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Partial photoionization cross sections and photoelectron angular distributions
for double excitations up to theN=5 threshold in helium
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Partial photoionization cross sectiong and photoelectron angular distributiogg were measured for all
possible final ionic states Hén) in the region of the double excitatioM{K,T)* up to theN=5 threshold.
At a photon energy bandpass of 12 meV below the thresi#d8,4, and 5, this level of differentiation offers
the most critical assessment of the dynamics of the two-electron excitations to date. The experimental data are
very well described by the most advanced theoretical calculations. Weaker double-excitation series with
K=N-—4 are clearly visible in theg,, data, and even previously unobserved extremely weak series members
with A= —1 can be discerned, showing the high sensitivity of the angular resolved measurements. The shapes
of the resonance-induced variationsaf or 3,, in the double excitations below a given threshblcchange
radically depending on the final ionic statebut display striking similarities when comparing the satellite
states withhn=N—1 andn=N-2 below each threshold. These systematic patterns may indicate a general
rule for the underlying two-electron dynami¢&1050-294{@6)02009-4

PACS numbd(s): 32.80.Dz, 32.80.Fb

I. INTRODUCTION possible final ionic states in the region of the double excita-
tions up to theN=5 threshold. This work discusses all the

The double excitations of helium offer an ideal case forexperimental results in detail; brief accounts of Mwe 2 and
investigating electron-electron correlations. On the one handy=>5 series have been given recer|tBi,32.
the corresponding absorption spectra, first observed by Mad- The resonance series are identified in Mg, T)? nota-
den and Codling]1] show very strong electron-electron cor- tion of the double excitationg6,8] whereN refers to the
relations[2]; on the other hand, helium represents a proto4onization limit of the seriesj is the running index of the
type three-body system, making it a benchmark for the studjRydberg series, andK(T)" represent a set of correlation
of three-body dynamics. In recent years, the development giuantum numbers. The hydrogenlike final state is referred to
high-resolution monochromators at synchrotron radiatiorS H€ (n), so that the resonant photoionization process may
sources and refined calculational methods have led to sutfe described by
stantial advances in experimef8-5] and theory[5-22).
However, high-resolution work has remained restricted to He(1s%) +hv—He*N(K, T)f' —He"(n) +e".
total absorptionmeasurement$3—5] and the desirable criti-
cal comparison with theory at the level of detail of partial In an independent particle pictui andi correspond to
photoionization cross sections and photoelectron angular dighe principal quantum numbers of the inner and the outer
tribution parameters has remained elusive, despite severalectrons, respectively. Angular correlation between the two
isolated early measurements made with the modest resol@lectrons is described b and T [6], whereas the radial
tion then availabl¢23—30. Third-generation synchrotron ra- correlation is related to the quantum number +1,—1, or
diation sources now provide the resolving power and brightO [8]. In doubly excited states labeled By=+1, the two
ness necessary to allowlectron emissionmeasurements electrons tend to approach or move away from the nucleus in

which can delineate these properties at the desirable highha@se, whereas iA=—1 states one electron approaches the
resolution. nucleus while the other electron moves away froitoiit-of-

We have performed a study of the decay of the®  Phase radial motion States withA=0 exhibit little radial

double excitations of helium arising from the ground statecorrelation since one of the electrons tends to remain far

1s® and present here the partial photoionization cross se@Way from the nucleus while the other stays close in, show-
tions o, and photoelectron angular distributiog for all NG no obvious phase relationshif]. A more detailed de-
scription of the meaning of these quantum numbers is given

elsewherd8,15,23. The bending vibrational quantum num-
;Electronic address: alm@phys.physics.ucf.edu berz= 1 (N—1—K—T) describes the radial correlation in
Present address: Physics Dept. E20, Technical University of Muthe three-body system in analogy to a triatomic mole¢8le
niich, D-85747 Garching, Germany. The notationA=+1,—1 is replaced in the following by
Present address: Dept. of Chemistry, University of Nevada, Laf\=+,—, respectively. The € ground state of helium is
Vegas, NV 89154-4003. represented by 1(0,0)in this scheme.
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+ [1] no evidence for the very weak series members with
n=1 n=2 n=3 n=4 He™ (n) A=—1 has been found thus far. We show in this work that
a measurement of the extremely sensitive angular distribu-
tion parameter reveals the weaker series WithN—4 more
clearly and even allows discernment of members of an
A=—1 series.
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II. EXPERIMENTAL PROCEDURES

series

The experiment was performed at the Advanced Light
- Source on the undulator beamline 9.0.1, whose design char-
series acteristics[34] and performance in emission experiments
have been described befdi®l]. The storage ring was oper-
—— series o ated at 1.5 GeV with 400 mA at injection, and the radiation
excitation from the 8 cm, 55 period undulator was monochromatized by
N=3 5(3,1)%y, a spherical grating monochromat®25 lines/mm with a
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series movable exit slif34]. This setup, with 1Qum entrance and
20 um exit slits, provides a flux of approximately ¥(pho-

