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Electron-impact excitation of the doubly excited states of helium below théd=3 He™* threshold
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Measurements of the doubly excited states of helium below thg(Ne-3) threshold populated by electron
impact are presented for a range of scattering angles and residual energies. The deduced values of the energies
and widths for 11 of the optically forbidden states are compared with theoretical values, which shows the
agreement to be good for the energies but poorer for the widths. The data verify propensity rulesiAdyn’s
At. Mol. Phys. 22, 77 (1986] K, T, A classification scheme for the cross sections. By comparing the
2s? 1S® and 3¥? !S° states at the scattering angle of 20° and the residual energy of 40 eV, we obtain a
dependence afi~ 1998 for the cross section at these conditiof$1050-2946)09112-3

PACS numbd(s): 34.80.Dp, 32.80.Dz, 31.50w, 31.25.Jf

[. INTRODUCTION above the relatively large random fluctuations of the con-
tinuum. As a result, very long collection times are required
The doubly excited states of helium are fundamental systo obtain adequate statistics.

tems for the investigation of electron-electron correlations There are three main aims of the experiment. First, to
[1]. The two electrons in these states are highly correlatedrovide the initial measurements of the energies and widths
since the strength of the electron-electron interaction is comef states with a wide range of quantum numbers for compari-
parable to the electron-nucleus interaction. Due to the inson with theoretical values. Second, to investigate how the
creasing release from the effects of the nucleus, the imporelative cross sections of the doubly excited states depend
tance of electron-electron correlations rises for higher valuespon their pair quantum numbers. Third, to determine how
of the principle quantum number of the two excited elec- the cross sections of then's?” 1S° states vary witm, since
trons. Therefore, the doubly excited states cannot be clasdiis provides information about how the two electrons are
fied by the independent-particle model, and interpretation reeorrelated.
quires the use of the quantum numbers of the pair of

electrongsee Sec. lll A. The doubly excited states lie above Il. EXPERIMENTAL DETAILS
the single-ionization threshold and so decay by autoioniza-
tion [2]. A. The spectrometer

The first evidence for these correlation effects was pro- The electron spectrometer has been described in detail
vided by Madden and Codling3] who used synchrotron elsewherd7], and so only a brief discussion is given here.
radiation to observe a full series of doubly exciteRP levels  The electrons are produced by a heated tungsten filament and
converging to the H&(N=2) limit. Later observations us- are transported through the system using stacks of triple ap-
ing the same technique include those of Woodruff and Samerture electrostatic lensd$]. A hemispherical deflection
son[4] who observed the states converging to Me 3, 4, monochromator produces an electron beam with a narrow
and 5 limits, and the measurements of Donekel. [S] be-  energy spread, which is focused onto a gas beam effusing
low theN=2-8 thresholds. By contrast to the rapid progresfrom a hypodermic needle. The energies of the electrons
of the photoelectron experiments to higher energies, the dowscattered from the interaction region are measured by a
bly excited states had only been measured by electrorhemispherical deflection analyzer. In order to observe at dif-
impact excitation below thBl=2 ionization limit[6] before  ferent scattering angles, the analyzer can be rotated between
the present work. The great advantage of electron-impact 10° and 100° with respect to the direction of the incident
spectroscopy is that, unlike the photon experiments, it is poselectron beam. The energy analyzed image at the exit plane
sible to observe both the optically allowed and forbiddenof the analyzer is recorded by a multidetedi®}. The mul-
transitions and so to reveal the full richness of the spectruntidetector gives a great increase in the data collection effi-
The N=3 states had not been observed in electron-impaatiency, which is necessary since tNe=3 states have very
experiments for two main reasons. First, as will be shownsmall cross sections. The spectra are typically collected over
the cross sections of doubly excited states decrease rapidéyperiod of a week, and several such spectra are then added
with increasingN. Second, the amplitudes of the resonancetogether to give those presented below.
structures are less than 5% of the cross section of the direct- The spectra are collected in the constant residual energy
ionization process, and so it is necessary to see the statasode, in which the impact energy is ramped by a sawtooth

voltage while the voltage of the residual energy power sup-
ply is fixed. The energy scale is unaffected by field penetra-
“Present address: Department of Physics, University of Newcastléjon into the interaction region, and so the measured energies

NTewcastIe-Upon Tyne NE1 7RU, UK. are more accurate than in ejected electron spectroscopy. The
Present address: Institute for Laser Science, University oflrifts in the energy-loss scale were random with a root-
Electro-Communications, Tokyo, Japan. mean-square deviation of 4.5 meV. The energy-loss scale
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the scattering anglé when the residual energy is 40 eV.

