIMENT

A schematic of the apparatus is shown in Fig. 3. Electrons
from a thoriated tungsten filament source were energy se-
lected using a hemispherical analyzer, and focused through a
target gas beam into a Faraday cup. Currents were typically
20 nA, with an energy spread of approximately 160 meV.
Improvements in this energy resolution were possible, but
only at the expense of significant reductions in the beam
current. Because we were interested in the near-threshold
region of the excitation functions, where signal intensities
are low, we had to adopt this compromise of current and
resolution. The vacuum chamber was lined with a layer of
conetic shielding to minimize the effect of stray magnetic
fields. Improved performance of the electron monochromator
in terms of achievable current and long-term stability was
achieved by keeping the whole system warm using a quartz
iodine projection lamp heater inside the vacuum tank. The
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metastable atom detector, situated directly beneath the gas
beam, consisted of a channel electron multiplier~Galileo
4039-C!. This provided a convenient means of energy cali-
bration and system tuning. Observation of the prominent
negative ion resonances, which occur near threshold@17,18#,
allowed an estimate of both the electron-impact energy and
the energy resolution to be readily obtained. Normally meta-
stable excitation functions were obtained immediately before
and after a polarization measurement. These enabled the en-
ergy scale to be established, and possible drifts in energy by
the system to be monitored.

Radiation from the interaction region, emitted orthogonal
to the electron beam, traversed a single-reflection polariza-

tion analyzer, 10 cm from the interaction region, and was
detected using a channel electron multiplier~Galileo 4039-
C!. The optical element in the analyzer was a 1-m-diameter,
optically flat, gold-coated Pyrex mirror~Janos Optical Corp.!
mounted so that the angle of incidence was 57.5°. The ori-
entation of the analyzer was set using a stepper motor under
computer control. Thus complete polarization ellipses could
be plotted or, more usually, data could be collected at four
orthogonal positions of the analyzer corresponding to detec-
tion of I i

m or I'
m, where these parameters refer to measured

intensities with the analyzer set to transmit light preferen-
tially polarized parallel and perpendicular, respectively, to
the electron-beam~quantization! axis. Data from the detector

FIG. 2. 11-stateR-matrix cal-
culation of the polarization func-
tion for the 21P–11S radiation
as a function of electron impact
energy. The vertical line indicates
the 21P threshold~21.22 eV!.

FIG. 1. 11-stateR-matrix cal-
culations for the excitation of the
2 1P state of helium as a function
of electron impact energy. The ex-
citation functions forML50 and
uMLu51 are shown in the dia-
gram. The vertical line indicates
the 21P threshold~21.22 eV!.
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were routed into the memories of a multichannel analyzer.
Automatic scanning of electron-beam energy could be car-
ried out so that the variation ofI i

m and I'
m, and hence polar-

ization P, as function of impact energy could be obtained
directly. Any slight residual misalignment of the analyzer
was taken into account by averaging the twoI i

m and I'
m

count rates.
The polarizationP of the radiation is defined in the usual

way as (I i2I')/(I i1I'), whereI i andI' are the true inten-
sities. For a single reflection the measured intensities
(I i

m ,I'
m) are related to the true values (I i ,I') by

I i
m5D~RiI i1R'I'!,

~4!
I'
m5D~R'I i1RiI'!,

whereD is the channeltron detection efficiency, andRi and
R' are the reflection coefficients for photons whose electric
vector lies parallel and perpendicular, respectively, to the
plane of incidence. The axis of the channeltron was mechani-
cally aligned along the optic axis to ensure its polarization
insensitivity.

Using Eq.~4! yields the following expression for the po-
larization:

P5
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~ I i
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~ I i
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whereh is the polarization efficiency.
By inverting Eq.~4!, relations for the true intensities can

be obtained:

I'5
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DR'~t221!
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5S 11h

12h D . ~7!

To obtain the efficiency~h! of the polarizer, we normalized
our polarization data using the earlier measurements of Ham-

mondet al. @4# and Karras@19#. They used multiple mirror
polarizers to make the measurements insensitive to the mir-
ror efficiency. The normalization was carried out at an en-
ergy well away from threshold in a region which was unper-
turbed by resonance effects and where the polarization was a
relatively slowly varying function with impact energy.