] direct tons per second at a resolving power of up to 10000 in a
60 photoionization

65

spot size of about 0:21mn? in the source region of our

~ i =z electron spectrometer. Our apparatus and procedures are de-
M series . scribed in detail elsewhef@5,36. Briefly, electrons are de-

5 ' tected simultaneously in two spherical sector plate electro-

0 He 1s static analyzers mounted on a rotatable platform

perpendicular to the photon beam. The source volume seen

by the analyzers is roughly 034X 0.9mn?. Since the ana-

FIG. 1. Energy diagram of continuahaded areasnd the first lyzers have a small angular acceptance of®)5 half angle
six discrete levels of the strongest double excitations. Double exci-y 9 P gie,

tations, in the example displayed 5(3jd{vertical arrow, followed no Corre_l(_:ﬂon of tBe miaslured angulz_alr dc;S.mbﬁtlog. was necf—
by autoionization of this resonan¢dashed horizontal arrgwand essary. ) € number of e ectrqns emlt'Fe ,'n t e. |_regt|on 0
direct photoionizatior(dotted arrow both contribute to the photo- angle 6 with respect to the major polarization axis is, in the

20 ~

ionization process, shown here for Hgn=2) only. dipole approximation, given by
The weakest of all possibleNe-1 series have been ob- dan(g): Inlq 4 &[1+3Pcos(20)] _
served only in the case d=2 [4]. This is due to the fact dQ 4 4
that the probability of an excitation below a threshdld ) o ] )
rapidly decreases with increasirg. Propensity rules for The degree of linear polarizatidd of the incoming syn-

photoabsorption have been propos%:O, AT: 1, and Chl’OtI’Oh radiation was determined to ®=097(1) at
Az=0, which can be qualitatively understood in classicaln¥=71.3 eV by measuring the known angular distribution of
terms[8,9,19. According to these rules, the dominant seriesn€on 2 (8=2) and 2 [8=1.27(5)[37] ] photoelectrons at

excited via dipole transitions from the 1(0;0pround state 36 angles. A subsequent scan of the helisphotoelectron
should have the quantum numbe=1, A=+, and angular distribution established a constant polarization over

K=N-2. the undulator peak and in the entire photon energy range
In the level scheme in Fig. 1 the first members of theused. We recorded spectraét 0° and 90° with respect to

major series are indicated by the horizontal lines converginghe polarization direction and, additionally, at the
to the various ionization thresholds Fign). In the case of a pseudomagic anglé,,= 3cos }(—1/3P)=55°. At 6, the
double excitation, the autoionization of this excitation inter-relative partial cross sections,(rel) were obtained directly,
feres with the direct photoionization procé88]; both path-  and the data a#=0° and 90° yielded both the photoelectron
ways are shown in Fig. 1 fon=2. Their interference in- angular distribution parametegs, as well aso,(rel). The
duces sharp variations of all partial cross sections and theross sections measured in both ways were virtually identi-
photoelectron angular distributions, except for 1, where  cal. However, the data derived from the angular distribution
Bn=1=2. A measurement of these partial quantities versusneasurements have better statistics and are, therefore, dis-
photon energy yields, therefore, a highly differentiated, al-played in this work. Spectra were normalized to the photon
though not complete, picture of the double-excitation resointensity and corrected for background and analyzer trans-
nances which can be checked against theory at an unpremission. At a constant helium pressure of #Pa in the
edented level of detail. interaction region, no pressure corrections were needed. In
As a consequence of the above-mentioned propensityrder to check the consistency of the data and to improve
rules, some evidence of weaker series WNE=3 and a statistics the spectra were generally repeated, independently
higher bending vibrational number=1 or K=N—4 has normalized, compared, and averaged.
been seen only in the latest high-resolution absorption spec- Photoelectron spectra were collected in two different
tra [5] and, apart from excitations to 2(1;,0)which were  modes, as shown in Fig. 2: the traditional photoelectron
already observed in the experiment by Madden and CodlingspectrometrfPES mode, in which spectra are recorded at a
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FIG. 3. PES spectrum taken at the pseudomagic angle and
hy=90.0 eV with an electron spectrometer resolution of about
70 meV. Recording time is 2000 seconds.