FIG. 1. The variation of the low resolutioN=3 spectra with _ o
residual energy RE when the scattering angle is 20°. When the residual energy is increased from 40 eV to 60 eV
there is little change in the spectrum, although the relative

was calibrated using the s state of helium. cross section of the peak at about 69.4 eV reduces slightly. It

A small fraction of the electrons in the incident beamWill be shown in Sec. IV that this peak is due to the
scatter inelastically from structural parts of the target regiona(2,0); 'S® and 3(2,0); *P° states(using Lin's classifica-
and also some electrons escape from the sides of the electrtinn scheme, see Sec. ll)Awhich appear merged in Fig. 1
optical systems. Consequently, some of the counts in thbecause of the low resolution. The energy, width, and cross
energy-loss spectra originate from sources other than the gagction of the;(2,0); 1s® state are of particular intere@tee
beam, and this yield will be referred to as the backgroundsec. V), and so the collection energy of 40 eV should be
(not to be confused with the direct-ionization continyum chosen in preference to 60 eV. Residual energies higher than
Therefore, to measure the cross section it is essential to knogp eV are likely to be less interesting, since as the impact
the fraction of the total count rate due to the backgrolse®  energy is raised the optically forbidden cross sections de-
Sec. V), which is achieved by introducing the gas into the crease. The change in the spectrum when the residual energy
chamber via an alternate route and then remeasuring thg reduced from 40 eV to 20 eV is much more dramatic,
count rate. The background is found to be negligible for allhecause a large resonance profile becomes prominent at
the spectra to be discussed. about 69.7 eV, which is interpreted in Sec. IV as a sudden

increase in the relative cross section of the2,0); ‘D¢
B. Choice of incident energies and scattering angles state. In general, much more structure is visible at 20 eV than

In the first stage of the experiment, the=3 spectra are 40 €V. The time required to obtain adequate statistics is sig-
collected at different scattering angles and residual energiddficantly longer at 20 eV than 40 eV, and so spectra with
to find the experimental conditions that allow the data to bdSidual energies lower than 20 eV were not collected.
most easily interpreted. To complete this first stage within a_ Next We+c0n3|der the variation of the spectra with angle.
reasonable time, the pass energies of both the monochrghe s(2,0); 'S° state is of special interest, and also it is
mator and analyzer were raised to the high value of 11 g\desirable to minimize the collection time, and so a suitable
which leads to the low-energy resolution of approximatelyfixed residual energy is 40 eV. Figure 2 shows the spectra at
110 meV. In the second stage of the experiment, the optil0°, 20°, 30°, 40°, 60°, and 80°, and reveals that the struc-
mum conditions are repeated at the improved energy resoldure varies little with the angle. The most noticeable change
tion of 60 meV, as discussed in Sec. IV. is in the peak at about 69.4 eV due to the merged

We start by examining the variation of the spectra with 3(2,0); 'S° and 3(2,0); °P° states, which is prominent at
residual energy for a fixed scattering angle, which was cho20° and 80° but is barely visible at 30°, 40°, and 60°. Thus,
sen as 20° because this was found to be the most suitablee figures show that the angles most likely to give the en-
condition for theN=2 data[10]. In Fig. 1 the spectra are ergies and widths of thg2,0); *S® and 3(2,0); 3P° states
shown at the residual energies of 20 eV, 40 eV, and 60 eVare 10°, 20°, and 80°. Considering the signal and back-



320 BROTTON, CVEJANOVIC, CURRELL, BOWRING, AND READ 55

ground count rates, the most suitable scattering angle is By considering the correlation between the two electrons
20°. in the doubly excited states, propensity rules for autoioniza-
In summary, if the aim is to determine the energies andion and radiative excitation and decay have been derived
widths of the 5(2,0); 1S° and 5(2,0); 3P° states, then the using the molecular-orbital mod¢lL5,16 and the hyper-
residual energy should be 40 eV and the scattering anglepherical coordinate methofl7,18. We use the hyper-
20°, whereas if the'D® states, and possibly other optically spherical classification scheme of Lin in which the correlated
forbidden states, are of interest then a residual energy of 2@ave  function is represented by the notation

eV and a scattering angle of 20° are suitable. A(K,T)R 257, whereL, S, andII are the usual quantum
numbers;n is the principle quantum number of the outer
C. Fitting the data electron; andK,T,A are the correlation quantum numbers

19]. In Lin’s classification scheme, in order to represent the
orrelated motion of the two excited electrons the coordi-
nates are chosen as the distancgsindr, of the electrons
%rom the nucleus and the interelectronic anglg=",-7».
The quantum numbédf describes the angular correlation of
the two electrons or the dependence of the wave function on
60'12, and is given by

To fit to the experimental data, it is necessary to convolv
the theoretical line shapes with the apparatus fundBoim
order to represent the imperfect energy resolution of th
spectrometer. Using the singly ard=2 doubly excited
states, we carefully investigated the shap&adnd found it
to be accurately approximated by a single Gaussian. Ther
fore, to obtain the energids,,, widthsTI',,,,, and the shapes
and amplitudes of th_e noninterfering resonance profies K~(r -cosf;,), (4
Sec. Il B), the experimental data are fitted to the formula

wherer _ is the radius of the inner electron. K has its
* d_‘TG(W E—Eq)dE 1) maximum possible value, then the two electrons are local-
—xd€) ' o ized on opposite sides of the nucleisis equal to the pro-
jection of the total angular momentum onto the interelec-
where[11] tronic axis. WherT=0 the two electrons move in the same
plane and a3 increases the angle between the orbital planes
d_U: C(E)+ >, Amid E~ Emki"' Bmlg(szkIZ) . (2) rises. Herrick and Sinanoglu showed that the possible values
dQ k (E-Enk™+(Tmd2) of K andT for a givenN, L, andIl are restricted by20]

