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Abstract

Photoionization of helium and neon to exciteq satellite states,
He+ nl and Ne+ 1322322punl, was studied with synchrotron radiation and
threshold electton analysis. Photoelectron satellites have been
directly measured at threshold for the first time. The relative
satellite cross sections were determined over the kinetic energy range
from O to 1 eV. The angular distributions were also evaluated close to
threshold. -Strong correlation effects were observed in two cases. For
He near threshold, the angular-distribution asymmetry parameter B8 is
near zero fgf the n=2 satellite and is increa;ingly negative for the
higher n Satellites, in agreement with the theoretical prediction of
Greene. 1In the threshold photoelectron spectfum of Ne, mahy final

states are present, some with quartet spin multiplicity and others with

high L valueé;



I. Introduction

In photoelectron spectra strong "main-line" peaks are accompanied
by weak satellite peaks. The satellite transitions lead to final ionic
states'that cannot be created simply by removing a single electron from
the nominal ground-state configuration; e.g., |

He (15°('8)) » He® (2s,2p) + e ,
or Ne (1522322p6(1s)) > Ne' (1322322pu(1D)3p(2Po)) re .

Two theoretical models which are used to describe satellite
intensities are.shake—up and configuration inperaction (CI). Both
approaches represent limiting cases of a complete description of the
satellite process, which has not yet been developed. According to the
shake-up theor‘y,1 the more or less abrupt change in the atomic potential
that accompanies the photoelectron's departure provides a perturbation
which may "shake" one of the passive electrons into an excited orbital.
In this heuristic picture, the probability of reaching an excited
(satellite) final state in the ion depends on the time At for the hole
to be created; 1i.e., on the kinetic energy of the photoelectron. Two
limits are hypothesized. At the satellite threshold, in the adiabatic
limit, the passive electrons' érbitals can relax into their final state
form during photoemission, accelerating the photoelectron. 1In this
limit the satellite transition should have its minimal value. 1In the
high pﬁoton energy, sudden limit, the satellite transition's intensity
approaches a constant fracﬁion of the main-line intensity. Thomas2 has
developed a model for the transition from the adiabatic to the sudden
limit. 1In this mddel the sudden limit is glreédy closely approached at

a relatively low value of the satellite photoelectron's kinetic energy.



The configuration-interaction model employs a multiconfiguration
description of the initial and final states to calculate the satellite
cross sections g¢. Because of their closed-shell initial states, CI
calculations have been carried out for the valence satellites of the
rare gases.3 In the high photon-energy limit, the relative satellite
intensities may be calculated from the CI mixing coefficients° For
the "final-ionic state CI channel™ in Ne 2p photoemission, for example,
much of the intensity is derived from the admixture of the main

2p5 2P°>, in the final-state wavefunction. By using

configuration, Ne' |
a basis of relaxed orbitals to describe the final-ionic state, the CI
calculations include the éhake-up contributions:. To first
approximation, the photon-energy dependence of the (satellite) / (main
line) intensity ratio is determined by tHe energy variation of the
dipole matrix element between the 2p and continuum orbitals.u At é
given photon e¢nergy, hv, the satellite and main-line photoelectrons will
have different kinetic energieé. For the npund 2s satellites in Ar, Kf
and Xe, Smid and Hansénu have predicted that the relative intensities
will remain nearly constant with energy, decreasing slowly with
increasing hv. However; these calculations are not expected to be
accurate at low kinetic energles.

The'predictions of the different theories for satellities far from
the sudden limit are most rigorously tested bylmeasuring‘satellites at
threshold and low kinetic energies. At present only one experiment has
examined a satellite intensity through a wide range of kinetic energies

5,6

down to threshold. Woodruff and Samson used synchrotron radiation to

ionize He and the fluorescent decay from the excited He+(n=2) levels to



measure the n=2 satellite intensity down to threshold. 1In the low
kinetic energy region, they observed that the satellite cross section
varied slowly with energy except on autoionizing doubly-excited states,
where dramatic asymmetric and window profiles were observed. Since the
satellite‘intensity was not observed to decrease at low energies, their
experiment suggests that the time dependent shake-up theory2 is not an
adequate description for He near threshold as might be expected for a
two electron system. By having a strong electric field present or
absent, Woodruff and Samson6 were also able to deconvolute the n=2
fluoresdence into the 2s and 2p contributions. Their results, as well
as those from photoelectron angular distribution measurements,7-9 show
the 2s having a nearly constant (satellite) / (main line) intensity
ratio, while the (2p) / (1s) branching ratio decreases with increasing
kinetic energy over the measured 60 eV range. The energy-dependent

«

behavior of ¢ and ¢ has been reproduced by close-coupling

23 2p

calculations.10

The fluorescent technique, however, is limited to the lowest-
binding-energy satellite. A more general method is pﬁotoelectron
spectroscopy. Experiments on the valence satellites of Ne,”’12 Ar13
and Xe1u héve revealed a variety of intensity vs. energy dependences:
increasing, nearly constant and decreasing. Quite different o(hv)
behavior has been seen for satellites whose main final-state

11,12

configurations have the same excited orbital. Shake-up and

initial- and final-ionic-state CI alone are unable to explain the
observed variety of o(hv) behavior. Mechanisms not included in these

theories are autoionization from doubly-excited states, studied in He5—8



and Ne,12 and continuum-state CI, which has been to our knowledge
unambiguously observed only in the He 2p energy dependence.6-9
Autoionization into satellite channels and continuum-state CI have
together been referred to as interchannel coupling.