77 71 o (eV)

partial cross sections and photoelectron angular distributions

correspond to sums and weighted sums of the sublevel pa-
FIG. 2. Display of a normal photoelectron spectryRES, rameters, respectively:

taken at a fixed photon energy versus binding energy, and constant-

ionic-state(CIS) scan, taken at fixed binding energy versus photon
energy. Un:2 Onl» ,3n=2| TnBnlon,  Bu(l=0)=2.

fixed photon energy while scanning the pass energy of the The electron spectrometers were set to resolve the single
analyzers, thus yielding a spectrum of the photoelectron lineBnal statesn=1,2,3,4 of the ion only, and, except for one
versus binding energy; and the constant-ionic-s{@¢S)  high-resolution spectrum at 90.0 eV, could therefore be run
mode, in which spectra are recorded by simultaneously scarat relatively low resolution, about 250 meV full width at half
ning the incident photon energy and the pass energy of th&aximum(FWHM) in this work. The resolution of the CIS
analyzers so as to always observe electrons which corrécan depends in this case solely on the bandpass of the
spond to the same final ionic state, thus yielding the intensitynonochromator, which was determined to b¢3}2neV for

of a given photoelectron line versus photon energy. Undulathe N=3,4,5 resonances by comparison with absorption data
tor gap and exit slit position were fixed and optimized at al3:5] and 6.5(2)meV by a bootstrap method for the reso-
photon energy near the center point of each CIS scan. Adances below=2 [31]. _ _
cording to calculations of the optical performance of the 1he absolute photon energy was adjusted to theoretical

beamline,[38] a change in the monochromator resolution¢S0nance positiong[21] in the N=5 series, using
due to a fixed exit slit is less than 0.1 meV per eV in the2Rre=27.20767 eV Ry is the Rydberg constant for he-

photon energy ranges used and, hence, could be neglecteg.um) gnd a double ionization potential (.)T 79.00344 .ev' The
The relative intensities of the photoelectron lines knownexperlmentalsz to 5 resonance positions determined by

from our PES measurements and the relative and absolu Qe corresponding absorption measuren@d] are slightly

cross sections given by Bizau and Wuilleum[&8] were igher (overall shift 8 meV).
used to place the various CIS scans on an absolute scale as
described below in Sec. lll A. This procedure allows us to
make a sensitive comparison between experiment and theory A. Relative partial cross sections from PES
for the absoluter, of each parfual channel that can b_e POPU"  This section compares our relative partial cross sections
lated by the decay of the various resonances. Similarly, the : ; .

derived f the CIS tched with thof the helium satellites at 90.0 eV with the results of other
B curves erived from the scans were matched wi uthors and describes the normalization procedure of our
B data obtained in the PES mode taken directly before an

x . €IS scans based on measurements of the relative cross sec-
after each CIS scan. The experimental errors associated Wity ns at 76.8 eV and 75.5 eV.

the average values of the parameters in a CIS scan are there- 5 high-resolution PES spectrum of the helium satellites as
fore given essentially by systematic errors of the PES megpcorded with an analyzer bandpass of 70 meV at 90.0 eV at
surements, which are primarily due to errors in the calibrathe pseudomagic angle is shown in Fig. 3. This spectrum
tion of the analyzers. These errors might shift the CIS scangields, after background subtraction and transmission correc-
asa whole However, therelative behavior of the interfer- tion, the relative intensities of the satellites upnte 7. The
ence structure inr, and g8, recorded with a CIS measure- photon energy chosen allows a comparison, given in Table |,
ment is much more accurate and is reflected in the statisticalith results of other experimen{®4,26,39-4]1 We note
errors seen from the scatter of the data points within a givethat the spectral intensities are expected to change but little
CIS scan. in the 90 to 100 eV photon energy interval. Our data are in
Since photoelectron spectrometry cannot resolverthe very good agreement with the most recently published inten-
sublevels of the hydrogenlike final ionic state, the measuredities[41]. The largest disagreement between the various ex-

Ill. RESULTS AND DISCUSSION
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TABLE I. Relative partial photoionization cross sectioms of helium at 90.0 eV with respect to the

n=2 satellite.

This work Ref.[39] Ref. [40] Refs.[24,26 Ref.[41]
n (90.0 eV (90.0 eV} (89.5 eV (90.0 eV} (96.5 eV
1 1265 1224 1111 1511
2 100 100 100 100 100
3 15.69) 19.5 18.5 14.4 15.6
4 5.715) 7.0 4.7 5.7
5 2.53) 35 2.7
6 1.52) 2.1 15
7 0.92) 1.2 0.95

periments occurs for the ratio of=1 andn=2, which we step size were generally 12 meV and 2 meV, respectively,
did not measure at 90 eV. unless otherwise stated explicitly in the text or the figure