I (Eo)=

Here the subscriph signifies a measured valué/ is the full T=0,1,2...,minL,N=1), if TI=(—1)"

width at half maximum of the Gaussian apparatus function,

C(E) is a quadratic function of the energy loss and accounts K=N-1-T, N-3-T,...—(N=1-T). (5

for both the variations in the cross section of the direct-

ionization continuum and the detection efficiency of theTnhe quantum numbeA was added to represent the radial
spectrometer, and ey andBy, are the Shore parameters. correlations of the two electrons. Whe=+1 the radial
The Eni, 'mi; Amk, and B are obtained using Mar-  oscillations of the two electrons are in phase, whereas for

quardt’s method12]. A=—1 the electrons oscillate out of phase.Af=0 then
For the nonlinear parameteSy, and I', the error  there s little radial correlation and the states are similar to
emk is defined by 13] the singly excited configurations.

To apply the ideas of17] for autoionization to the
X*@mict emd =X*(@m + 1, ®) electron?i?n%act excitation[fror]n the ground state, we use the
wherea,, is the value ofE,,, or ', that gives the mini- aperoximation that the partial_ width for the decay .to the
mum x2. The ¢, are obtained by the Marquardt method. He _(N=1) che_mngl is proportional to the cross section f_or
The errors to be quoted in Table | also include the inaccurac});e inverse excitation process. Arguments essentially equiva-
due to random drifts in the energy loss scale and the uncef€nt to those of17] then yield the following propensity rules

tainty in the apparatus functiow. for K, T, andA: ,
(1) The states withA=+1 will have much the largest

excitation probability, followed by, in order of decreasing
cross section, those with=—1 and A=0, respectively.

A. Propensity rules Since A= +1 for the ground state, the propensity rule be-
womesAA=0. It is also expected that the widths of the
A= —1 configurations are very much smaller than those of

lll. THEORY

In order to interpret the spectra, it is necessary to kno
the theoretical energids; and widthsl'; of the N=3 states.
Over the past few decades, there have been many calcul{leA=+1 states. i1 I
tions of E; andT’;, some of the most accurate and extensive (2 For @ givenT, A, and “>""L7, asK becomes more
of which are those by Ho and co-workdtss]. The calcula- positive, the exc+|tellt|on proba.blllty increases. T.hus, for ex-
tions of [14] show that there are many broad and closely@MPle, thes(2,0); "D€ state will be easier to excite than the
spaced states in the present energy range. Consequenth(0.0); 'D° state, and they(0,0); ‘D€ state will, in turn,
there is a large overlap between the states, which makes th@ve a larger cross section than the-2,0); 'D® state.
interpretation of the spectra difficult. We therefore discusgiowever, one possible exception to this trend is the
propensity rules that allow the number of states included ins(2,0); 1S and 5(0,0); 'S°® pair [17], since for the related
the data analysis to be greatly reduced. case of the total widths the ratio of the theoretical values is
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1:2.2[14]. Therefore, rather than applying tkepropensity doubly excited states with different quantum numbers
rule to the possibly anomaloug0,0); 'S° state, the spectra 5" L' will not interfere, since these decay to distinguish-

are examined to search for its presence. able ionization states. In Sec. IV, it will be shown that the
(3) For a giverK, A, and25* 1L, the largefT the greater  2S**L'! are different for all the states that are expected to

is the cross section. have significant effects on the spectra and that are spaced
(4) The effect ofA on the cross section is stronger than closely in energy relative to their widths. Consequently, we

that of K, and the effect oK is greater than that of. have assumed that state-state interference has a negligible

We provide some physical insight into propensity rules 1,effect on the shapes of the resonance profiles, and so it is not
2, and 3. WherA=—1 the electrons oscillate out of phase, included in the following data analysis. It is fortunate that
so that if one electron is close to the nucleus the other iState-state interference can be neglected, for otherwise the
distant. By contrast, the two electrons are either simultaanalysis of the spectra would be excessively complicated
neously close to or far from the center of the atom for the(see Sec. IY. The prediction is verified experimentally, since
in-phase oscillations of states with= + 1. Therefore, when the spectra are well fitted using noninterfering resonance pro-
A= +1 the probability of findingooth electrons close to the files of the Shore form.
nucleus is significantly higher thanAf= — 1, which leads to
a greater overlap with the initial ground state? land hence C. Postcollision interactions

to a larger cross section. We thus obtain propensity rule 1. tpe jnteraction between the scattered and ejected elec-
As K becomes more negative, the electrons are on averagg,ns hich is known as postcollision interacti?Cl), can
separated by a smaller angle,, which results in a larger ,¢act the position and shape of a resonance profi.

electron-electron repulsion. There is also an increase in th8ince one of the aims of the experiment is to measure the
electron-electron repulsion whénreduces, since the prob- energies and widths of tHe=3 states, we need to estimate

ability of close encounter between the two electrons ighe magnitude of the PCI effects and determine whether
greater if the angle between the orbital planes is smaller. Iy ose should be taken into account.