These additional processes should be strongest at threshold.
Unfortunately, electron spectrometers typically have increasing
difficulties with background and transmission as the electron energy
decreases below a few eV. However, one claés - threshold electron
analyzers - are specifically designed to study photoionization processes
at threshold by using a smail electric field for extracting slow
electrons.15-17 For 0 eV électrops this technique provides high
sensitivity and high resolution. A threshold electron analyzer has been
constructed which uses time-of-flight analysis, similar to the approagh

used by Baer et al.15

Because of its longer flight distance, the
resolution of our analyzer degrades more slowly with increasing kinetic
energy, facilitating the measurement of satellite intensities at small
kinetic energies. Combining the threshold electron analyzer with a
rotatable chamber allows satellite angulér distributions to be
determined near threshold, as well. In this paper we Eeport studies of
correlation satellites in the photoelectron spectra of He+ and Ne+,
determined near threshold by this spectometer. Experimental procedures
are described in Section II. 1In Section III we report and discuss the
cross sections and asymmetry parameters of the He+ satellites. Neon

sateliite cross sections and asymmetry parameters are presented and .

discussed in Section IV. Finally, Section V contains the conclusions.



II. Experimental

Figure 1a shows the threshold electron analyzer, which is
cylindrically symmetrical. At the interaction region the synchrotron
radiation beam crosses through an effusive gas jet. Electrons ejected
from the gaseous atoms pass through three regions: the extraction
region (10 mm long), the acceleration region (18 mm), and the drift
region (262 mm). With the voltages plotted in Fig. 1b, zero-kinetic
energy electrons have a flight time of 150 ns. Figure 2 shows a
photoelectron spectrum of He with the photon energy 1 eV above the n=2
satellite threshold. Two peaks result from the n=2 satellite transition
because of photoelectrons initially moving toward (shorter time) and
away from (longer time) the detector.

The small electric field across the interaction region bends the
trajectories of low kinetic energy elegtrons toward the detector. For
very slpw electrons, in our case 0 to 30 meV, all emission directions”
are accepted. The transmission function shown in figure 2 was
calculated by considering é point source and the initial ejection angle
for an electron to hit the edge of the detector. The transmission
decreases steeply to an acceptance half-angle (§) of 10° at 1 eV,
However, the 1 eV angular acceptance is still much larger than that of
an aﬁgle resolved photoelectron analyzer. For example, the time-of-
flight electron spectrometers of White et al.18 have a collection half-
angle & of 3°.

A threshold time-of-flight analyzer, like a time-of-flight mass
spectrometer, achieves high resolution by satisfying the space focussing

19

condition. As shown in Fig. 1b, an electron from the side of the



interaction region further from the detector is accelerated more than
one from the near side. With the proper choice of distances and
voltages, both electrons arrive at the detector in the same flight time.
One-dimensional calculations which consider a 5 mm wide interaction
region show that the resulting time width can be < 1 ns for electrons
Wwith kinetic energies from O to 10 eV. Ray tracing for 0.1 and 1 eV
electrons predicts that the time width from the different initial
emission directions should also be < 1 ns. These calculations are
confirmed by the observed full width at half maximum of 1.3 ns for the 1
eV peak in figure 2. The monochromator bandpass contributes
significantly to this width.

We now describe some other aspects of the design. A moveable:
hypodermic needle serves as the gas inlet while preserving the
uniformity of the electric field. The analyzer apertures are wide in
order to'accept electrons from a large interaction region. The first
and smallest aperture has a diameter of 6 mm. " The apertures are covereqf_-
with Cu grids, 20 lines/inch. For the shielding of magnetic fields,
there are 2 cylinders of mu metal around the analyzer and 1 cylinder at ;
the vacuum chamber wall. The drift region and detector are
differentially pumped by a 50 1/s turbo pump. The electron detector,
consisting of a pair of microchannel plaﬁes and a conical anode, is
identical to that of White et al.18 To minimize unwanted secondary
electrons, all surfaces seen by photoelectrons in flight are coa;ed withf
graphite. In order to further reduce the background, an aperture is
positioned upstream of tbe analyzer to prevent scaﬁtered light from

hitting any analyzer surfaces.