Table Il shows the relative intensities measured in thecaptions. Figure @) displays a wide-range scan of the
double-excitation region at 76.80 eV. Resonances in this rea=2 partial cross section which gives an overview of the
gion are very narrow and are averaged out even at our smadbserved resonances below the=3,4, and 5 thresholds.
photon bandpass of 12 meV. These intensities were averaged The major series converging to the different thresholds
with the recommended values of Bizau and Wuilleurh88]  are readily identified by comparison with the energy posi-
and then used for normalizing our CIS scans. The broadions of the first six resonancésee also Fig. Jlbelow each
bandpass data points in Rg39] at 78.0 and 80.0 eV, which threshold. The dashed frames in the upper panel indicate the
were used for extrapolation of the relative cross section irregions of the double-excitation spectrum for whigh and
Table Il, are not affected by resonances either. Therefor@, will be presented in the following subsections.
averaging should increase the accuracy of the partial cross The overview of the8 parameter of the=2 satellite in
sections presented. The averaged relative values were cotire lower panel compares the present results with former
verted to absolute partial cross sectiangab9 by normal-  broad bandpass experiments. The agreement is generally
ization to o= 780(10)kb at this energy as the recom- very good, except for a slightly highé,_, value measured
mended value,[39] which utilizes the most accurate by Zubeket al.[29] (not shown at higher energies. In order
measurements af,; up to 1994. to minimize systematic errorsr,-, and B,-, parameters

A second data set used for normalization was recorded atbtained from the detailed scans with smaller step width
75.50 eV and is given in Table Ill. The relative cross sec-were compared with the results of this overview scan during
tions recommended if39] were not used in this region, the two weeks of the measurements. Since no significant
since the data for the satellites at 74.0 eV, measured by Bdeviations were seen, all data presented in the following give
zau and Wuilleumier with a bandpass of about 400 meVa consistent picture g8, .
[39] are affected by the first member of the dominbint 4 For N=4, the lowest member of serié$ overlaps with
series. In this case, different bandpasses yield different reldtigher members of the seriéé— 1, leading to interference
tive intensities, and averaging would lower the accuracy okffects between the series, which have been recently investi-
the data. However, the absolutetal cross section around gated in absorptiofb]. As seen from the resonance positions
74.0 eV,0,=813(10) kb, is not dependent on the bandpassn Figs. 1 and 4, the region of overlap of the first member of
(see, e.g., Fig.)@and was used for the normalization of our the majorN=6 series with the members-9,10,11,12 of the

relative cross sections. N=5 series offers the best possibility to investigate this in-
terseries interference. This part of our measurements places
B. High-resolution CIS scans ofo, and 8, the most exacting demands on both experiment and theory

. and has been published separaf&g].
1. Overview

In this section we present the high-resolution CIS mea- 2. N=2 resonances

surements. Monochromator bandpass and monochromator The series terminating on thid=2 threshold are well

TABLE II. Relative and absolute partial photoionization cross known from absorption measuremerits3,4 and we re-

sectionso, of helium at 76.8 eV used for normalization of the CIS ~ TABLE lIl. Relative and absolute partial photoionization cross
scans with respect to the=1 main line. sectionso, of helium at 75.5 eV used for normalization of the CIS
scans with respect to the=1 main line.

o(rel) (in % of n=1)

n This work Ref.[39] Average o(abg (kb) 2 o(rel)(in % of n=1)
n This work o(abg (kb) 2
1 100 100 100 694.4)
2 9.57) 9.1 9.35) 65(3) 1 100 72315)
3 2.33) 1.7 2.42) 13.914) 2 10.39) 75(7)
4 1.0410 1.01 1.0310 7.47) 3 2.0530) 15(2)

aNormalized t0o = 780 kb[39]. Normalized too ;=813 kb[39].
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g o L FIG. 5. CIS scan of the H{n=1) main line below theN=2
g threshold(see also Ref[31]). Note the appearance of the weak
a 2(1,0) series.
= oof
i=5 to 7 members of the dominant series yields widths
- n=2 :
0 L N=3 . oy and Fano shape parametefs[33] that are in good agree-

71 72 73 74 75 76 77 78 ment with recent theoretical result§10,17] but slightly
lower than the latest experimental resultsee Table V.
From our data we derive a reduced width of

FIG. 4. (a) Partial cross section of the=2 final ionic state as Fi(|*)3=200(20), where* is the effective quantum num-
determined from two wide-range high-resoluti@pproximately 12 ber.
meV) CIS scans, taken with a step width of 20 meVéat0° and
6=90°. (b) B,—, parameter(solid line) derived from the same 3. N=3 resonances
scans. PES measurements of various authors are indicated by the |n the region below theN=3 threshold the continuum
open symbols:((J) Lindle et al, Ref.[24]; () Bizauet al, Ref.  channels of the main linen=1, and the first satellite,
[42]; (A) Schmidtet al, Ref.[43]; (V) Wehlitzet al, Ref.[44.  n—2 are open. The corresponding partial cross sections, de-