both cases, the higher electron-electron repulsion causes the Using a classical model in which the approximation is

atomic size to increase, which leads to a reduction in the,,qe that the scattered and ejected electrons are thin spheri-

amplitude of the doubly excited state wave function in the, shells, it has been shoi24] that the PCI energy shift is
center of the atom and so to a smaller cross section. Thus ”Ef?ven approximately by

largerK andT the greater is the cross section, which gives

propensity rules 2 and 3. o 12 | [ T(VEe—, [Eo)
As a guide to how the cross sections of te=3 states - (E..Eo)~ e Me ESE
vary with S, L, andIl, the experimental spectra for the dou- PERTer =l 252 1 VE.VEs )T T

bly excited states of helium below ti= 2 threshold can be )
used. These spectra, collected at the same scattering angles

and residual energies as the data fbr 3, show that the ] ) )
1p® and 'P° states have the largest cross sections, followedvheree is the electron chargey. is the electron mass,, is
by the 1S® and 3P° states. Thus, thhi=2 spectra are domi- the permittivity of free spacej is the Planck constant, and

2S+1 11 jg expected for thé\=3 states. trons, respectively. The energy shift is zero in this model
A transition for which whenE<E;.
The N=3 states can decay to the HEN=1) and
AL+ AIl=o0dd (6) He*(N=2) channels by ejecting electrons with the energies

of approximately 45 eV and 4 eV, respectively. In the ex-
periments to be discussed the residual energies are 20 eV and
tum transfer andIT(=0 or 1) is the change of parity. Fano 40 eV, and so only the 45 eV ejected ele_ctrqrjs overtake the
showed[21] that the differential cross section for a parity scattered electrons and hence cause a significant PCI effect.

unfavored state is zero at the scattering angles of 0° anli I IS given the typical value of 100 meV for the observed

180°, and remains small for low scattering angles. This prel=3 states, then Eq7) with E. equal to 45 eV gives 27

diction is verified by the observation of the p8” 3P¢ state, M€V and 3.3 meV fol\Ep, at the residual energies of 20

which does disappear whehis 0° or 180° and is negligible eV and 40 eV, respectively. To obtain the estimated PCI
at small scattering anglé&0,22. energy shifts, it is necessary to multiply these values for

AEpc by the fraction for theN=3 states decaying to the
) _ He*(N=1) channel. According to the measurements of
B. Overlapping resonances and state-state interference Lindle et al. [25], the fraction for th93(l,l); 1po state is
A possible consequence of the overlapping of the res00.021. Using the propensity rules for autoionization dis-
nances is the existence of state-state interferEdgavhich, cussed in[17], in particular the result thahN=-1 is
although it potentially leads to considerable complicationsstrongly favored, suggests that approximately equal fractions
when analyzing the spectra, is expected to be negligible fowould be obtained for the othéd=3 states. The estimated
the present data. The reason for this can be understood usiR§| energy shifts at the residual energies of 20 eV and 40 eV
the quantum-mechanical law that two processes will not inare therefore 0.58 meV and 0.07 meV, respectively. Thus,
terfere if we can, in principle, distinguish between their finalaccording to our simplified model, the PCI energy shifts and
states, even though we might not actually do so. Thereforehe distortion of the shapes of the resonance profiles are neg-

is called parity unfavored, whetL is the angular momen-
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FIG. 3. The higher resolutioN =3 data and
the individual fits to the states at the residual en-
ergy of 40 eV and the scattering angle of 20°.
The letters(a), (b), (c), (d), (), (f), (9), (h), (i),

(4), k), (), and (m) represent the states
3(2,0); 'S°, 3(2,0); °P°, 3(2,0); D",
(L) 1P° 3(20)5 °F°,  5(1,1); °D°,
3(02); D%, 5(20) 1G°,  4(L1) RO,
5(0,0); D% 4(2,0)] 1%, 4(2,0) 'D°, and
4(1,2); PO, respectively, andn) is the direct-
ionization continuum. A linear slope has been re-
moved for the purpose of illustration.
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ligible. We therefore feel justified in omitting the effects of (i) The major states are given (a), (b), and(c). (a) The

PCI from the following analysis. lowest member of a Rydberg series=3) with the maxi-
mum allowedK, K, for a given25" 1L (propensity rule
IV. ANALYSIS OF THE SPECTRA 2). (b) If the state,(K,T); 2S"1L!" has a large cross sec-

) . ) tion, then the next higher member of the Rydberg series
We interpret in detail the two spectra collected at the Op- (K, T): 25*1L1 js also a major state(c) States with the

timum conditions determined as described in Sec. Il B. AC'maximum3 possible value sF=N—1=2 [see Eq.(5)] and

cording to the calculations of Ho and co-workétel], there the highest allowed value ¢f=K ,,— 2 for thisT (propen-

are 37 and 26 states in the energy range of the spectra cajiy ryle 3.

lected at the residual energies of 20 eV and 40 eV, respec- ji) The minor states are given @) and(b). (a) If the

tively. Consequently, if all the states were to be included ingtate (K, T)4 2571111 has a small cross section, then the

the fitting procedure, then up to 151 parameters would neeflext  higher member of the Rydberg series

to be optimized. Therefore, considering the large overlap be;ﬂ(K,T); 25+11 1 js a minor state. (b) If the state

tween the states, it would appear that the interpretation of the, "~ . ~ + 2841y I0 ;

spectra is all but impossible. However, the number of state§(\'/\le ﬁarT’T)f L fi Vgtr,:hthr? tr;namtmtu mw?;ﬂl?ﬁ Or’f Qﬁsw t

included in the fit can be reduced greatly using the argu- ry’arge cross sectio i zsﬁl He state € nextiowes
. . . value ofK, ((N—3-T,T); LY, may have a minor ef-

ments discussed in Sec. lll A. The steps in the procedure are

the following: '

(1) The stages given ifi), (i), and(iii) are expected to
have negligible cross sections and so are excluded from the
data analysis.