The time-of-flight signal processing is done in the usual way18

using a time-to-amplitude converter (TAC), which receives the electron
pulse as "start" énd the light pulse as "stop." Scans are done by
varying the photon energy and having a multi-input scalar collect:

(i) the counts falling into one or two time (kinetic energy) windows and
(ii) the output from the photon flux monitor, a sodium salicylate
scintillator. For normalization the electron counts are divided by the
photon flux. Within a scan the electrons are all at a given kinetic
energy. Therefore, in a scan the normalized intensities are
proportional to the differential cross section dg/dQ (hv,8), with no
analyzer transmission correction needed. The sample pressure was held
constant by a variable leak valve. The ambient pressure of the chamber

was about 3x10“5

mbar during both the He and Ne experiments.

The experiments were performed at the 5.6m toroidal grating
monochromator (TGM)'ét the Hamburger Synchrotronstrahlungslabor
(HASYLAB). Some preliminary scans were carried out using a grazing
incidence "Grasshopper" monochromator at the Stanford Synchrotron
Radiation Laboratory (SSRL). For He a 1500 1/mm grating with no filter
was used. For Ne a 750 1/mm grating was employed with a 1500 A Al

filter to reduce the contribution of higher order light. Residual

higher order light produces a continuous background because the higher

. order components are above the threshold for double ionization. In

addition, the measured light intensity must be corrected in order to
represent the first order component alone. The typical resolution of

the TGM monochromator was 0.1 eV for the d eV scans and 0.2 eV for the

higher kinetic energy scans.
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Fig. 3 shows a 0 eV scan with the He satellites n=2 through 8
clearly seen with smoothly decreasing intensity. At 65.4 eV photon
energy, the combined analyzer and monochromator resolution is 0.15 eV,
of which the monochromator contributes an estimated 0.08 eV. The n=8
satellite has a cross section of only 0.8 kb, which demonstrates the
high sensitivity of the threshold technique. The higher satellites are
seen as an unresolved step which ends at the He+2 threshold. The 0 eV
signal rises above the He+2 threshold as the double ionization
probability increases.

The peaks in a constant kinetic energy scan are not symmetric. For
a 0 eV scan the 1ow hv side contains only the monochromator width, while
the high hv side is affected by both the monochromator and analyzer
resolutions. As a result, the peaks were fitted using an asymmetric
gaussian function, for which the left and right sides can have different
widths.

The satellite cross sections were calculated from intensity ratios
relative to the n=2 satellite for He and to the 2s main line for Ne.

The He n=2-satellite cross section has been measured by Woodruff and

Samson5 to be 0.10(1) Mb from O to 1 eV kinetic energy. For Ne, ¢, has

25
only been determined down to 2.5 ev.29 This lowest kinetic energy value

Osg = 0.21(4) Mb (assumed to include satellite 13) was extrapolated

linearly to Org = 0.17 Mb at 0 eV. The reported errors for the cross
sections represent the uncertainties of the fits, increased if two scans
do not agree within errors. These error estimates are as large as, or

larger than, the statistical uncertainty.



]

11

The analyzer was mounted in a chamber which could be rotated about
the photon beam.21 In order to determine the angular distribution
asymmetry parameter B, we carried out 0.5 and 1 eV scans ét three
angles, 6 = 0°, U8° or 55°, 90°. Here, O is the angle petween the
photon polarization direction and the electron emission direction. 1In
the dipolevapproximation with a randomly oriented sample, the angular
distribution of photoelectrons follows the equation given by Yang,22

dg(6,hv)

g [1+B(hv)P2(cose)], (1)
dQ T4y

where P2 is the second Legendre polynomial. In analyzing the angular

distribution results, two sizable corrections must be considered.

First, the incomplete linear polarization of the light must be included.

' The polarization calibration was performed by taking photoelectron

spectra of Ne at several angles. The measured values for the He
experiment (60 - 80 eV photon energy) were P1 = 0.89(2), » = =-7(2)° and
for the Ne experiment (50 - 60 eV) P1 = 0.73(3), » = -10(1)°, where P1
is the first Stokes parameter (I|| - Il) / (Ill + Il) and A the angle
between the major axis of the polarization ellipse and the horizontal
plane of the DORIS storage ring. Secondly, the large acceptance angle

(6) of the analyzer must be considered. Measuring the intensity ratio

of He (n=2) at low kinetic energy and He 1s at high kinetic energy while

-assuming the calculated § at high energy gives the following results:

§=15° at 0.5 eV and &§=11° at 1 eV. These § values are quite similar to
those calculated at 0.5 and 1.0 eV, The resulting equation for the

photoelectron angular distribution is:
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ljdo’:
g

% [2-2 cos & + % (1-?1)8 cos § sin26 + P, Bcos sinZs P2(cos 6-1)]. (2)
The first two terms represent the angle-independent part, which becomes |
monatomically larger as § increases. The last two terms come from the
angle-dependent portion of Eq. (1). The analyzer sensitivity was very
angle-dependent in part because of the moon-shaped photon beam spot,

5 mm broad. As a result, the sensitivity to 6 had to be calibrated

against a transition of known 8.
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III. Helium
The cross sections and asymmetry parameters will be discussed
separately below.