rived from the scans taken #=0° and §=90°, are dis-

ported recently the results of an electron emission measurgiayed in the lower two panels of Fig. 6. In order to show
ment[31]. To complement our results for the higher series,how the profiles of the partial cross sections add up, the total
we present in Fig. 5 the resonances of tiie2 series as cross section is also included in the upper panel of this fig-
observed in a CIS scan at a bandpass of 6.5 meV. Compatirre. The dominant Rydberg series 3(1’,1s seen in both
son of this scan, taken a#=0°, with a scan taken at partial and the total cross sections up to the membe® or
6=90° yielded 8,-,=2 as required. Both the dominant 10. Whereas the resonances appear in very different shapes
2(0,1)" and the weak 2(1,0) series can be seen, and a veryin the continuum channels, the resonance-indueethtions
good accord with the ion-yield spectrur@] is noted. How- in both channels, which are for the member4 about 88 kb
ever, no attempt was made to resolve the very weak angh then=1 and 136 kb in them=2 channel, are of the same
sharp 2¢1,1)" series observed recentl¢]. The effect of order of magnitude. However, the correlation between the
finite resolution of the monochromator is best seen by theesonances and the continua is much stronger fonth@
nonvanishing signal at the cross section minima. Accordinghannel, because thelative variations are much larger. The
to Fano,[33] in the case of only one available continuum minimum value of then=2 partial cross section is only
channel[here He"(1s)+ ep] the cross section measured 8(1)kb, showing that only about(2)% of the n=2 con-
with infinite resolution should drop to zero in these separatedinuum is uncorrelated to the resonances.
resonances, indicating complete correlation of resonance and The experimental data can be compared with two ad-
continuum. As described elsewhef81] the analysis of the vanced calculations, one using the hyperspherical close-

Photon Energy (eV)

TABLE IV. Width (in meV) and Fanay parameters of the 2(0,1)resonances=>5,6,7 determined using
a bandpass of 6(8) meV.

This work Refs[3,4] Refs.[10,17]
i I' (expt) q (expt) I' (expt) T" (theory g (theory
5 1.83) —2.42) 25 1.9° —2.45
6 0.92) -2.602) 15 1.1° -2.41
7 0.62) -2.6(2) 0.9 0.7° —-2.39

%Referencd17).
bReferencd10].
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FIG. 7. Experimental3 parameter of thex=2 satellite below
the N=3 threshold. Data with different resolutions by different
authors are included for comparison. Solid line: this work; squares:
Ref. [24]; dotted line: Ref[29].

Cross Section (kb)

800
150

100 (g obtainable from the scattering of the data points within the

scan.

50 A comparison of the experimental and theoretiBapa-
rameters from our high-resolution scaii2 me\), shown in
P R T S Fig. 8, reveals excellent agreement with both of the above-
71.0 71.5 72.0 72.5 mentioned calculations. As was the case for the partial cross
Photon Energy (eV) sections, both theorigd 1,45 are identical and only the data

of Moccia and Spizzg11] are displayed. In order to com-
FIG. 6. Experimental and convoluted theoretical total and partialpare the infinitely resolved theoretical data with the experi-
absolute cross sections below tNe=3 threshold measured with a ment, thes parameter was derived from the theoretical dif-
photon bandpass of 35 meV. Experiment: open circles; theoryferential cross sections convoluted with 12 meV.
dashed line, Ref11]. The calculation of Refl45] coincides with Although the relatively big step size of 20 meV within the
the one shown. scan may have obliterated the very sharp 3(2,Q)r
3(0,0)” resonances,[11] the 3(1,1) series and the
3(—1,1); member are now accentuated, with 3(%,1)
rearly reaching the allowed limits g8. Other members of
e weaker series 3(1,1)" are not evident in the data, since
eir energy positions are very close to the main series
(1,1)*, leading to an interference between both sdri€s.
he small deviation of the theoretical and experimental data
I the minima of theB parameter may be caused by very
small differences between the experimental and theoretical
positions of the interfering series.

coupling method45] (not shown and the other &-matrix

L? basis-set calculatiofl1]. Both theories give almost iden-
tical results that are nearly independent of the gauge repr
sentations of the dipole operator. The theoretical data wer
convoluted with the experimental bandpass, which was 3
meV in this instance. Positions, widths, and shapes of th
resonance-induced variations are very well described by bot
theories. Even the absolute values of the cross sections are
very good agreement for=2 and in reasonably good agree-
ment forn=1. The difference between theory and experi-
ment forn=1 is about 5%, which exceeds the experimental

errors of 2%[39], and the theoretical errors of 1§82,45. 0.0 : : : ,

With an estimated experimental uncertainty of 5% for n=2 4 3., 5 6 789 -

o,—», the excellent agreement with the theory is somewhat 15[ ORI |

accidental. The first member=3 of the weaker series  _ | & Q."E, ° : i

3(1,-1);" is only seen as a shallow dip in time=2 partial g2 " & 4 B4

cross section, whereas the main line-1 and total cross & osf o o g | P AN

section are hardly affected. Y : w@f&*’gﬁ 55 T o]
In sharp contrast, the angular distribution derived from < °°of % e

the same scans of time=2 satellite shows this weak member 05k R Moccia et al (12meV) j

very clearly (Fig. 7), indicating that differentiation beyond o this work (12meV)