(i) States for whichAA#0 when excited from the
ground statépropensity rule 1L

(i) The parity unfavored states.

(iii) For a givenT, A, and 2S*1L! the cross section
reduces greatly with each decreaseirfpropensity rule 2
Therefore if the statg(N—1—T,T)5 25T with K equal
to its maximum valugsee Eq.(5)] does not have a large
cross section, then all the states with smaller value& of
WK, T3 2P will have negligible cross sections,
whereK,=N—-3-T, ...,—(N=-1-T).

(2) As a guide for the dependence GA"IL", use the AT, AP TP S
experimental spectra for the doubly excited states of helium 69.0 69.5 70.0 70.5 71.0
below theN=2 threshold collected at the same conditions. Energy loss (V)

(3) Divide the remaining states into those expected to
have a major or minor effect on the spectra. We use the fact
that for a Rydberg series the amplitudes and shapes of the FIG. 4. The total fit to the\=3 data at the residual energy of 40
resonance profiles are approximately constant, but the widtBy and the scattering angle of 20°. The inset is an independent
varies an* ~ 3, wheren* is the effective principle quantum spectrum collected over a reduced energy interval to confirm the
number[26]. separation of théS® and 3PP states.

Electron counts
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3140000 |-

FIG. 5. The higher resolutioN =3 data and
the individual fits to the states at the residual en-
ergy of 20 eV and the scattering angle of 20°,
where the same notation is used as in Fig. 3. A
linear slope has been removed for the purpose of
illustration.

Electron counts

h v
3050000 |- [ |
L PR S SR I TR AT N S T TR S ST S N SR TR S SR S S S Mt ne i S S

PR Y
69.0 69.5 70.0 70.5 71.0 715

Energy loss (eV)

The major states in the energy range of the 40 eV specergy of 20 eV than 40 eV, and so the values obtained at 20
trum are thereforey(2,0) S°, 5(2,0); °P°, 5(2,0); 'D® eV were fixed in the fit to the 40 eV spectrum. Similarly, the
3(1,1)3f Ipo 3(2,0)\; 3Eo, 3(1,1); 3pe, 3(0,2)§ 1pe, energies and widths of th&P° states are more easily deter-
3(2,0)3 'G® and 4(1,1)5 *F°. For the 20 eV spectrum, the mined fo_r N=3 by photoionization experiments than by
4(2,0)% 'D®and ,(1,1); ‘P° states should also be included. electron impacf4, 5, 28, 29. Therefore, we used the data of
The minor states in the energy range of the 40 eV spectrufi?d 10 +deduce that Eq[3(1,1); 1+P01269-880 ev,
are  5(0,007 1D, S(—1,1) P°, (2,00 !S5, and [Dnls(1,1); 'P°]1=191 meV,En[4(1,1); 'P°]=71.725 eV
4(2,0)7 3P°, whereas for the 20 eV spectrum we must also@nd 'm[4(1,1); *P°]=75 meV, and fixed the energies and
include the,(2,0); 3F° state. A more detailed discussion of widths equal to these values. Since there are+ few data points
steps(1)—(3) is given in[27]. The elimination procedure is 'O Optimize the parameters of the(2,0); ‘D® and
supported by the goodness of the fits obtained below. 4(1,1); 'P° states, it is necessary to fix the SherendB

We start by interpreting the spectrum collected at the reparameters for each of these states. AnendB parameters
sidual energy of 40 eV and the scattering angle of 20° withvere chosen so that each resonance profile has an amplitude
the improved resolution of 583 meV. The data and the and shape equal to that of the corresponding lower member
individual fits to the states are shown in Fig. 3. The total fitof the Rydberg series.
to the spectrum is displayed in Fig. 4. The minor states As a result of improving the resolution, the structure that
3(—1,1) 'P° and 4(2,0) 3P° and the “anomalous” appearsasa single broad peak in Figs. 1 and 2 at about 69.4
5(0,0)f 1s° state are not clearly required, and so are ex£V is resolved into the(2,0); 'S° and 5(2,0); °P° states.
cluded from the data analysis. To fit to the change in slope
that begins at about 71.1 eV, it is necessary to include the
4(2,0); 'D® and 4(1,1); 'P° states outside the observed
energy range, which are shown added together in Fig. 3. The
fitting of 13 states to the spectrum requires the optimization
of 55 parameters, which makes it difficult to find the unique
solution. Therefore, although very much simplified by the
elimination procedure, the data analysis is still a formidable
task. It has, nevertheless, been possible to obtain fits in
which the parameters always converge to the same values to
within the quoted uncertainties, implying that the fit shown
in Fig. 3 and that to be displayed in Fig. 5 are almost cer-
tainly the unique solutions. The number of degrees of free-
dom for the present analysis is 215, and so for a good fit
x? is approximately normally distributed with a mean value

Electron counts

of 215 and a standard deviation of 213]. The value of 90 hes oo 705 710 718
x? obtained here is 239, and therefore the model adequately Energy loss (eV)
reproduces the data.