A. Helium Cross Sections (o¢)

Table I shows the observed He satellite binding energies together
with the calculated energies of a singly charged H-like ion. Each
satellite contains an unresolved summation of the possible values of the
orbital angular momentum 1. Table I displays in its last column the
observed ¢ values at 0 eV. At threshold thé satellite ¢ values decrease
approximately as the separation of energy levels, AEn = SIHn / (n2 -
1)2, with IH being the ionization potential of H. Fano and Cooperzu
state that for a given Rydberg series, the excited orbitals are nearly
identical at small r'except for a normalization factor, for which they
use the energy spacing. Qualitatively, the variation of the satellite ¢
values with n reflects.the expansion of the Rydberg orbitals.

The satellite ¢ values from O to 1 eV above threshold are shown in
.Fig. 4, The g values in both phe table aﬁd the figure have been
corrected for the cohtribution of higher-order light, which decreases
nearly linearly from 31 % at 65 eV ﬁo 12 % at 80 eV photon energy.

There are no calculated ¢ values available for comparison. A recen;
photoelectron measurement at higher kinetic enérgie525 éhows °n=3 and
0=l having lower values than at threshold, with the intensities
.decreasing faster than the 1s main line. The satellites as a whole show
relatively constant behavior over the kinetic energy range from 0 to

1 eV. Continuum state CI has been shown both theoretically10 and

exper‘imentally6-9 to strengthen the 2p satellite as the kinetic energy
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decreases. It should affect the higher n satellites in a similar
manner. However; the intensity variations caused by continuum state CI,
as observed for He 2p, occur over wide ranges of kinetic energy. The
resulting intensity change from 0 to 1 eV should be quite small. The
changes in ihtensity which are observed probably result ffom
autoionization from doubly excited states. A number of autoionizing
resonances Kn have been reportéd: 2, at 73.66 eV, 0y (74.15 ev),

35 (75.54 ev), 36 (76.10 ev), and 37 (76.30 év), all within the
experimental resolution (about 0.25 eV) of a data point in Fig. 4.6 A

more detailed study is required to determine the effect of individual

resonances on each satellite.
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B. Helium Asymmetry Parameters (B)

Figure 5 shows the asymmetfy parameters of the He satellites n=2-6
measured at kinetic energies near 0.5 and 1.0 eV. The relative analyzer
efficiency E(8) was calibrated by assuming a B value for one transition.
For 0° E was alternatively inferred from 615 = 2 and from Bn=2 =
—0.10(12).7 E(55°) was set arbitrarily to 1, while Bn=2 was again used
to evaluate E(90°). The error bars for B include both statistical
errors and systematic errors from the efficiency calibration, estimated
to be 0.1. The 8n=2 values reported result from the BTs calibration and

7-9 25

agree with the earlier measurements. - Lindle et al. determined B

for the satellites n = 3,4 and 5 at some higher kinetic energies. Their
lowest kinetic energy B values, at 3-4 eV, agree with the present

results, while at higher energies Bn—j

and B are observed to

n=4
increase.

Gr‘eene26 has calculated the near-threshold asymmetry parameters for
He. His theoretical approach starts from Herrick'327 |KT> basis,
developed for doubly excited states. 1In this basis the dipole operator
r ,cosé,./r 2 is approximately diagonal. Here r, is the radial distance

1 122 1

of the bound electron, r2 the radial distance of the photoelectron and

A ~

the angle between r, and r_,. Larger values of K and T correspond to

®12. 1 2

more correlated angular motion of the two electrons, which tends to keep
them on opposite sides of the nucleus. For both near-threshold
satellites and doubly-excited states, the dipole operator has dominant
importance for the angular wavefunctions. In both these cases angular
correlations are influential. For He with a 1PO final state, the T'=41

channel is the lowest energy channel at high r For He with T = 1, the

5
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preferential photoelectron direction is parallel or anti-parallel to L =

iy, and 8 ~ -1, where L is the total orbital angular momentum and iY is

‘the angular momentum of the photon. The results calculated by Greene
are displayed in Fig. 5 as open squares, connected by a solid line for
clarity. Both the experiment and theory show B decreasing with
increasing n. The generally good agreement between experiment andv
theory implies that the factors affecting 8 are reasonably well
understood and are included in Greene's theory. This is the major
result of the comparisqn. The decreasing trend in g also confirms the
expectation that the K, T classification becomes more exact as n
increases. The agreement between the experiment and the calculation of
Greene also improves with incréasing n. Fihally, Greene only claimed
accuracy for his calculation for photoelectron energies between 0 and a

fraction of an'ev."However, the small change in B from 0.6 to 1.1 eV,

.as well as the agreement with the measured B values at 3-4 eV,25

suggests that the theory and the angular correlations which it describes
‘may in fact apply to a wider kinetic energy range than expected.

An alternative basis set for the He final state is |nl,1_;Lm>,

172}

whére n and 11 refer to the bound electron and 1, to the photoelectron.

2

In this description each satellite n has a set of l1 unresolved

components, with Bn determined by,
By=1 o B /Lo . (3)
l1 1 1 11 1

The extraction field was much too weak to produce significant 1, mixing.