the level of the partial cross section is very useful for extract- o e 720 725

ing information about the weaker series. Earlier experimental Photon Energy (eV)

data[24,29 are included in the figure in order to show their

agreement with our data and the effect of monochromator FiG. 8. Comparison of the experimentgl parameter of the
resolution, changing from 170 me24] to 60 meV[29] and  n=2 satellite below th&l=3 threshold at 12 meV resolutidopen

to 35 meV in our work. The accuracy of thj® parameter circleg and 20 meV step width with calculatioidashed line, Ref.
scan is given by the systematic error ©0.1, which would  [11]). Another calculationRef. [45], not shown gives the same
shift the scan as a whole, and by the small statistical erromesult.
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FIG. 9. Experimental and convoluted theoretical total and partial
absolute cross sections below tihe=4 threshold. Experiment:
open circles; theory: dotted line, R¢#5]; dashed line, Ref.18].

FIG. 10. Comparison of the experimenjalparameters of the
n=2 and then=3 satellites below th&l=4 threshold with convo-
luted theoretical results. Experiment: open circles; theory: dotted
line, Ref.[45]. The solid line represents the theoretical curve shifted
by —0.17 units.

4. N=4 resonances

Below the N=4 threshold, three different continuum

channels are resolvable. As seen from Fig. 9, the general The weak series can be readily identified in the angular
observations made in the preceding subsection also hold trygstributions of both satelliteésee Fig. 10 The B,_5 pa-

for N=4. The major series 4(2,1)is interfering with all  rameter clearly exhibits the small dips associated with these
available continuum channels, leading to absolute variationgssonances up to membier 8. Closer inspection of the ex-
which are roughly the same order of magnitude, 17 kb t0 Sqyerimental data even allows an assignment of members
kb. However, the shape of the variations is vastly dlﬁerent.4(3 Ok and 4(1,0§ [18] belonging to the very weak “mi-
A_gaén%_ th:a_co_rrelanon_of the hcorr:tln;um of the highest e>]E'nus” series. These resonances are quasiforbidden to autoion-
cr|]te inaf-ionic s'Fatenh—3 with the tl]scret_e_resor}arr]]ces _3 ize according to the propensity rules mentioned earlier, but
the major sen? 'hSt N str?][]gesgg' ehmlnlmﬁt()) tde WIGCthe very good statistics of the experimental data for the
resonances, which are unaftected by the small bandpass, §{€ 3 gatellite allow a comparison of experimental and theo-

about §2)% of_the wholen=3 continuum cross section. retical data for this weak member 4(150) As can be seen
The theoretical data from two source8 49 agree very from Fig. 11, the experimental data in the vicinity of this

well regarding positions, W'dths.’ and shapes of the r€SO% eak resonance are very well described by the theory of Ref.
nances. The error in the calculation of Tang and Shlmamurﬁ45]

) : 0 ;
is estimated to be 1%45] whereas the error in the data of An overall offset of theory and experiment of 0.17 units

Sanchez and Marh [18] is larger, since their velocitynot . , : .
shown and length results differ by about 5%. The theoreticalg both satellites exceeds the systematic experimental errors

and experimental absolute values of the partial cross sectiq - 0-1) only by 0.07 units. A uniform shift of one of the data
” P = o P - ets(here we chose the theoretical curvesveals a remark-
for n=1 andn=2 agree also within 5%, slightly exceeding

the combined errors of the experimental and the theoretic ble agrgement in all other regards. Al calculatgd features of
. . 3he dominant 4(2,1) and the minor 4(0,1) series follow

data. The accuracy of the experimental data is 2% fOEhe experiment closely

On=1, 10% foro,—,, and 13% foro,,_5 (see Table Ill. The ’

resonance-induced excursions for the first two members of

then=3 ionic state are noticeably smaller in the experiment

than in the theory. This discrepancy exceeds the combined The most interesting feature of the region below the

uncertainties of experiment and theory. The weak seriedl=5 threshold is the interference occurring between the

4(0,1)" is not evident in the partial cross sections; only thelowest member 6(4,%) of the major series converging to

first memberi =4, a wide feature with little amplitude, may N=6 and higher members of the 5(3{1)series below

be discerned in the=3 andn=2 partial cross sections. N=5. A strong interference was predicted theoreticpllg|

5. N=5 resonances
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02| 4(2,1)% o this work
F Tang et al, shifted

B Parameter

 n=3, i

74.45 7450 7455 7460 74.65 74.70
Photon Energy (eV)

FIG. 11. Detail of the experimental and theoretiBaL ; param-
eter from Fig. 10 in the vicinity of a very weak “minus” resonance.
Experiment: open circles; theory: solid liriRef. [45], shifted by
—0.17 units.

because of the high correlation between series having similar
characteristicge.g.,z,A) and was later observed in absorp-
tion [3,5]. The results of emission measurements over the
interference region have been discussed in detail eaB&r

For the sake of completeness we show here the most impor-

B Parameter

2087

-0.8 |

tant results of that analysis.
Figure 12 shows the experimental partial cross sections Photon Energy (eV)

and the total cross section along with the theoretical curves.