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 231026

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. @4#. The base pressure
without the target gas being introduced was 231027 torr.

IV. ERRORS

The total estimated errors of the data are designated by
error bars in each of the figures. The total error includes~i!
the statistical uncertainties in the raw data collection which
were less than 1% except in the near-threshold region,~ii !
the uncertainty in the background subtraction which involved
extrapolation of background counts from below the vuv
threshold, and~iii ! the determination ofh ~and thust! by
calibrating to the data of Hammondet al. @4#. Other system-
atic errors such as those caused by mechanical misalignment
are minimized by the averaging technique described above.

As noted by Hammondet al. @4#, caution must be used
when interpreting the data since the analyzer and detector
have different efficiencies over the spectral range of the He
vuv photons ~50.5–58.4 nm!. Below 23.09 eV only the
58.4-nm line is present, which simplifies analysis. However,
above this energy, vuv radiation fromn 1P states~n>3! be-
comes present as their excitation energy is reached, and
therefore each line would have to be analyzed with the ap-
propriate coefficients for its wavelength. This is not possible
in the present setup, and so the coefficients based on the
58.4-nm radiation were used since it is the dominant line.
The quoted errors do not take into account this situation.

V. RESULTS AND DISCUSSION

The measurement of the integrated vuv photons
(n 1P→1 1S) as a function of electron impact energy is pre-
sented in Fig. 4. The data have been corrected for the polar-
ization sensitivity of the analyzer using Eqs.~6! and ~7! ~D
andR' were set equal to 1 since they divide out in polariza-
tion calculations!. A linear background~which is an extrapo-
lation of background noise counts below threshold to higher
electron energies! has been subtracted from the data, but no
correction for variations with energy of the electron-beam
current has been performed. The data have been normalized
to the 11-stateR-matrix calculations with the same normal-
ization factor being used for both the parallel and perpen-
dicular data. The energy scale was calibrated by adding to-
getherI i and I' and comparing the location of the feature at
22.67 eV with the vuv data of Brunt, King, and Read@20#.
The polarization curve resulting from the vuv data shown in
Fig. 4 is presented in Fig. 5. All data points below the thresh-
old have been suppressed since this value lies within the

FIG. 3. Schematic diagram of the experimental setup.
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large error bars~.61! of these data. The determination ofh
was done by comparing the polarization values calculated
using I i

m and I'
m measured at 24 eV~using the above data!

and at 30 eV~from a separate measurement! with values
obtained by Hammondet al. @4#. A value of 1/h51.95 was
obtained at both energies. Also shown in Figs. 4 and 5 are the
11-stateR-matrix calculations which have been convoluted
by a Gaussian function with a full width at half maximum
~FWHM! of 160 meV. It can be seen immediately that there
is excellent agreement between the experimental and theo-
retical data sets.

The positions of some of the neutral and negative-ion
states are indicated on the figures. In the first eV above

threshold ~21.22 eV! there are no perturbing resonances
present, and thus the polarization function is entirely due to
the 21P–11S transition ~58.4 nm!. The polarization func-
tion is observed to slowly drop in value over this range and
this lack of structure near the threshold is in contrast to what
is observed in the visible transitions of helium@21,22# and in
the vuv transitions of the heavy rare gases@23#. Theory also
predicts this slow variation in value, but underestimates
slightly the absolute values above 21.5 eV. This situation
presents not only an excellent opportunity to test the thresh-
old angular momentum arguments presented in Sec. II, but
also allows one to see how the polarization of pure direct
excitation varies with impact energy.

FIG. 4. vuv excitation func-
tions for helium (n 1P–11S) ra-
diation as a function of electron
impact energy. The data has been
corrected for the polarization sen-
sitivity of the analyzer. Upper,
ML50, and lower, uMLu51,
curves refer toI i and I' , respec-
tively ~see text!. The solid line
represents the 11-stateR-matrix
calculations for 21P–11S radia-
tion convoluted with a 160-meV
Gaussian function. The vertical
lines on the diagram indicate the
positions of relevant neutral and
negative-ion states. Error limits
are shown, and are discussed in
the text.