For the n=2 He satellite where l1 may be s or p, Jacobs andeurke1O and

Changz8 have calculated sz which decreases with decreasing kinetic

1

energy until sz = -0.85 at 1.3 eV (from Jacobs and Burke). All an
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must be 2. From 823 and sz along with our experimental Bn=2’ one

infers °2p / °2$

these ratios agree with earlier measurements.

= 2.7(5) at 0.6 eV and 2.3(4) at 1.1 eV. Like 8n=2’

6,8 For the higher n

satellites larger 11 and 12 can contribute. Since only an is known a

priori, and only sz is available from calculations, the different l1

components are undetermined for n > 2. However, the observed negative B
values imply that the ns states cannot be dominant constituents in the
n > 2 satellites. Fig. 6a shows Gr'eene's29 threshold predictions for

the fractional contribution of the different 1. values in a given n

1

satellite peak. As n increases the distribution over l1 shifts toward

higher 11. We sﬁall return to Fig. 6b at the end of Section IV.
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IV. Neon

A. Neon Cross Sections (¢g)

22punl)

Figure 7 shows the 0 eV scan of the Ne® (2s) and Ne® (13223
satellites. At MS.S eV{ the éombined analyzer and monochromator
resolution is 0.14 eV, of which the monochromator contributes an
estimated 0.11 eV. Table II contains assignments of the observed peaks
using the optical energies of Per'sson.31 The table also includes peaks
observed at higher'photon energy than shown in Fig. 7. This rather long
list is not meant to be complete, but instead includes the states which
are necessary to obtéin a good fit. Above 59 eV, as phe énergy
approaches the doubleiiqnization thresholds, the assignments become more
uncertain because the density of final states increaseé greatly. Bbth
the d and f Rydberg 6rb;tals have small quantum aefects because of large
centrifugal barrier§Q  The energy spacing between nd and nf states is
therfore quite smallfivAs a result, the sateilite.peaks assigned to Qd
and 5d states in Table II probabiy contain nf cohtributiohs.

The spectral séé; in Fig. 7 qontgins*many more peéké and its
assignment many mohéxfinal states than have been previouély observed in
Ne spectra.11’12’3o?VTerm symbols of high orbital angular momentum, e.g.
2Fo, are present. Ihe.ioﬁic term symbolé populated in the shake-up and
final-ionic state CI models, 2Po and 28, are in the hinority. Several
quartet states are obseﬁved contrary to the spin selecﬁion rule AS '= 0.
_AThe satellite spectr&m, at least at threshéld, is seen to be very

complex. The additional final states may'br may not contribute to the

satellite spectrum at higher hv. Comparison withiphotoelectron
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spectr‘a11 is inconclusive because of their lower resolutién of 0.4 ev
and higher background.

An analogy with double ionization suggests that the satellite
spectrum at threshold might be different from that observed at higher

32

energies. Fano has predicted the excitation of high orbital angular
momentum states near the double photoionization threshold (below and
above). With two electrons moving slowly from the ion core, the angular

33 restricts the electrons to

correlation predicted by the Wannier theory
two narrow cones in opposite'directions. The narrow spatial angles
imply that the electrons may attain high values of 1. For satellites at
threshold, the situation is similar: the photoelectron and excited
electrons are tra?elling away from the nucleus with small kinetic
energy. The satellite may be tﬁought of as a failed double ionization
where one electron falls behind the other and is captured. In an
analogous way, the spectator decay of an inner-shell resonance has been

. . . . 4
considered as an extreme case of post-collision mter‘actlon.3

The
observed quartet and high L satellite states in Ne may result from the
strong coupling between the excited electron and photoelectron. The
excited electron in part "forgets" the orientation of the core's spin
and orbital angular momentum. However, certain term symbols for the
complete ion are still favored such as 2PO and 2D.
Autoionization from doubly-excited states could explain an

additional satellite being present at threshold. As seen by Woodruff

and Samsons’6

in He and Becker et ai.12 in Ne, this mechanism is
especially important at low kinetic energies because there exists a

series of doubly-excited levels below each satellite threshold. The
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measurements in Ne showed in particular that satellite 12 (3P)3s 2P has

vanishing intensity except on doubly-excited resonances. The
influential doubly-excited states have either the same core term symbol
(3P) or the same excited orbital (3s) as satellite 12. The absorption

3 places resonances: (3P)3p(2P)”d at

experiment of Codling et al.
52.112 eV, (3P)3p(2P)5d (52.478 ev), (1s)3s(23)3p (52.614 eV) and
(1S)3d(2D)3p (57.5T4 eV). These resonances coincide with the thresholds
of satellites 11, 11a and 5, suggesting that satellites 11a and 5 may
exist only on these resonances because of the autoionization decay.

11,12,30 The

Satellite 11 is clearly observed at higher photon energies.
complexity of the threshold spectrum may result from the correlation
between the excited electron and photoelectron in two ways: non-
resonantly because both electrons are slow and resonantly from the decay
of doubly-excited states.