The energies and widths of thes(2,0); D€,
3(2,0)3 3F°, 5(1,1); 3D®, 3(2,0); 1G®, and 4(2,0); D¢ FIG. 6. The total fit to théN=3 data at the residual energy of 20
states can be measured more accurately at the residual e/ and the scattering angle of 20°.
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To confirm the separation of théS® and ®P° states, an determined at the residual energies of 20 eV and 40 eV,
independent spectrum was collected in the reduced energgspectively. To convert the theoretical energies into eV
interval of 69.25-69.81 eV with a slightly improved resolu- above the ground state, the reduced Rydberg energy of
tion of 55 meV, and is displayed inset in Fig. 4. 13.6038 eV and the ground-state energy-a2.903 78 a.u.

We now interpret the spectrum collected at the residuaire used. For théP° states in Table I, the measured values
energy of 20 eV and the scattering angle of 20° with theare deduced fronmi29], and the theoretical results are, for
improved resolution of 662 meV. The data and the indi- brevity, shown for only{14].
vidual fits to the states are shown in Fig. 5. The total fit to the We will now comment on the parameters for which there
spectrum is displayed in Fig. 6. The minor statesis a significant disagreement between experiment and theory.
s(—1,1)5 P°,  4(2,0)5 3P°  4(2,0); 3F°, and the Thereis ageneral tendency for the theoretical energies of the
3(0,0)3 1S° state are not clearly required, and so are ex-3(2,0); ‘D%, 4(2,0); 'S%, and 4(2,0); 'D°® states to be
cluded from the data analysis. The number of degrees dbwer than the measured values. The values of
freedom is 242, and therefore the value obtainedxforat ~ I'{3(1,1); 3D®], T'[3(0,2); 'D®], and I'[3(1,1); *F°]

200, although slightly on the low side, implies that the fit isare, respectively, smaller, larger, and smaller than the
again acceptable. The energies and widths of thexperimental results. Theyx? is a minimum for
3(2,0)5 1S°, 5(2,0); 3P°, and 4(2,0); 'S° states are fixed I';[3(0,0); 'D®]~0 meV and increases by 1 whdh=6

at the values obtained from the 40 eV spectrum. ABQ, meV [see Eq.(3)], which suggests thdf[;(0,0); D¢ is
andT, for the 1P° states are set equal to the same values amuch larger than the correct value. However, due to the low
before. statistical accuracy of thg(0,0); D® resonance profile,

The hardest aspect of the data analysis is the need tg? versus [ —T';) is approximately linear rather than the
include “hidden states,” which are states that are not obvi-expected quadratic dependence, and so the estimated error
ously present but nevertheless have an important underlyingight not be reliable. Thg(2,0); *P° resonance profile is
effect. The most surprising of the hidden states is the relagmg, apparently narrow and is located awkwardly between
tively large and very broad(2,0); ‘G® state, which is nec- the relatively large profiles of thes(2,0); 'S¢ and
essary in order to fit to the middle region of the spectrum. o 0)* 1pe states, which causes a large error in its width.
The first two members of the hiddef{1,1); *P° Rydberg  Unfortunately, it was therefore impossible to obtain

series are also revealed. o _ I'[3(2,0); 3P°] with sufficient accuracy to allow for a pre-
The spectra confirm the predictions of the propensity ruleg;ise test of the predicted widths. Thus, in general, the agree-

for K, T, andA. Comparing the relative cross sections of thement petween experiment and theory is quite good for the
3(2,0)3 "D® and 5(0,0); "D°® states shows that whefrde-  energies but poorer for the widths.

creases from 2 to 0 the cross section reduces from the largest
in the spectrum to a small and narrow feature, which is as
expected according to thH€ propensity rule. Also, the cross
section of the;(0,2); 'D°® state is larger than that of the
3(0,0); D@ state, which verifies th& propensity rule. Fur-
ther, the stateg(2,0); 'D® and 3(0,2); *D® show that the Most of the authors who analyze thedependence of the
effect of K on the cross section is greater than thatTof partial widths or cross sections for the Wannier ridge states
Finally, no states wittA=—1 or 0 are observed, and so the (1~ —T,) only consider the stategn—1,0), *'S°, and so
propensity ruleAA=0 applies strictly. The absence of a for comparison purposes only these states will be discussed
clear resonance profle due to the “anomalous” here. For brevity, the(n—1,0). S° states will, in this sec-
3(0,0); 1S® state indicates a possible difference betweertion, be referred to by the more familiar but less accurate
propensity rules for the present experiments and those forotationns?. In the present experiments, only the?2and
autoionization. 3s? states are observed and therefore it is notrthgepen-