FIG. 5. Polarization function
for helium (n 1P–11S) radiation
as a function of electron impact
energy. The solid line represents
the 11-stateR-matrix calculation
for the 21P–11S radiation con-
voluted with a 160-meV Gaussian
function. The vertical lines on the
diagram indicate the positions of
relevant neutral and negative-ion
states. Error limits are shown, and
are discussed in the text.

53 1563NEAR-THRESHOLD STUDY OF THE POLARIZATION OF He . . .



The threshold polarization is predicted to be11 from
simple angular momentum arguments~see Sec. II!, and from
Fig. 5 it is clearly seen that the polarization function goes to
unity. This effect can be seen clearly also in theI i and I'
near-threshold excitation functions~Fig. 6!, where the signal
in the parallel channel sharply increases at threshold~allow-
ing for the energy resolution! while the signal in the perpen-
dicular channel remains essentially at zero for a further 0.15
eV. Using this result we can make predictions concerning the
nature of the scattering process just above threshold.

We consider the following excitation schemes:

e2~ks!1He~1s2 1S!→e2~kp!1He* ~1s2p 1P!, ~8a!

e2~kp!1He~1s2 1S!→e2~ks!1He* ~1s2p 1P!. ~8b!

Other excitation paths are not considered because they would
require incident and/or scattered electrons with higher angu-
lar momentum. Above threshold, both paths are allowed by
parity and angular momentum conservation laws. However
path ~8b! has the additional requirement that only magnetic
sublevels with a quantum number equal to 0 are possible for
the atomic state. This is because ans electron is scattered
~the sum of the orbital angular momentumz components
must equal 0! while for path ~8a! atomic sublevels with
quantum numbers equal to 0 and61 are allowed since a
p-wave electron is scattered. Since the measured perpendicu-
lar intensity~uDMLu51! in the resultant decay is zero above
threshold, this suggests that path~8b! is responsible for the
scattering process. Thuss-wave scattering is the dominant
process in the near-threshold region. Assuming this is the
case, excitation of 21P close to threshold could have signifi-
cant possibilities in the area of calibration of the behaviour
of electron spectrometers used with very low-energy elec-
trons @24#.

In other He polarization experiments@21,22#, the polar-
ization was observed to change rapidly within the first 100

meV above threshold, suggesting that higher angular mo-
mentum electrons were being scattered. However, the above
comments coupled with the resonance calculations and mea-
surements by Wolckeet al. @25# for mercury as well as heavy
rare gas measurements@23,26# indicate that negative-ion
resonances are most likely responsible for these rapid
changes.

The effect of the resonances first appear at approximately
22.4 eV, where strong broad features are evident. The polar-
ization function appears to level out at a value of 0.8, before
coming under the influence of the 1s(3s2 1S)2S,
1s(3s3p 3P)2P, and 1s(3p2 1D)2D resonances that have
been observed@27# between 22.47 and 22.66 eV. From the
convoluted theoretical data it can be seen that these reso-
nances are responsible for the oscillating shape of the polar-
ization function in this region.

The effects of the resonances and cascade can be seen
clearly in the excitation functions, Fig. 4. Referring to this
figure, it can be seen that the resonances affect theI i and I'
excitation functions differently. This highlights the care
which must be exercised when making comparisons between
optical excitation function measurements~where usually
I i1I' is observed! and the total excitation function measure-
ments which correspond toI i12I' . Thus resonance features
could actually appear at different energies in the two types of
curves.

The theoretical predictions for the excitation of the 21P
state show excellent agreement with the observed excitation
functions for energies up until just below the threshold of the
first cascading state~3 1S!. Above the threshold for 31S, in-
creases in the signal for both the parallel and perpendicular
channels are observed, as would be expected. To see the
effects of the cascading states and higher-lyingn 1P ~n>3!
states more clearly, the theoretical excitation curves were
subtracted from the corresponding measured excitation
curves, and the results are presented in Fig. 7. Just below the
onset of the 31S state, the excitation functions for the paral-