The last column of Table II presents the satellite cross sections
inferred from the (satellite) / (2s) branching ratio velues derived from
the threshold scan. Figure 8 shows the satellite ¢ from a series of
constant kinetic energy scans from O to 1 eV taken at 48°, near the
pseudo-magic angle.' For the Ne scans, the counts were first-normalized
to the electron current in the storage ring and then divided by a
separate scan of the light intensity. This procedure was necessary
because of instabilities in the photomultiplier tube used to monitor the
photon flux. The uncertainty of this normalization is estimated to be
£ 5%. The 1ight intensity is corrected fer:higher order components,
whose contribution varied betyeen 8 and 23 %$. Figure 8 also contains

the ¢ values at higher kinetic energieé from Heimann et al.11 and Becker
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et al.12 In Fig. 8 and table II the error bars include the uncertainty

from both the normalization and the higher order correction.

The Ne satellite intensities will be discussed in two parts.
First, the cross sections at threshold will be considered, then the
variation of ¢ with kinetic energy. The general discussion of Fano32
and the He calculation of Gr‘eene29 (shown in Fig. 6a) make predicﬁions
at threshold for how the excited electron goes into the different 1
orbitals. The distribution over 1 should change as n increases,
shifting to higher 1. Figure 6b shows the observed distribution for the
neon valence satellites. The np states, which are heavily favored in
the shake-up picture, are strong but not dominant. For satellite final
states with n = 3, the s and p orbitals receive nearly equal fractions
while d orbitals ére more infrequent. When the excited electron goes to
the n = 4 or n = 5 shell, the fraction of s orbitals is small while
larger, similar portions are observed in p and d (or f) orbitals.
Qualitatively, the Ne satellites at threshold show the expected behavior
of favoring higher 1 as n increases.

It is interesting that the distribution among the core term symbols

at threshold is close to statistical: the 3P : 1D : 1S intensities vary

as 3P : 1D : 1S =9 : 7.9 : 1.4, especially since having satellite 11 on
a resonance makes the 1D component larger. The satellite strengtﬁ
appears theﬁ to be independent of the angular momentum coupling of the
ion core. This result conﬁrasts with the observation at 130 - 150 eV
photon energy of Wuilleumier and Krause 9 : (17-22) : £ 6.30 The

difference between their measurement and the statistical ratios may

result from unresolved contributions in their spectra.
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In the kinetic energy range from 0 to 1 eV, the intensities of
satellite 11 and 12 undergo large changes. As discussed above, doubly-
excited states may autoionize into satellite channels enhancing the
satellite intensity. In a constant kinetic energy scan, a resonantly
enhanced peak shows a number of characteristic features, seen for
example in satellite 11 at threshold. The width of this peak in the
0 eV scan is 0.12 eV, less than the experimental resolution. Similariy,
the hv position of satellite 11 is not quite right for its binding
energy. If the monochromator width is decreased to 0.09, then the
bfanching ratio of satellite 11 relative to the 2s intensity is
increased by 17(6)%.

For satellite 11 the enhancement at threshold by a factor of 3 is

3

caused by the resonance ( P)3p(2P)Md, which shares neither core term
symbol nor excitéd orbital with the satellite. 1In contrast, a doubly-
excited state with a 3s orbital, (13)33(28)3p, gives little intensity to
this satellite channel. This resonance instead strongly enhances
satellite 12,12 whose final state also has a 3s orbital. At 0.7 eV
kinetic energy, Becker et al,12 measured a satellite 11 intensity of
0.026(2) Mb, which is somewhat larger than the present ¢ result.
Satellite 12 decreases by a factor of 3 from O to 0.5 eV kinetic

35 near the satellite

energy. No doubly-excited state has been observed
12 threshéld, which suggests a continuum-state CI effect. As discussed
above, the intensity of the He (2p) satellite decreases with increasing
kinetic energy because of continuum state CI. However, the energy range

over which satellite 12 diminishes is very much smaller than thé range

for He (2p). At 1.0 eV satellite 12 is seen to be increasing again
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because it approaches the (1D)3s(2D)4p resonance at 50.565 eV. The mean
of this line is shifted by 0.24 eV because the autoionizing electrons
are at the uppermost edge of the analyzer kinetic energy window. On the
high hv side of this resonance, Becker et al.12 observed the satellite
12 intensity to be enhanced.

The satellites other than 11 and 12 are little affected by the
presence of resonances. One would expect, for example, that satellite
10 would be enhanced dramatically at 0.6 eV on the (TD)3D(2P)NS
resonance. Curiously, this resonance appears to have little effect on
the other satellite channels, either.12 There seems to be something
special about satellites 11 and 12, which make them more likely to be

35 observe the doubly-excited

resonantlyveﬁhanced. Codling et al.
resonances becoming weaker with increasing photon energy. Hence, most
of the strong resonances are located below the thresholds of the higher
satellites, and as a result coupling to satellites 11 and 12 is favored.
To understand in general which doubly-excited states decay into which
satellite channels requires further work. At present, a weak rule might
state that when a doubly-excited state shares the excited orbital or
core term symbol with one or more open satellite channels, the resonance
will usually couple to one of the satellite channels.