One of the most unexpected results in Nve 3 data is the ~dence of the fulhs® series that is determined, but the varia-
sudden increase in the relative cross section, and alteration tion whenn changes from 2 to 3.
the shape, of thg(2,0); 'D® Rydberg series when the re- A number of author$44-48 have calculated the partial
sidual energy is reduced from 40 eV to 20 eV. It would bewidths Fﬁg) for the decay of the Hels(ns?) 2S and
interesting to understand the cause of this large change in thé~(ns?) S series to the He (£) and H (1s) channels,
relative cross sections of thg2,0); D® states. respectively. Writing

In Figs. 3 and 5, the positive quadratic variation in
C(E) [see Eq{(2)] as a function of the energy loss is not as F(n‘”ocn‘“ (8
would be expected due to changes in the focusing of the
electron lenses, and is therefore probably a feature of thghe following values ofx have been obtained from classical
differential cross section of the direct-ionization continuum. and semiclassical treatments[44]; 5.254[45]; 6.254[46];
and 3.254[47]. More recent, fully quantum-mechanical re-
sults by Chrysost al. [48] for H™ and by Heim and Rau
[49] for He (ns?) have givena=6.8+0.4 anda=6.5, re-
spectively.

Table I, the measured and theoretical energies and widths We provide some insight into the relation between the
are compared, wher@) and (b) distinguish the parameters value fora and electron-electron correlations. A similar ar-

VI. THE n DEPENDENCE OF THE CROSS SECTION
FOR THE ,(n—1,0)} 1S® STATES
AND ELECTRON CORRELATIONS

V. COMPARISON BETWEEN THE MEASURED
AND THEORETICAL ENERGIES AND WIDTHS
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TABLE I. The comparison between the measufgabscriptm) and theoreticalsubscript) energies and
widths. The label¢a) and(b) distinguish the parameters obtained at the residual energies of 20 eV and 40 eV,
respectively. For théP° states, the values are deduced from the measurements of Etlakk29].

State E., (eV) E; (eV) 'y, (meVv) I'y (meV) Ref.
3(2,0); 1s° (b) 69.378-0.011 69.386 (b) 7221 82 [14]
69.386 88 [30]
69.384 83 [31]
69.386 82 [32]
69.374 [34]
69.380 [36]
69.404 [37]
69.404 [38]
69.384 82 [39]
69.377 [41]
69.361 [42]
69.392 83 [43]
3(2,0)5 3P° (b) 69.498-0.020 69.472 (b) 0-130 81 [14]
69.478 87 [30]
69.471 85 [31]
69.472 81 [32]
69.475 77 [33]
69.479 26 [35]
69.479 82 [39]
69.471 [40]
69.451 [41]
69.436 [42]
69.479 116 [43]
3(2,0); 1D® (a) 69.686-0.005 69.668 (a) 14511 140 [14]
69.670 147 [30]
69.679 147 [31]
69.668 140 [32]
69.615 136 [39]
69.643 [41]
69.624 [42]
69.686 154 [43]
3(1,1)7 P 69.880+0.022 69.874 1912 191 [14]
3(2,0); 3F° (a) 69.96%0.008 69.982 (a) <17 <0.014 [14]
69.985 3 [30]
69.982 0.85 [32]
69.959 [41]
3(1,1); °D® (a) 70.1670.026 70.154 (a) 16548 20 [14]
70.162 21 [30]
70.154 23 [31]
70.154 20 [32]
70.133 [41]
70.119 [42]
3(0,2); 'D® (b) 70.433-0.010 70.420 (b) 3818 117 [14]
70.426 118 [30]
70.420 117 [32]
70.447 [41]
70.433 [42]
3(2,0); 'G® (a) 70.66-0.12 70.651 (a) 470280 182 [14]
70.651 181 [30]

70.649 180 [32]
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TABLE I. (Continued.

State En, (eV) E; (eV) I'y, (meV) I'; (meV) Ref.
3(1,1); F° (b) 70.730-0.016 70.728 (b) 16224 88 14
70.733 89 30
70.728 88 32
70.738 41
3(0,0); D® (a) 71.1050.015 71.112 (a) <6 34 14
71.127 35 30
71.117 33 31
71.113 34 32
71.112 41
71.099 42
4(2,0); 1s® (b) 71.382-0.007 71.358 (b) 2211 41 14
71.394 40 30
71.356 37 31
71.360 34
71.420 38
71.357 20 39
71.362 41
71.347 42
71.384 43
4(2,0); D® (a) 71.519-0.004 71.502 (a) 567 65 14
71.519 59 30
71.494 62 31
71.495 41
71.480 42
4(1,2)3 P 71.625-0.022 71.627 752 79 14