The corresponding angular distributions are given in Fig. 13.  F|G. 13. Experimental and convoluted theoretiSaparameters
The accord between the experiment and the calculation ig the region of theN=5 resonances. Experiment: open circles;

very good for the resonance-induced variations and is reaneory: solid lines, Ref[32]. Experimental data fom=4 are

sonable for the absolute values @f. The excellent agree-
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8
4
0
8
6
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2

76.3 76.4

76.5 76.6 76.7
Photon Energy (eV)

76.8

76.9

76.3 76.4 76.5 76.6 76.7 76.8 76.9

smoothed. Solid circlegthis experiment square(Ref. [24]), and
diamond(Ref.[46]) represens3 values derived from PES measure-
ments. Error bars on the solid circles indicate the systematic errors
(=0.1) of this experiment. The dot-dashed lines are interpolated
from data given in Ref[44].

ment in the case ofi=3 andn=4 on an absolute scale is
somewhat accidental. The experimental errors in the partial
cross sections are evaluated to be 1.&étal) according to,
[39] and 2% 6=1), 5% (n=2), and 10% (=3,4) accord-

ing to the partitioning described in Sec. Il A. The theoretical
cross sections are accurate within 1%2]. We attribute
some small variances noted in thelative behavior of
on-1 to statistical scattering of the experimental data, intro-
duced by the small relative variation of the partial cross sec-
tion of about 1.5%. These variances are transferred to the
sum, o, Of all partial cross sections, which vary greatly in
their resonance shapg32].

As was the case with thd=3 andN=4 resonances, the
absolute variation of ther, induced by the resonance states
is of a similar magnitude for all channeis here 11 to 22 kb,
while the relative variation is smallest for=1 and largest
for n=4. Again, the correlation of the different continua
with the resonances is increasing with increasing

In analogy to theN=3 andN=4 resonances, the weaker
series is more clearly seen in tjgg parameters displayed in
Fig. 13, although the membeis=9 are perturbed by the
interference. The systematic error for fBescans is given by

FIG. 12. Experimental and convoluted theoretical total and parthe accuracy of the data derived from the corresponding pho-

tial absolute cross sections in the region of te5 resonances.
Experiment: open circles; theory: solid lines, R&2]. The experi-
mental data fon=1 and the total cross section are smoothed.

toelectron spectra0.1), indicated in Fig. 13 by the error
bars. As is the case far,,, the accord between the theoreti-
cal and experimental results is also good for By This
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TABLE V. Absolute peak-to-valley variation of the partial cross v
sectionso,, below the thresholdbdl=3,4,5. ”

5(1,1)%

B Parameter

Variation of o, in kb

N n=1 n=2 n=3 n=4
3 882) 136(5)

4 301) 502) 17(2)

5 11(2) 22(1) 12(1) 11(1)

holds true for the amplitudes of the variations, the peak po- | .- )
sitions, and the resonance patterns. Differences are generallyic =570 725 740 745 750 55 762 765

within the experimental uncertainties, except for the absolute 3(K,T) 4K,T) 5(K,T)
magnitudes of th@,,, which slightly exceed these uncertain-
ties forn=2 andn=3. FIG. 15. Overview of the experiment@# parameters(solid

lines) of the n=2,3,4 satellites of helium in the region of the
N=3,4,5 double-excitation resonances. Individual panels have dif-
The overall behavior of thes,, parameters corroborates ferenty scales. Convoluted and shifted theoretical res(dshed
previous observation§44,46 and predictiong7] that 8, lines, Ref.[32]) are used in two panels for extension of the curves
should decrease with increasingand approach-1 for high  towards lower photon energy not covered by the experiment. The
n and low kinetic energies due to the dynamically unfavoreddotted arrows indicate the same general pattern as in Figsee!
transitions[7]. Another general trend is the similar magni- text).
tude of the peak-to-valley variation in tteg, induced by the
resonance s_tates below a gi_ven threshdldrable V shows (top), AN=2 (middle), and AN=3 (bottom). For higher
thesg variations below the dlffere.nt thresholds, cqrrgcted foIr\l, patterns are obscured by the influence of interferences
the finite bandp‘:':lss of th”e experlmen_t. If the varlatlo_ns arg -hveen serie$5] here seen only for the higher members of
related to the “average” cross sections,, the relative _
variations of the cross sections are seen to increase with in- _° - -
creasingn below a given thresholtll, reflecting the smaller . 'Ifhe“ﬂ parameters,. sh_own in Fig. 15, exhibit the same
continuum contribution at highar. S|m|I§r|t!es_§1Iong the indicated arrows, and show addition-
The most striking similarity among the various decaya”y S|m|lar|t|esior the weaker series with=N—4, except
paths emerges when all of the satellite partial cross sectiorf8" the 3(—1,1); resonance. _ _
below the different thresholdd are displayed together. As ~ This overall pattern may be explained by the propensity
shown in Fig. 14, we find virtually the same line profiles for rules for autoionizatiori8,12] and the general similarity of
the decays witlAN=1 andAN=2, whereAN=N—n, both states with the same set of approxmatel_y good quantum
experimentally and theoretical[#5]. In the figure, the diag- numbers K,T)A. According to the propensity ruleg,12]