The satellites aé a whole appear to become somewhat less intense at
0.5 - 0.7 eV. This variation could result from the multiplication by

g if the 2s intensity does not change linearly as assumed. Comparing

2s

the 2s intensity from 1.5 to 0.1 eV with the calculated analyzer

transmission confirms that Ong is slowly varying and that it is enhanced

by 10 - 20 % between 0.4 and 0.7 eV. The origin of the increase is
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probably autoionization from doubly-excited states such as (1D)3s(2D)3p

at 48.91 eV and (3P)33(2P )7p at 48.98 eV. The apparent overall drop

3/2
~in the satellite intensities at 0.5 - 0.7 eV is most likely én artifact
resulting from this uncertainty in Ong®
In comparison with higher kinetic energies, the intensities at
threshold are either similar (sateliites 7, 10) or higher (3, 4, 11,
12). This result suggests thatnthe adiabatic limit does not exist.

36 predicts that the

A recent calculétion for Ne 2p > 3p shake-up
satellite intehsity at threshold is closer to ﬁhe sudden limit than to
the adiabatic limit. Classically, the velocity of the photoelectron as
it passes through the valence orbita1s is not low even at threshold.
From an alternative point of view, the oscillator strength will be a
continuous function frém the doubly-excited Rydberg series across the

3 Over the total, measured kinetic

corresponding satellite threshold.1
energy range, the He and Né satellite intensities (except for the Ne
satellite 7) are not observed to decrease as threshold is approached,

contrary to the expectations of the shake-up model.2
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B. Neon Asymmetry Parameters (8)

Table III shows the Ne B values measured at 0.5 and 1.0 eV kinetic
energies. The asymmetry parameters were calculated from intensities at
0° and 48° with the analyzer efficiency calibrated with the Né Zs‘main
line. The error bars include systematic errors from the calibration.
While the uncertainties are large, some qualitative observations can be
made. Satellite 12 is seen to have B = -1 within error. For satellite
12 there is only one ﬁossible photoelectron wave with 1=1. According to

angular momentum transfer theory,38

this transition is parity unfavored
and must have a constant B = -1. The only dramatic 8 variation occurs
for satellite 11. While the low 8 value at 0.5 eV might result from the

35 no corresponding effect is

(1S)3s(28)3p resonance at 52.614 eV,
observed in the g of figure 8. Near threshold, satellites 7 and 10 have
B like the 2p main line, whiéh has been observed at higher kinetic
energies11 and is expected because of their 2PO final state. Lastly,
for satellite 3 the nearly constant 8 at higher kinetic ehergies1,1
continues close‘to threshold.

The satellites of both He and ﬁe have small or negative B vaiﬁes
near threshold. In the case of Ne, one must hesitéte to infer an
angular correlation between the excited and ejected electrons because
the main line sz is also negative., The Ne B results show oné satellite
to originate from a parity unfavored transition. For two 2PO satellites

B is similar to sz near threshold as well as at higher kinetic

energies.
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V. Conclusion -

We have directly measufed for the first time threshold intensities
of photoelectron satellite lines. In He correlation satellites up tq
n=8 were observed. The angular distribution asymmetry parameter B of
these satellites becomes increasingly negative with higher principal
quantum number n of the excited electron. This result agrees with the
predictions of a theoretical tréatment of the long-range dipole
interaction. 1In Ne the threshold spéctrum contains lines with high spin
and orbital momeﬁtum and is more complex than the spectra obtained at
higher photon energies. The qualitative prediction of an approach
toward the adiabatic limitqwith satellite intensities decreasing toward
threshold is not seen (except for the Ne satellite 7). Near threshold
the He 1s and Ne 2p satellite intensities vary slowly except at
.resonances, where some satellites show rapid enhancement. Further
theoretical and experimental work toward understanding the selective
decay of doubly-excited states into satellite channels will be valuable.
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Table I. The He satellite binding energies and threshold cross sections.

Binding Calculated
Peak Energy (eV) Enefgy (eV)a g (Mb)
1s 24,567 7.6(2)b
n=2 65. 4k 65.377 0.10(1N°¢
n=3 72.95 72.934 0.0159(5)
n=4 75.57 _ 75.579 0.0080(2)
n=5 76.80 76.803 0.0022(1)
n=6 TT7.46 S T7.469 0.0015(1)
n=7 77.86 77.870 : 0.00091(7)
n=8 78.12 78;i3o 0.00077(7)
n=9 78.30 78.308 0.00043(7)
n=10 78.46 78.436 0.00037(6)
Sat. total _ 0.13

af‘rom En =E_ - IH (Zz/nz); where I is the ionization energy for H.

H
bRef‘. 23

cRef. 5
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Table II. Neon valence satellite binding energies from the present work

together with the energies of Per‘sson31 from emission
spectroscopy. All the assigned satellite final states include
a 1322322pu core. The last column contains the satellite

cross sections at threshold measured by us.