gument is given in more detail if49] and applies only to since these are the conditions at which tis8 8tate appears
low values ofn, such as th@=2 andn=3 measured in the most clearly in the present experiments. Tre# Rtate was
present experiments, rather than to the (cars) series or  observed in a separate experiment, and a fit to its approxi-
threshold region. In the independent-particle model, the eleanately Lorentzian peak giveg,,=57.853-0.005 eV and
trons are uncorrelated and the wave function is the product df ,,= 115+ 2 meV.
two ns eigenfunctions, which would give a value of 6 for  If the resonance profiles have a Lorentzian form when the
a. To represent an increase in the angular correlations, thieroadening effects of the spectrometer are removed, then the
proportion of the highel components, r{l?) 1S®, in the  cross section is proportional to the area under the Lorentzian
partial-wave expansion af(ns®) rises[50], which causes curve, that is,
the amplitude of the wave function in the center of the atom
and, hence, the cross section to reduce. Therefore if angular do?(ns?)
correlations increase with, then the cross section reduces Wmh(nsz)l“(nsz), (10
more rapidly than according to the independent-particle
model, which can be represented by writing
whereh(ns?) is the maximum height of the Lorentzian. To
o(ns?)ecn~[6FCML, (9)  estimate the relative cross sections of tr# states Eq(10)
o is used, where for the slightly asymmetric profiles the verti-
Thus, for lown, a value ofC(n)>0 implies that electron ca| separation between the maximum and minimum of the
correlations increase witm, and the larger isC(n) the  resonance structure or amplitude is substitutedhigrs?).
greater the rate of increase. We differ fr¢#9] in thatC is  The mutual normalization of thes? and 3?2 states is per-
written as a function ofi (see the discussion below formed using the direct-ionization continuum. The ampli-
To measure the total cross sectio(3s’) would require  tydes of the unbroadened resonance structures relative to the

the collection of spectra at many different angles with thecontinuum cross section obtained from the fitting procedure
resolution of about 60 meV necessary to separate sh@Bd  gre

3(2,0); 3P° states. This procedure would be excessively
time consuming, and so the ratio of the cross sections was
measured at only one scattering angle. Tr& and 3°
states should be compared at the same scattering angle and
energy above threshold, which are chosen as 20° and 40 eV h(3s?)/o¢(109.38 =0.0109+0.0032, (12

h(2s?)/o.(97.85=0.3640+0.0048, (11
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whereo(97.85) ando(109.38) are the double differential VIl. SUMMARY

cross sections for the electron-impact ionization of helium,

d%o/dEdQ, at incident energies of 97.85 eV and 109.38 eV, Measurements of the doubly excited states of helium be-

respectively, and at the same residual energy of 40 eV anidw the He" (N=3) threshold populated by electron impact

scattering angle of 20°. If the approximation is made thathave been presented for a range of scattering angles and

o varies linearly with impact energy for small extrapola- residual energies. The agreement between the measured en-

tions from the measured values [&1], then we obtain ergies obtained and the theoretical values is generally good,
_ although there are a few small discrepancies for most of the

0(97.83/0¢(109.39=1.11. (13 calculations. For the stateg1,1); 3D®, 5(0,2); D¢, and
We have also calculated this ratio using the data of otheg(1,1); F° the differences between the measured and theo-
authorg52—54 and have found the agreement to be within aretical widths are large and greater than the experimental

few percent. errors, where the errors include statistical inaccuracy, nonu-
Combining Egs.(10) to (13), and using the measured niqueness in the fitting procedure and the uncertainty in the
widths of the 2 and &7 states, yields energy resolution. There are two further possible sources of
error, hamely, the correct choice of states to include in the

d?0(3s?) / d?0(2s?)

- fitting procedure and state-state interference, but we expect
JEdQ dEdQ 0.017+0.005. (14 gp p

on the basis of our arguments and the goodness of the fits
If the ratio of the differential cross sectioi&4) is represen- obtained that these have negligible effect on the measured

tative of o(3s%)/o(2s?), then this would imply a value of widths. _ . :

10.1+ 0.8 for « whenn changes from 2 to 3. The theoretical We have also mvestlga_ted in two ways how the correla-
values for a quoted above and that predicted by thet!ons between the two t_axmted electrons faffects_the Cross sec-
independent-particle model are significantly smaller tharfiOn Of the doubly excited states of helium. First, the data
10.1. However, the above theories apply to the (core) verifies propensity rules. in Lin'sK,T,A classification '
series and in some cases to the threshold region, rather th&gheme for the cross sections, and thus shows how the exci-
to the low values oh=2 andn=3 measured in the present tation probability depends on the radial and angular correla-
experiments. A possible explanation for the discrepancy i¢ions. Second, by comparing the?2'S® and &* 'S° states
therefore suggested by the measurements of Buckman a@d the scattering angle of 20° and the residual energy of 40
Newman[55] and the calculations of Chrysaat al. [48], eV, we obtained a dependencerof'®°8 for the differen-
which show thatr reduces as increases. Such a decrease intial cross section at these conditions. If these differential
a is expected, since there is a large initial increase ircross sections are representative of the total cross sections
electron-electron correlations as the effects of the nucleus, theno reduces more rapidly whemchanges from 2 to 3
rapidly lose their dominance, after which in the higheer than according to theoretical predictions. We suggest that the
region the correlation pattern becomes well established. Thgiscrepancy is due to an atypically large increase in electron-
discrepancy cannot be due to the higher effective chargglectron correlations whem rises from 2 to 3, which causes
Z* of the core for Hes®) than for the systems considered the cross section to reduce more rapidly than according to

in [44-48, sincea is expected to reduce & increases. e theoretical calculations that apply to the (cone} series
Thus, the value forr obtained in the present experiments o threshold region.

suggests that there is a large increase in electron correlations
whenn rises from 2 to 3.
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