onal lines connect decay paths correspondingAtg=1  the principal decay should proceed mainly through the chan-
nelAN=1,AK=1,AT=0, andAA=0. The corresponding

states have the same characteristics, i.e., their wave functions
are concentrated in the same subspace in a hyperspherical
description8,12], leading to a large overlap and therefore to
relatively large autoionization matrix elements. The fact that
the similar profiles emerge for all decays witiN= 1, inde-
pendent of the value dfl, suggests that the relationship be-
tween the potential curves in the hyperspherical description
mainly contributing to theAN=1 decay is also independent

of N. Under this assumption, the similarities between poten-
tial curves contributing to the decays witftN=2,3, .. . fol-

low as a matter of course.

Then=1 main line does not match the observed pattern.
70 T 720 725 740 745 750 T5e 76z 768 According to the interaction rules mentioned above, the
3(K.T) 4K.T) 5(K.T) smaller width of the dominant resonances 2(0,tpmpared

FIG. 14. Overview of the experimental partial cross sectionsto the resonances with hightrwas explained by the lack of

. S B e
(solid lineg of then=2,3,4 satellites of helium in the region of the the correspondln_g K 1’1_) in N=1 [12]. Similarly, we
N=3,4,5 double-excitation resonances. Individual panels have difdeduce that the=1 continuum does not match the above

ferenty scales. Convoluted theoretical resultiashed lines, Ref. Pattern observed within the s_atellites.because its interac_:tion
[32]) are used in two panels for extension of the curves towarddVith the resonances is very different, i.e., the doubly excited
lower photon energy not covered by the experiment. The diagona$tates cannot decay into the=1 continuum without chang-
arrows indicate a possible general pattern of the decay of the restng the approximately good quantum numbers.

nances(see text, corresponding from top to bottom to autoioniza- ~ The weaker seriedl(N—4,1)* decays according to the
tion pathways wittAN=1, AN=2, andAN= 3, respectively. autoionization rules outlined above mainly through the con-

C. General patterns in o, and 8,

Partial Cross Sections
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figuration N—1(N—5,1)", which is not allowed for olds. The principal series are clearly delineated in both
N=1,2. Accordingly, then=1 main line and then=2 sat- andp,. Due to the enhanced sensitivity of angular resolved
ellite should not fit in the decay pattern of this weaker seriesneasurements, thg, show all minor series witiK =N—4
exhibited in our data for tha= 3,4 satellites. The difference very clearly, in contrast to measurements of the total absorp-
in the appearance of the first member in {Beparameter, tion cross section. Furthermore, we were also able to discern
which is a symmetric peak im=2 for 3(—1,1); , but a  very weak members with=—1 in the data of the angular
symmetric dip inn= 3,4 for the corresponding 4(0‘1L)and distribution. Very good agreement between this work and the
5(1,1) resonances, corroborates the above assumptions. ROSt advanced theories was found. Notably, this agreement
difference could also be caused by the above-menti¢seel  €Xtends to thebsolutepartial and total cross sections. This
Sec. Ill B 3 interference with the main series 3(1f1j19], ~ holds true especially for the results of the hyperspherical
but the relatively wide energy separation of the first membef!0se-coupling method, which is capable of readily handling
3(-1,1); from the main series is likely to guarantee an€Ven the higheN series. _ o

unperturbed member. Extension of these systematics for A comparison of ther, of the different ionic states below
weaker series or higher could readily be done, but taking the different thresholds reveals systematic patterns. These
into account the weakness of further series and the smaR@tterns are similarly exhibited in ti&,, for both the domi-
number of unperturbed series members for highei5], a nantK =N-—2 series and the weaker double excitations with

proof of the expected systematics by experiment seems to B&=N—4. We tentatively propose an extension of theAsys-
unlikely. tematics by use of the correlation rules for thg€K,T)

In contrast to the above argumentation, the 4(0 43ries states given in_ the literatuf8,12], although furtht_—zr theoreti-
in then=2 continuum does match the pattern, i.e., it induce<@ and experimental work toward understanding these fea-
small dips in thed curve. Furthermore, the patterns for the turés of the doubly excited states will be needed.
weak seriel =N—4 are the same for decays witN=1
and AN=2, in contrast to the behavior of the main reso- ACKNOWLEDGMENTS
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