Binding Optical
Peak Enefgy (eV) Assignment Energy (ev) o (Mb)
2p N 21.57 6.2(2)2
2s 48.148 0.16°

13 48.77 (3py3s *p 48.77 0.013(3)
12 49.36 | 3p)3s %p 49.37 0.019(3)
1 52.07 m3s ® s2.11 0.063(7)
11a 52.43 Gryzp "°  s52.149 0.007(2)
10a 52.72 3p)3p %° 52.71 0.007(2)

Crizp %° 52,91
10 53.07 3py3p 2° 53.08 0.027(3)
7a 55.58 ('m)3p 2F°  55.59 0.009(2)
7 55.81 "~ (pyzp %°  55.83 0.024(3)

2p° 55.95
6 56.33 CBeyza ' 56.19 0.020(3)

%p 56.32

2F or uP 56.39 or 56.41

| %p  56.u8
6a 56.66 Gpyus %p 56.72 0.005(2)
5 57.68 Geyup "° 57,71 0.004(1)
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+ other terms

4 57.99 pyup %p° 58.04 0.013(2)
3b 59.04 3p)ua “ 59.00 0.016(2)

% 59.05

2p 59.15
3 59.40 3p)ss %p 59.27 0.029(3)

('s)3p %°  59.13
('p)3d % 59.54

3a 59.67 3p)sp "p° 59.69 0.009(2)

2% 59.85
2a 60.31 (3p)sda 60.3 0.008(2)
2 60.96 (‘pyup 2p° 60.96 ©  0.009(2)
o 61.34 0.003(1)
1a 61;6u 0.003(1)
1  62.22 - [ ('pyua 62.2 0.018(3)
ob 62.7 ("'>)sp 0.001(1)
0a 63.1 ('s)3d %p 0.003(1)
0 63.4 ('p)5d 0.008(1)
-1 64.0 0.003(2)
-2 64.4 ("syup 2° 0.003(2)
Sat. total : 0.32
®Ref. 23

PRef. 20
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Table III. Asymmetry parameters of Ne valence satellites at three

kinetic energies: 0.5 and 1.0 from the present work and 5 eV

from Ref. 11; sz from Ref. 37.
Peak 8 (0.5 eV) B (1.0 ev) B (5 eV)
2p -0.55(7) —0.63(7). -0.18(7)
2s 2 2 2
12 -0.9(3) |
11 0.2(3) 1.0(6) 1.7(3)
10 -0.2(5) 0.0(3) -0.2(1)
7 -0.2(2) -0.2(3)._

0.0(1)

6 -0.5(2) ~0.2(4)
4 0.4(3) 0.0(1)

3 0.5(2) 0.3(4). 0.4(2)
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

a) A schematic diagram of the threshold electron analyzer drawn
to scale. Two electron trajectories are represented by long
dashed lines. b) The varying potential (V) seen by the
photoelectron as it leaves the ionization region and moves
toward the microchannel plate detector (scale same as in a)).
The arrows point to initial positions for an electron on either
side of the ionization region.

A time spectrum of He taken near the n=2 satellite threshold in
500s (left axis). Also shéwn is the calculated transmission
function expressed as the acceptance half angle § (right axis).
Threshold photoelectron scan of the He satellites. n is the
principal quantum number of the remaining electron in He+. The
count ratevat the maximum of the n=2 sateliite peak is 9700 c/s.
The line simply connects the data points.

He satellite cross sections at low kinetic energies shown in a
semi-log plot. The n=2 satellite ¢ values are from Woodruff and
Samson.5

Asymmetry parameter (B) of the He satellites displayed as a
function of the principal quantum number n of the He+ excited
electron. The circles represent two sets of measurements at
0.6 eV (filled circles) and at 1.1 eV (open circles) kinetic
energies. The open squares show the calculation of Gr'eene.2
They are connected by a line only for clarity.

The relati§é nl distribution of the excited electron in the

threshold satellite spectrum: a) He calculation,zg'b) Ne



Fig. 7

Fig. 8
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experiment (this work). For each n the 1 segments sum to a unit
length. Included in the Ne 4d and 5d fractions are unresolved
higher 1 components.

Threshold photoeléctron scan of the Ne 2s main line and valence
satellites. The numbers 1ab¢lling the satellite peaks follow

the ﬁotation of Wuilieumier and Kr'ause.30

For clarity the
additional peaks are not labelled, but appear in Table II. As
in Fig. 3 the line connects the points.

Ne valence satellite cross sections at low kinetic energies (0-1
eV) from this work along with ¢ values at higher kinetic
energies from Heimann et al.?? (satellites 4 - 11) and from
Becker et al.12 (satellite 12). For each satellite typical
error bars are displayed. In the notation of Table II,

satellite 7 includes 6a, 6, 7 and 7a, satellite 3 contains 3a, 3

and 3b, and satellite 4 includes 4 and 5.
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