FIG. 6. Near-threshold vuv ex-
citation functions for helium
(2 1P–11S) transitions as a func-
tion of electron impact energy.
The data have been corrected for
the polarization sensitivity of the
analyzer. The vertical line repre-
sents the nominal threshold for the
2 1P state.
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lel and perpendicular channels are shown to rise quickly and
identically. This confirms that the cascade from this state is
unpolarized, as noted above. We also note that at the thresh-
olds of the 31D and 31P states, the contribution to the par-
allel channel clearly dominates over the perpendicular chan-
nel. This is not unexpected since, in the absence of any
perturbing negative-ion resonances, the excitation function
for the 31P state should be similar to that of 21P in the
threshold region and thus favor the parallel channel~see Fig.
6!. The 31D state will decay to the 21P state, and, from the
analysis of Percival and Seaton@10#, this unobserved radia-
tion will have a threshold polarization of 0.6~recall from
Sec. II that onlyML50 is excited!. This would result in 80%
of the 31D state decaying to theML50 sublevel of 21P, and
therefore the parallel channel would be enhanced. We note
that the measurements of Heddle, Keesing, and Parkin@22#
on the polarization of 31D–21P radiation indicate large
positive values~>0.4! close to threshold. Above threshold,
the ML561 andML562 sublevels of 31D can be popu-
lated, which complicates the analysis. Note thatML562
sublevels of 31D can only decay to theML561 sublevels of
2 1P.

Total cross sections~i.e.,QML5012QuMLu51! for the ex-
citation of the cascading and then 1P ~n>3! states have
been obtained using the data in Fig. 7, and the magnitude of
the observed values in the near-threshold region are consis-
tent with theoretical calculations of Konovalov and McCar-
thy @16# for the excitation of 31S, 3 1D, and 31P.

After the (3p2 1D)2D resonance one would expect the
polarization function~Fig. 5! to return to the background
level which would lie near 0.7 based on~i! an extrapolation
to lower energies of the cascade-free values measured by
Steph and Golden@28#, and~ii ! the theoreticalR-matrix cal-
culations discussed earlier. However the observed polariza-
tion falls dramatically to;0.5. This can be attributed to the
excitation of the 31S state which cascades to the 21P state.
This causes a net depolarization in the radiation being emit-

ted from the 21P state. When the 31D and 31P thresholds
are reached, an enhancement of theML50 population oc-
curs, as discussed above, leading to a positive enhancement
of the polarization, as is observed above 23 eV.

The small perturbations in the polarization curve~Fig. 5!
at the opening of then54 excitation channel, near 23.5 eV,
can also be seen in the excitation function curves of Fig. 4.
The explanation, in terms of resonance excitation and cas-
cade, is most probably very similar to that discussed in con-
nection with the structures around then53 thresholds.
Heddle, Keesing, and Parkin@22# have studied the 41S and
4 1D excitation functions and have observed similar behavior
to those withn53. The statistical scatter of the data near the
ionization threshold~24.59 eV! prevents any definitive con-
clusion on correlation effects, such as discussed by Heide-
man, van de Water, and Moergestel@13#, other than that, if
present, they are small.

In summary the shape of the polarization curve~Fig. 5!
can be understood as follows.

~1! The threshold is governed by angular momentum con-
servation and is dominated bys-wave scattering.

~2! Above threshold the polarization falls from unity due
to scattered electrons being able to possess higherl partial
waves.

~3! nlnl8 families of resonances cause perturbations in the
polarization around 22.6~n53! and 23.6 eV~n54!.

~4! Cascading fromn53 and 4 neutral states at approxi-
mately 23 and 23.8 eV, respectively, causes the polarization
to decrease from that due to pure direct excitation.

VI. CONCLUSIONS

The polarization function for the integrated vuv radiation
resulting from electron impact on He atoms has been mea-
sured in the threshold region. At threshold the polarization

FIG. 7. Cascade contribution
to 2 1P excitation obtained as dis-
cussed in the text. The vertical
lines on the diagram indicate the
positions of relevant neutral
states.
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function was observed to go to unity in agreement with an-
gular momentum conservation laws. Analysis of the vuv
photon excitation functions at threshold indicates thats-wave
scattering is dominant in this region. Above the threshold
region the data clearly display perturbations due to negative-
ion resonance formation and the depolarizing effects of cas-
cade from higher-lying neutral states. The data obtained from
11-stateR-matrix calculations for the 21P state were in ex-
cellent agreement with the observed curves. Electron corre-
lation effects at the ionization threshold were not significant.
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